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ABSTRACT 
 
 
Although clays are generally considered stable materials under seismic conditions, recent 

failures initiated in clay layers after earthquakes have emphasized the need to study the 

cyclic and post-cyclic behavior of these materials. Moreover, if strength loss as a result of 

cyclic loading were to occur in the material comprising the dam and/or dam foundation, 

the consequences of failure could be substantial. The objective of this study is to evaluate 

the effect of plasticity characteristics, mineralogical composition, and accumulated 

energy on the cyclic behavior, post-cyclic shear strength and the degradation in shear 

strength due to cyclic loading in normally consolidated clays. Seventeen soil samples 

prepared in the laboratory from kaolinite, montmorillonite, and quartz were tested using 

static and cyclic simple shear apparatuses. In addition, the results of cyclic simple shear 

tests on twelve natural samples were provided by Fugro Consultants, Inc. in Houston, 

TX. Using the results, cyclic strength curves were developed to represent 2.5%, 5% and 

10% double amplitude shear strains. These curves were used to examine the influences of 

mineralogical composition, plasticity characteristics and shear strain on the cyclic 

resistance of soil samples. A power function was used to represent the cyclic strength 

curves. The samples were found to become increasingly resistant to cyclic loading as the 

plasticity index increased. Moreover, the soils with montmorillonite as the clay mineral 

were noted to have consistently higher cyclic resistances than the soils with kaolinite as 

the clay mineral. By examining the power functions, it was found that the cyclic strength 

curve approaches linearity as the plasticity index increases in soils having kaolinite as the 
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clay mineral. However, the opposite trend is observed in soils having montmorillonite as 

the clay mineral. The study shows that the post-cyclic shear strength increases with 

increasing plasticity index. Moreover, the post-cyclic shear strengths of soils with 

montmorillonite as the clay mineral were significantly higher than the post-cyclic shear 

strengths of soils with kaolinite as the clay mineral. The degradation in shear strength due 

to cyclic loading appeared unaffected by mineralogy, but a greater reduction in strength 

was noted with decreasing plasticity index. The post-cyclic shear strength was also found 

to reduce as the number of cycles required to cause 10% double amplitude shear strain 

increased. The energy approach considering the accumulated energy per unit volume in 

the soil mass as a result of cyclic loading was also utilized in this study. The results from 

the energy approach were independent of the cyclic wave form, but were still dependent 

on the amplitude of the cyclic load used during the testing.  An increase in the amplitude 

of the cyclic loading function results in a decrease in the accumulated energy per unit 

volume. Furthermore, an increase in the liquid limit and/or plasticity index of the soils 

containing kaolinite as the clay mineral shows an increase in the accumulated energy, 

whereas an increase in plasticity of the soils containing montmorillonite as the clay 

mineral results in a decrease in the amount of accumulated energy. In both types of 

materials, the amount of accumulated energy per unit volume is found to increase with 

increasing double amplitude shear strain. Relationship between the ratio of post-cyclic 

undrained shear strength to the baseline undrained shear strength and the accumulated 

energy is also determined. 
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CHAPTER 1 

Introduction 

Clays are generally believed to be stable materials under seismic conditions. However, disasters 

including the Anchorage Landslide following the 1964 Alaska Earthquake, damage to the Moss 

Landing Marine Laboratory facilities following the 1989 Loma Prieta Earthquake, and the 

severely damaged buildings founded on clays after the 1985 Mexico Earthquake have 

highlighted the necessity of studying the cyclic behavior of clays. In particular, these disasters 

have all been attributed to cyclic mobility of the underlying clay layers. Cyclic mobility is the 

loss of shear strength due to a reduction in effective stress (from an increase in pore pressure) in 

a soil subjected to cyclic loading, such as that from an earthquake or explosion. The case 

histories foretell the significant damage and loss of life that could result if the materials within a 

dam or its foundation material were to experience strength loss. Currently, the analysis procedure 

for dams is best outlined in the 2005 Federal Emergency Management Agency (FEMA) Federal 

Guidelines for Dam Safety and the 2009 Mine Safety and Hazard Administration (MSHA) 

Engineering and Design Manual for Coal Refuse Disposal Facilities. However, the manuals 

have several shortcomings which need to be addressed to ensure that dam safety is not 

compromised during an earthquake event. The objective of this research is to provide specific 

recommendations on the appropriate shear strengths to be used for the analysis of clay-like 

materials subjected to cyclic loading. In seismic stability analysis, materials are classified as 

sand-like and clay-like based on the similarity of the behavior exhibited during monotonic 

loading to sands or clays, respectively. 
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Motivation 

The motivation for this study stems from several case histories, which have emphasized the 

importance of understanding the cyclic and post-cyclic behavior of fine-grained materials. These 

case histories are briefly examined below. 

 

Anchorage Landslide Following the 1964 Alaska Earthquake 

The Anchorage Landslide was studied by Stark and Contreras (1998) and Boulanger and Idriss 

(2004). Both studies concluded that the landslide, which damaged an area approximately 1600 

feet long by 900 feet wide, was triggered by a loss of undrained shear strength in the underlying 

Bootlegger Cove clay as a result of the loading conditions imposed by the earthquake. In 

particular, Stark and Contreras (1998) stated that the undrained shear strength of the material 

after the earthquake was 20% lower than the static undrained shear strength of the material 

before the earthquake. Boulanger and Idriss (2004) stated that the reduction was closer to 30%. 

In addition, both studies stated that a major unknown in performing seismic stability analysis of 

landslides was determining the appropriate reduction in shear strength. 

 

Moss Landing Marine Laboratory Damage Following the 1989 Loma Prieta Earthquake 

Lateral spreading and differential settlement resulting from the 1989 Loma Prieta Earthquake 

damaged the Moss Landing Marine Laboratory facilities beyond repair. Boulanger et al. (1998) 

noted that 1.5 feet to 2.5 feet of lateral spreading occurred in the east-west direction, while 4.5 

feet to 7 feet of lateral spreading occurred in the north-south direction. They also noted that fine 



3 

grained clayey silt “boils” occurred at one location on a volleyball court. The lateral spreading 

was said to have been triggered by a significant loss in strength of the underlying 8-foot-thick 

clayey silt layer located at a depth of approximately 5 ft, but the total strength loss was not 

quantified. 

 

Ground Failure at Wufeng, Taiwan Following the 1999 Chi-Chi Earthquake 

Chu et al. (2008) studied a series of buildings located on an approximately 1150 ft long east-west 

trending line in Wufeng, Taiwan. Single-story residual buildings comprised the east end of the 

line, while the west side consisted of 18 reinforced concrete buildings three to six stories tall. 

During the 1999 Chi-Chi Earthquake, the single story buildings did not experience any damage 

or ground failure. However, 11 of the 18 reinforced concrete buildings sustained severe damage, 

and had to be demolished after the earthquake. The damage was attributed to the failure of 

footings resulting from a reduction in shear strength in the underlying clay layer. Chu et al. 

(2008) estimated that the post-earthquake shear strength was 33% to 55% lower than the pre-

earthquake undrained static shear strength.  

 

The damage noted in the case histories emphasized the need to understand how strength loss in 

clayey materials can affect the overall stability of a structure. Moreover, if strength loss occurs 

within a dam or the underlying foundation material, the resulting damage and loss of life can be 

significant.  
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Seismic Stability of Dams 

There are many available references for evaluating the stability of dams during an earthquake. 

However, the 2005 Federal Emergency Management Agency (FEMA) Federal Guidelines for 

Dam Safety and the 2009 Mine Safety and Hazard Administration (MSHA) Engineering and 

Design Manual for Coal Refuse Disposal Facilities provide the most detailed and useful 

information for evaluating the seismic stability of dams. One of the most important steps in the 

evaluation of the seismic stability of dams is the classification of the materials in the dam and its 

foundation into the categories of clay-like, sand-like, or borderline. The classification rules, 

provided in the MSHA manual, are summarized below1. 

 

Classification of Dam and Foundation Materials 

The primary method of classifying materials in the MSHA manual is through the stress-strain 

behavior of the material. MSHA (2009) states that isotropically consolidated (at a consolidation 

pressure equal to two-thirds of the in-situ effective vertical stress) strain-controlled undrained 

monotonic tests on undisturbed samples should be conducted. If the peak strength occurs at shear 

strains less than 2% followed by a “rapid” decrease2 in the shear resistance, then the material is 

classified as sand-like. However, if the peak strength occurs at shear strains greater than 5% 

followed by a “gradual” decrease in the shear resistance, then the material is classified as clay-

like3. The typical stress-strain curves for loose sands and soft clays, as provided by the MSHA 

                                                            
1 The FEMA manual does not separate materials into sand-like and clay-like categories. 
2 “Rapid” and “gradual” are used to describe the abruptness of the drop in shearing resistance in a stress-strain 
diagram, but are not specifically defined beyond these terms. Typical stress-strain curves are presented.  
3 The stress-strain behavior described in the MSHA manual does not account for other influence factors, such as 
confining pressure, density, disturbance, or stress history. 
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manual, are shown in Figure 1-1. Soils that do not satisfy the criteria for either sand-like or clay-

like materials are considered borderline materials. Borderline materials are assumed to be sand-

like as opposed to clay-like since the analysis for sand-like materials is more conservative. 

 

 

Figure 1-1 Typical Stress-Strain Curves for Loose Sand and Soft Clay (Adapted from 
MSHA, 2009) 

 

As it is difficult to obtain undisturbed samples of sands, the MSHA manual suggests the use of 

the Atterberg limits and graduation results or cone penetration test (CPT) results to classify 

sandy materials. According to the plasticity and grain size classifications methods, if the 

plasticity index measured on the portion finer than the No. 40 sieve is less than 7, the material is 

classified as sand-like. On the other hand, clay-like materials must satisfy the following three 

criteria: 

(1) At least 35% of the dry weight of material is finer than the No. 40 sieve, 

(2) At least 20% of the dry weight of the material is finer than the No. 200 sieve, and 
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(3) The plasticity index measured on the portion finer than the No. 40 sieve is at least 10. 

These criteria imply that silty sands could potentially be classified as clay-like materials. Again, 

borderline materials should be considered as sand-like. The MSHA manual states that if the 

classification from this method contradicts the classification obtained from the stress-strain 

curves, the classification based on the stress-strain curves should be used. 

 

The third and final way of determining whether a material is sand-like or clay-like is with the use 

of the results of CPT tests to calculate the Soil Behavior Type Index (Ic). For sand-like materials, 

Ic values are less than 2.6; while for clay-like materials, Ic values are greater than 2.6. However, 

if the results contradict the classification from Atterberg limit and gradation criteria described 

above, then the classification from the Atterberg limit and gradation criteria should be used.  

 

A brief summary of the seismic stability analysis procedure for dams as outlined by the MSHA 

and FEMA manuals is presented in the next section. 

 

Brief Summary of Procedure for Seismic Stability Evaluation of Dams 

The general procedure for the seismic stability evaluation of dams is outlined in Figure 1-2. As 

the focus of this research is the shear strengths used in the seismic stability analysis, details about 

each step of the seismic stability evaluation procedure are not provided here. However, these 

details may be found in the MSHA and FEMA manuals. The remainder of this document will 
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focus on the post-cyclic shear strengths, beginning with a discussion of the recommended post-

cyclic shear strengths as provided in the following section.  

 

Post-Cyclic Shear Strengths 

The appropriate post-cyclic shear strength could be the peak drained shear strength (sdp), the 

peak undrained shear strength (sup), the undrained steady-state shear strength (sus) or some other 

intermediate undrained shear strength. In the MSHA manual, the undrained steady-state shear 

strength is defined as the “undrained shear strength of the soil at very high strains” or the 

“minimum shear strength of the material at a given void ratio.” The selection of the post-cyclic 

shear strength is dependent on the approach (either the generalized approach, the specific 

approach for sand-like zones, or the specific approach for clay-like zones) used in the seismic 

stability analysis. Table 1-1 summarizes the recommended post-cyclic shear strengths for each 

approach and each type of material.  
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Figure 1-2  Seismic Stability Analysis Procedure (Adapted from MSHA, 2009) 
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Table 1-1 Suggested Post-Cyclic Shear Strengths for the Generalized and Specific 
Approaches 

Material Definition Generalized Approach Specific 
Approach 

Loose Sand-Like N1,60<15 or qt1<75 tsf1 sus sus 
Dense Sand-Like N1,60≥15 or qt1≥75 tsf sup sdp 
Soft Clay-Like SPT N<6 or CPT data in Zone C2 0.80sup 0.80sup 

Stiff Clay-Like SPT N>6 or CPT data in Zone B 
Conservatively, use sus 

or use a measured 
undrained strength 

sup 

1N1,60 is the SPT N-value corrected to a 1 atm effective vertical pressure and 60% hammer 
efficiency; qt1 is the CPT tip resistance corrected to a 1 atm effective vertical pressure 
2The zones for the CPT data are defined in Figure 1-3. 

 

In Table 1-1, N1,60 is the SPT N-value corrected to a 1 atm effective vertical pressure and 60% 

hammer efficiency. Equation (1) presents the formula to be used to correct the SPT N-value 

recorded in the field to the corrected N60-value for the field procedure, which is then converted 

into the N1,60 value using Equation (2). In addition, qt1 is the CPT tip resistance corrected to a 1 

atm effective vertical pressure, as shown in Equation (3). 
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Where, N is the SPT blow counts recorded in the field, ηH is the correction factor for hammer 

efficiency, ηB is the correction factor for the diameter of the borehole, ηS is the correction factor 

for the sampler, ηR is the correction factor for the rod length, σ’vo is the effective overburden 

pressure, and qt is the CPT tip resistance recorded in the field. 

 

The CPT zones noted in Table 1-1 are shown in Figure 1-3, which contains a plot of the 

normalized friction ratio and the normalized CPT tip resistance. The normalized friction ratio 

(Fs) is computed using Equation (4), while the normalized CPT tip resistance (Qt) is given by 

Equation (5).  The soil behavior type index boundary of 2.6 between clay-like and sand-like 

materials is also shown in Figure 1-3.  
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Where, fs is the measured CPT sleeve resistance, qt is the measured CPT tip resistance, σvo is the 

total overburden pressure, and σ’vo is the effective overburden pressure. 

 

The MSHA manual also provides recommendations for the lower bounds for the post-cyclic 

shear strengths of both sand-like and clay-like materials. These recommendations are dependent 

on the liquidity index (LI, defined by Equation (6)) of the materials. In particular, if LI≤1.0 or if 
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the material is non-plastic, the recommended lower bound post-cyclic shear strengths are based 

on an undrained strength ratio of 0.04. Similarly, for soils with LI≥1.0, the lower bound post-

cyclic shear strength is 0.96 kPa (20 psf) with an upper bound based on an undrained strength 

ratio of 0.04. 

 

PI
PLwLI n −=          (6) 

Where, LI is the liquidity index, wn is the natural moisture content, PL is the plastic limit, and PI 

is the plasticity index. 
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Figure 1-3 Zone Boundaries for CPT Data (Adapted from MSHA, 2009) 
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The lower bound strengths suggested by the MSHA manual seem to be unreasonably low. For 

example, according to Mitchell and Soga (2005), for a remolded soil with a moisture content 

equal to its liquid limit (that is, LI=1), the undrained shear strength may be approximated as 3 

kPa (63 psf), which is more than 3 times higher than the minimum strengths suggested. The 

MSHA manual cites Baziar and Dobry (1995), Yoshimine et al. (1999), and Olson and Stark 

(2002) as the sources for these guidelines. To evaluate the origin of the guidelines in the MSHA 

manual, the cited sources were evaluated.  

 

In Baziar and Dobry (1995), the lower bound undrained strength ratio of 0.04 applies only for 

loose saturated low plasticity silts with plasticity indices less than 10. Furthermore, the lower 

bound undrained strength ratio is based on a very small number of samples with significant 

scatter, as shown in Figure 1-4. In particular, the lower bound is defined solely from one data 

point. The next lowest undrained strength ratio is 0.06, which is 1.5 times higher than the 

suggested lower bound. 
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Figure 1-4 Undrained Strength Ratio Estimates (Adapted from Baziar and Dobry, 1995) 

 

The second source for these the lower bound post-cyclic shear strength guidelines in the MSHA 

manual is Yoshimine et al. (1999). The undrained strength information presented in Yoshimine 

et al. (1999) is for sands, not clays. Therefore, using the undrained strength ratios from this paper 

to provide recommendations in terms of the liquidity index is not applicable. The relationship 

developed by Yoshimine et al. (1999) is to determine the undrained strength ratio with respect to 
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the relative density is shown in Figure 1-5, which contains the data from triaxial compression 

(TC), simple shear (SS), and triaxial extension (TE) tests. However, it is clearly stated that these 

results are limited to clean sands that experience strain softening. Moreover, by examining 

Figure 1-5, the only data points that suggest an undrained strength ratio of 0.04 are the triaxial 

extension results of clean sands with relative densities less than 40% and some triaxial 

compression results of Toyoura sand with relative densities less than 30%. Therefore, it hardly 

seems applicable that these points be used to determine the recommended lower bound strengths 

in the MSHA manual. 

 

Olson and Stark (2002) back-calculated liquefied strength ratios mobilized during failure for 33 

case histories involving flow failures. The results are presented in Figure 1-6. The strength ratios 

obtained in Olson and Stark (2002) are primarily for loose clean sands, silty sands, sandy silts, 

and tailings sands; and not clays. Detailed examination of Figure 1-6 shows that there are a total 

of five data points with undrained strength ratios less than or equal to 0.04. Furthermore, in each 

of these five data points, the flow failures occurred in very loose sand deposits or hydraulically 

placed sand fills. Thus, using these results to suggest that the post-cyclic lower bound shear 

strength should have an undrained strength ratio of 0.04 is not applicable. Hence, the origins of 

the MSHA guidelines for the lower bound post-cyclic shear strength do not appear to be 

supported based on the references cited. 
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Figure 1-5 Relationship between Undrained Strength Ratio and Relative Density 
(Adapted from Yoshimine et al., 1999) 
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Figure 1-6 Back-Calculated Liquefied Strength Ratios (Adapted from Olson and Stark, 
2002) 
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Effect of Mineralogy 

Ishihara and Yasuda (1980), Tan and Vucetic (1989), Bahr (1991), Ishihara (1993), Hyodo et al. 

(1998), Matsui et al. (1999) and Guo and Prakash (1999) studied the influence of plasticity index 

on the post-cyclic shear strength of cohesive materials concluding that soils with higher plasticity 

indices will experience a lower reduction in the static shear strength as a result of cyclic loading. 

However, the effect of clay mineralogy on the cyclic behavior and the post-cyclic shear strength 

has not been considered in much detail. The only work examining the influence of clay 

mineralogy includes Sandoval (1989), Prakash and Sandoval (1992), Gratchev et al. (2006) and 

Beroya et al. (2009). However, the work presented in these papers is limited and in some cases, 

incorrectly interpreted. Specifically: 

• Sandoval (1989) and Prakash and Sandoval (1992) only considered the clay mineral 

kaolinite.  

• Gratchev et al. (2006) tested specimens containing kaolinite, illite, and bentonite. They 

concluded that the clay mineralogy has no effect on the relationship between the post-

cyclic shear strength and the plasticity index. However, the plasticity index values of 

some of their samples are plotted incorrectly and when corrected, may affect the results 

presented. 

• Cyclic triaxial results for nine samples (three of which contained kaolinite, three 

contained illite and the remaining three contained montmorillonite) were presented in 

Beroya et al. (2009). The results presented showed the cyclic resistance was strongly 
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dependent on the clay mineralogy, but the study did not contain measurements of the 

post-cyclic shear strength for any of their samples. 

Objectives of Research 

The objectives of this research are intended to understand the cyclic and post-cyclic behavior of 

cohesive materials. The results will help to resolve some of the issues noted above in the MSHA 

and FEMA manuals. In particular, these objectives are listed below: 

1. Provide recommendations for evaluating susceptibility to strength loss for fine-grained 

materials, 

2. Determine the effect of clay mineralogy and plasticity characteristics on the cyclic 

response of soils, 

3. Evaluate which parameters are best indicators of strength loss susceptibility for different 

types of materials, 

4. Quantify the reduction in shear strength as a result of cyclic loading for different mineral 

compositions, and 

5. Propose correlations between the ratio of post-cyclic shear strength to static shear 

strength and easily measured index properties in a mineralogical framework. 

 

To accomplish these objectives, soils samples were prepared in the laboratory as mixtures of the 

minerals, kaolinite and montmorillonite, with quartz. These samples were used to conduct cyclic 

and static simple shear testing. The results were used to evaluate the cyclic and post-cyclic 

behavior of the samples in the mineralogical framework. The conclusions were verified using the 
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cyclic simple shear results of twelve natural samples obtained from Fugro Consultants, Inc. in 

Houston, TX.  

 

Outline of this Document 

Following this introductory chapter, Chapter 2 will present the results of a literature review that 

was used to collect information pertaining to what is currently known about the cyclic and post-

cyclic behavior of clays. In particular, the literature review focuses on the results of the 

laboratory testing and the conclusions drawn as well as any shortcomings of the testing 

procedures. In Chapter 3, the materials and soil samples tested in this study are discussed. 

Detailed procedures for conducting cyclic and static simple shear testing are also provided in this 

chapter. This dissertation is prepared in a manuscript format and therefore, Chapters 4 through 6 

will contain drafts of three potential journal papers resulting from the research work conducted.  

Each manuscript in these chapters will focus on a different aspect of the research program and 

the detail of the results found. Chapter 7 will provide comprehensive conclusions that are drawn 

from this study and recommendations for future research. Following Chapter 7, a series of 

appendices are provided, which contain the parameters, data and figures for each cyclic simple 

shear tests conducted as part of this study.  
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CHAPTER 2 

Literature Review 

Cyclic and post-cyclic behavior of fine-grained materials is dependent on a number of 

parameters. These parameters are related to the soil stress history, particle sizes, plasticity 

characteristics and mineralogical composition of the materials, as well as the properties of cyclic 

loading and include the following: 

• Confining or consolidation pressure,  

• Overconsolidation ratio,  

• Magnitude of initial static shear stresses,  

• Percent of non-plastic and plastic fines, 

• Plasticity characteristics, 

• Soil mineralogy, 

• Frequency of cyclic loading, and 

• Number of cycles of loading. 

Many researchers have examined one or more of these parameters in their work, but the 

conclusions provided in the literature are often contradictory. This chapter will first summarize 

the conclusions in the literature regarding the effect of these factors on the cyclic and post-cyclic 

behavior of fine-grained materials, which will demonstrate the contradictory nature of the current 

understanding of these factors. The chapter will end with a brief introduction into the factors 

examined as part of this study. The reader is advised that a complete bibliography of all the 

publications examined as part of this research is included in Appendix A. 
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Confining or Consolidation Pressure 

The cyclic resistance of undisturbed clays from Adapazari, Turkey was measured in both cyclic 

triaxial and cyclic simple shear devices in a study by Bray and Sancio (2006) and Bray et al. 

(2004). They found the cyclic resistance to be dependent on the confining pressure applied 

during the testing. Moreover, a series of cyclic strength curves were developed for different 

consolidation pressures, as shown in Figure 2-1. Cyclic strength curves are the resulting 

relationship between the cyclic stress ratio (CSR) and the number of cycles of loading to a 

particular criterion. They represent when a sample will experience the selected criteria for 

different levels of cyclic intensity, as given by the cyclic stress ratio. In the studies by Bray and 

Sancio (2006) and Bray et al. (2004), the cyclic stress ratio is defined as the maximum peak 

shear stress divided by the initial effective consolidation pressure and the criterion selected for 

the cyclic strength curve is number of the cycles required to cause 3% axial strain. The cyclic 

strength curves are, then, essentially a measure of the cyclic resistance a sample can provide with 

respect to a particular criterion. From the results obtained by Bray and Sancio (2006) and Bray et 

al. (2004) shown in Figure 2-1, the cyclic resistance offered by the soils with plasticity indices 

less than 12 is found to increase as the initial effective consolidation pressure decreases. 

Thammathiwat and Chim-oye (2004) also found similar results from cyclic triaxial tests on 

Bangkok Clay, when the cyclic strength curves were developed at 5% double amplitude axial 

strains. However, reconstituted marine clay samples from Bohai Bay, China tested in the cyclic 

triaxial device at confining pressures of 100, 200 and 300 kPa showed little to negligible 

difference in cyclic resistance at 10% double amplitude axial strains with changes in confining 

pressure (Ding et al. 2007). 
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Figure 2-1 Cyclic strength curves for soils with plasticity indices less than 12 tested 
under different confining pressures (Adapted from Bray and Sancio 2006) 

 

No results are presented in the literature regarding the effect of initial effective consolidation 

pressure on the reduction of static undrained shear strength as a result of cyclic loading. 

 

Overconsolidation Ratio 

Brown et al. (1977) examined the behavior of overconsolidated Norwegian Drammen clay, as 

observed in the cyclic simple shear and cyclic triaxial devices. They found that the cyclic 

resistance to withstand 3% shear strain decreases as the overconsolidation ratios of the samples 

tested increased.  

 

From the results of cyclic and static triaxial tests on Keuper Marl silty clay, Hyde and Ward 

(1986) deduced that there was little to no change in the shear strength of the material when it was 

heavily preconsolidated prior to the application of cyclic loading in comparison to the shear 

strength of the same material under static conditions. For lightly overconsolidated and normally 
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consolidated samples, the silty clay was found to experience a reduction in undrained shear 

strength as a result of cyclic loading. Zhou and Gong (2001) found similar results showing as the 

overconsolidation ratio increased, the ratio of the post-cyclic to the static shear strength 

decreased.  The post-cyclic shear strength is the static undrained shear strength of samples 

immediately after they are subjected to some form of cyclic loading. 

 

Magnitude of Initial Static Shear Stresses 

Preexisting static shear stresses may be present in-situ prior to a cyclic event. These shear 

stresses, known as initial static shear stresses, will affect the response of the material to cyclic 

loading. Several articles in the literature have examined this in the laboratory. Ishihara and 

Yasuda (1980) conducted stress-controlled cyclic triaxial tests on cohesive soils from Western 

Tokyo. They found the cyclic resistance increased as a result of the presence of an initial static 

shear stress with approximately 20% greater cyclic strengths than the static shear strengths when 

50% of the static undrained strength was applied as an initial static shear stress. The cyclic 

strength was defined as the sum of the initial static shear stress and the magnitude of cyclic stress 

at 15% axial strain.  

 

 

Ishihara and Yasuda (1980) show that as the initial static shear stress applied to the samples 

increases, the measured post-cyclic shear strength also increases. The post-cyclic shear strength 

of a highly plastic normally consolidated deep water clay from the Gulf of Mexico was studied 

by Dutt et al. (1992). They found the post-cyclic shear strength to be higher than the undrained 

static shear strength when an initial static shear stress was applied.  
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Thammathiwat and Chim-oye (2004) showed that as initial static shear stress increased, the 

cyclic resistance offered by Bangkok clay increased. Hyodo et al. (1994, 1998) also found that 

the post-cyclic shear strength of samples subjected to initial static shear stresses were higher than 

those samples tested without an initial static shear stress.  

 

Percent of Non-plastic Fines 

Polito (1999) found that there was no clear conclusion in the literature to date (1999) regarding 

the effect of fines content on the resistance of sands to liquefaction. Specifically, several studies 

reported conflicting trends including: (1) the resistance to liquefaction increases as the silt 

content (defined as percentage, by weight, of silt in the soil sample) is increased, (2) the 

resistance to liquefaction decreases as the silt content increases and (3) the liquefaction 

resistance will decrease until a limiting silt content is reached, and beyond which the resistance 

will increase.  

 

To evaluate the effect of the fines and silt content and plasticity on the liquefaction resistance of 

sands, Polito (1999) performed a parametric study, testing two different base sands to which 

different proportions of non-plastic and plastic silts were added. The study found that the 

liquefaction resistance was dependent on the relative density while the silt content is less than the 

limiting silt content of the material. In other words, when the soil can be described as “having silt 

contained in a sand matrix” (Polito 1999), the liquefaction resistance is governed by the soil 

specific relative density. On the other hand, when the silt content is greater than the limiting silt 

content, the cyclic resistance is controlled by the silt fraction void ratio. In this situation, the soil 
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can be described as “sand grains suspended within a silt matrix with little sand grain to sand 

grain contact” (Polito 1999).  

 

Among others, Chang et al. (1982), Dezfulian (1982), Amini and Qi (2000) and Nabeshima and 

Matsui (2003) found as the non-plastic fines content increased, the cyclic resistance increased. 

However, Shen et al. (1977), Troncoso and Verdugo (1985), Troncoso (1990), Finn et al. (1994), 

and Vaid (1994) concluded that adding non-plastic fines to a sand would decrease the cyclic 

resistance. 

 

Percent of Plastic Fines 

Puri (1984, 1990) showed that it was incorrect to assume that the cyclic resistance of silts will 

increase with the addition of clays or plastic fines. Sandoval (1989) and Prakash and Sandoval 

(1992) found that the liquefaction resistance decreases as the plasticity index increases between 

2% and 4%. On the other hand, Troncoso (1990) found that increasing the fines content lead to a 

reduction in cyclic resistance. According to Guo and Prakash (1999), the differences in observed 

behavior in the literature may be a consequence of one of two phenomena. They state that when 

a small percentage of a highly plastic material is added to a non-plastic silt, either the rate of pore 

pressure generation increases or the liquefaction resistance increases. The rate of pore pressure 

generation can increase as a result of the reduction in the hydraulic conductivity of the mixture, 

whereas the liquefaction resistance can increase due to an increase in cohesion within the 

mixture. These factors will then determine whether the liquefaction resistance of the mixture will 

increase or decrease in the presence of highly plastic materials. Guo and Prakash (1999) 

conclude that in the low plasticity index range, the addition of highly plastic materials results in a 
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reduction in the liquefaction resistance, while in the middle to high plasticity index range, this 

addition of plastic fines will cause an increase in the measured cyclic resistance. They state that 

further study is necessary to determine the effect of clay content, plasticity index, and void ratio 

on the cyclic behavior of silts and silt-clay mixtures. The results of the parametric study on the 

influence of fines content and plasticity on the liquefaction resistance by Polito (1999) showed 

that increasing the liquid limit, plasticity index or activity caused an increase in the cyclic 

resistance. Furthermore, Polito (1999) noted that if the fines have a low plasticity, the cyclic 

resistance of the soil may decrease for moderate additions of fines.  

 

Matsui et al. (1999), Tan and Vucetic (1989) and Bahr (1991) conclude that higher plasticity 

clays are less likely to degrade in strength and stiffness due to the application of cyclic loads. 

Tanaka (1999) deduced that it is not the amount of fines that is directly responsible for the 

variation in the cyclic resistance, but instead it is the nature of the fines that controls the cyclic 

resistance.  

 

Plasticity Characteristics 

Undisturbed samples from Adapazari, Turkey were tested in the cyclic triaxial and cyclic simple 

shear devices by Bray and Sancio (2006) and Bray et al. (2004). The authors concluded that 

cyclic strength curves could not be generated for soils with plasticity index values greater than 

18 as the specimens did not reach large enough axial strains. In these studies, failure is defined as 

the generation of greater than 4% axial strains. In addition, for soils with plasticity indices less 

than 18, two cyclic strength curves could describe the behavior of the materials. These curves are 

shown in Figure 2-2 for a confining pressure of 40 kPa. The cyclic strength curves were 
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specifically for soils with plasticity indices less than 12 and for soils with plasticity indices 

between 12 and 18. Bray and Sancio (2006) and Bray et al. (2004) found the cyclic resistance 

increases as the plasticity index increases. Similar results were also presented for tests conducted 

at a confining pressure of 50 kPa (Bray and Sancio 2006; and Bray et al. 2004). Hyodo et al. 

(2000) tested eight undisturbed marine clays collected from seven coastal locations in Japan in a 

cyclic triaxial apparatus. They also found that an increase in the plasticity index of the sample 

resulted in an increase in the cyclic resistance. Ishihara (1993) and Hyodo et al. (1998) also 

presented similar results.  

 

The suitability of the use of the plasticity index as an indicator of the liquefaction potential of 

clayey soils was determined by Gratchev et al. (2006) by testing laboratory prepared mixtures of 

bentonite, kaolin and illite with quartz. A ring shear device modified to allow for stress-

controlled undrained cyclic loading was used. Gratchev et al. (2006) noted that an increase in 

plasticity index caused a reduction in the likelihood for the occurrence of liquefaction. Moreover, 

they found that bentonite-sand mixtures with plasticity indices greater than 15 did not liquefy 

(liquefaction was defined as pore pressure ratio greater than 0.95). Specifically, this behavior 

was attributed to the formation of a clay matrix resulting from an increase in clay content. 

Gratchev et al. (2006) stated that the formation of this clay matrix would be captured by the 

plasticity index measurement and therefore, the plasticity index is a good indicator of 

liquefaction potential. 
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In a study by Ishihara and Yasuda (1980), cyclic triaxial test results on cohesive soils from 

Western Tokyo determined the reduction in cyclic strength was inversely proportional to the 

plasticity index of the soil mass. The relationship developed based on their results and those 

results from Seed and Chan (1966) is shown in Figure 2-3. Jeanjean et al. (1998) surmised that 

the ratio of the post-cyclic shear strength to the static shear strength was dependent on the 

plasticity index of the soil mass. In addition, they found that there were significant differences in 

observed cyclic behavior despite similar plasticity characteristics, which re quires further study. 

 

 

Figure 2-2 Cyclic strength curves for two plasticity index ranges for soils tested in the 
cyclic triaxial device at a confining pressure of 40 kPa (Bray and Sancio 
2006) 
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Figure 2-3 Relationship between the ratio of the post-cyclic shear strength and the static 
shear strength with plasticity index when no initial static shear stress was 
applied (Ishihara and Yasuda 1980) 

 

Soil Mineralogy 

Of greater importance than the quantity of clay-sized particles to the cyclic and post-cyclic 

behavior of fine-grained materials is the percent of clay minerals and their activity (Bray et al. 

2012; Sancio et al. 2002). Boulanger and Idriss (2004) and Guo and Prakash (1999) stated that 

even a small amount of a plastic clay will change the cyclic response of soil mixtures. The cyclic 

behavior of mixtures of kaolinite, illite and montmorillonite was studied in a cyclic triaxial 

device by Beroya et al. (2009). They found that the clay mineralogy will significantly influence 

the cyclic behavior and experimentally determined that the cyclic resistance will be highest in 
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soils containing montmorillonite, followed by those soils containing illite and then, those with 

kaolinite containing as the clay mineral. However, as they only tested three samples containing 

each montmorillonite, kaolinite and illite, they “recommended that further studies be conducted 

to determine … adequately the effects of common clay minerals in the behavior of fine-grained 

soils during cyclic loading” (Beroya et al. 2009).  

 

Frequency of Cyclic Loading 

 

Loading Rate Effects in Sands 

Silver (1976) and Silver et al. (1976) circulated a survey to major soil mechanics laboratories 

around the world to develop a step-by-step procedure for the cyclic triaxial test. Although they 

concluded that it was not possible to create a unified procedure, they provided recommendations 

on various parameters and their effects on the cyclic behavior observed for sands. With respect to 

the frequency of cyclic loading, it was concluded that differences in cyclic resistance are 

negligible for frequencies between 0.1 Hz and 16 Hz. However, the use of a frequency of 1 Hz 

was recommended for cyclic testing.  

 

Loading Rate Effects in Clays 

Yasuhara et al. (1982) also found that the frequency of loading did not influence the measured 

cyclic resistance of remoulded Ariake clays in stress-controlled cyclic triaxial testing. Their tests 

were conducted at two frequencies of 0.1 Hz and 1 Hz. In contradiction to these conclusions, 

Ding et al. (2007) concluded from cyclic triaxial test results on reconstituted marine clays from 
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Bohai Bay, China that as the frequency of applied cyclic loading decreases, the cyclic resistance 

measured also decreases.  

 

Number of Cycles of Loading or Double Amplitude Shear Strain Levels 

Koutsoftas (1978) surmised that as the double amplitude shear strain increased, the post-cyclic 

undrained shear strength of marine clays decreased. He found that the drop in strength was about 

10 to 20% of the static strength, with greater drops observed for larger strain ratios. The strain 

ratio was defined as the ratio of peak cyclic strain to the strain at failure in the monotonic test. 

Matsui et al. (1992) found similar results from strain-controlled triaxial tests on remolded and 

undisturbed normally and overconsolidated Crown clays and Osaka clays. Ishihara and Yasuda 

(1980) also observed that the post-cyclic shear strength of cohesive soils from Western Tokyo 

would reduce as the number of cycles of loading increased. Similar behavior was noted by Zhou 

and Gong (2001).  

 

On the other hand, Soroush and Soltani-Jigheh (2009) tested six compacted soil samples 

prepared as mixtures of Turkey ball-clay and gravel or sand in a cyclic triaxial apparatus. They 

found that the ratio of the post-cyclic undrained shear strength to the monotonic undrained shear 

strength measured on a sample not subjected to any cyclic loading decreased as the level of 

cyclic axial strain the sample experienced increased.  

 

Nature of Cyclic Wave Form 

Fewer loading cycles were required to cause 10% double amplitude shear strains when a 

triangular or square cyclic wave form, as opposed to a sinusoidal cyclic wave form, was used to 
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apply the cyclic loading (Silver 1976; Silver et al. 1976). This behavior was attributed to be the 

result of rapid changes in pore pressure from overshoot and “load ringing” when a triangular or 

square wave was used. Overshoot occurs when the peak stress of the applied wave form exceeds 

the specified peak stress. Load ringing is when the applied wave form slightly oscillates around 

the peak stress. Figure 2-4 shows overshoot and load ringing in square waves.  Specifically, a 

15% lower cyclic stress was required in a triangular or square wave to cause 10% double 

amplitude shear strain in the same number of cycles as a sinusoidal wave. For this reason, they 

recommended the use of a sinusoidal cyclic wave form when conducting cyclic testing. Seed and 

Chan (1956) also found that samples that were subjected to square waves were less resistant to 

cyclic loading than samples that were subjected to triangular or sinusoidal wave forms with the 

same peak stress.  

 

Figure 2-4 (a) Schematic diagram of overshoot in square cyclic wave and (b) Schematic 
of load ringing in square cyclic wave 

 

As it can be seen, much of the information available in the literature is contradictory. It is clear 

that there is still much work that needs to be completed in order to gain a thorough understanding 

of the cyclic and post-cyclic behavior of fine-grained materials. While understanding each of 

these factors is important and critical to the geotechnical engineering practice, limited time and 
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resources have significantly reduced the scope of this study, which will address only the effects 

of plasticity characteristics and mineralogical composition on the cyclic and post-cyclic behavior 

of laboratory prepared samples of fine-grained materials. The materials and methods used to 

address and understand these effects are outlined in the following chapter. 
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CHAPTER 3 

Materials and Methods 

This chapter contains the details of the laboratory testing program employed in this study to 

determine the cyclic and post-cyclic behavior of clay-like materials. The chapter will begin with 

a discussion of the materials used to prepare the soil samples tested. The mineralogy composition 

and plasticity characteristics of the seventeen samples manufactured during this study are 

provided. The index property results for the twelve natural samples are also included in this 

chapter. The chapter also contains illustrated procedures for conducting static and cyclic simple 

shear tests that used for this study.  

 

Minerals Used 

Static and cyclic simple shear tests were performed on soil samples prepared in the laboratory 

from various mixtures of montmorillonite, kaolinite and quartz. Both the kaolinite and 

montmorillonite were purchased from Ward’s Natural Science. The montmorillonite used was 

Item No. 460998, while the kaolinite was Item No. 460438. The quartz used was supplied by 

Pacific Coast Chemicals under the product name Min-u-Sil 20. All of these materials were 

purchased in a powdered form.  

 

Hydrometer analyses were conducted on these materials using the procedure outlined in the 

ASTM Standard Test Method for Particle Size Analysis of Soils (ASTM D422-07) and the 

resulting grain size distribution curves are shown in Figure 3-1. The maximum particle size was 

0.02 mm, 0.075 mm, and 0.09 mm in the kaolinite, montmorillonite and quartz, respectively. 
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Approximately 80% of the particles in montmorillonite, 70% of the particles in kaolinite, and 

10% of the particles in quartz were finer than 0.002 mm.  

 

X-ray diffraction was conducted on the montmorillonite and kaolinite used in this study at 

Technology of Materials, in Fullerton, CA. The montmorillonite used in this study contained 

approximately 96% pure smectite with the remaining 4% composed of illite/mica, quartz, 

chlorite and kaolinite. Similarly, the kaolinite used contained about 95% pure kaolinite. The 

remaining 5% was composed of quartz, chlorite, illite/mica and smectite.  

 

 

Figure 3-1 Grain size distribution curves obtained from hydrometer analysis for the 
montmorillonite, kaolinite and quartz used to prepare the samples tested in 
this study 
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Laboratory Prepared and Natural Soil Samples 

Mixtures of montmorillonite or kaolinite with quartz were prepared as part of the laboratory 

testing program in this study. The proportions were based on the dry weight of the materials and 

are outlined in Table 3-1, where M represents the percentage of montmorillonite, K represents 

the percentage of kaolinite and Q represents the percentage of quartz.  

 

Table 3-1 Percentages (based on dry weight) of different minerals used to prepare the 
samples tested 

SN. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
M 0 0 0 0 0 0 0 0 0 0 10 20 30 50 70 100 0 
K 10 20 30 40 50 60 70 80 90 100 0 0 0 0 0 0 0 
Q 90 80 70 60 50 40 30 20 10 0 90 80 70 50 30 0 100 

M represents the percentage of montmorillonite, K represents the percentage of kaolinite and Q 
represents the percentage of quartz based on dry weight in the samples prepared in the laboratory 
 

The relative proportions shown in Table 3-1 were selected for multiple reasons, including: 

(1) The variation in Atterberg limits provides both clay-like and sand-like soils as specified 

by the MSHA (2009) manual. Details about the Atterberg limits are provided in the next 

section. 

(2) Baseline strengths have been measured with static direct shear and simple shear tests 

previously conducted at California State University, Fullerton (Tiwari and Ajmera, 2011; 

Ajmera, 2012). 

(3) There are a sufficient number of mineral mixtures to provide a wide range of cyclic and 

post-cyclic strength behavior.  
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In addition to these seventeen samples prepared in the laboratory, the results of cyclic simple 

shear testing on twelve natural samples were used to supplement the testing conducted in this 

study. The cyclic simple shear tests on these natural samples were conducted by Fugro 

Consultants, Inc. in Houston, TX. Results from these natural samples were used to develop and 

validate the conclusions and correlations proposed in this research. 

 

Index Properties 

For each sample prepared as part of the laboratory testing program, the procedure outlined in the 

ASTM Standard Test Method for Liquid Limit, Plastic Limit and Plasticity Index (ASTM 

D4318-10) was used to measure the Atterberg limits of the samples. Figure 3-2 shows a 

plasticity chart providing the liquid limits and plasticity indices for all of the samples. Of the 

seventeen samples prepared in the laboratory, one was poorly graded sand (SP soil), three were 

silty clays (CL-ML soils), one was a lean clay (CL soil), four were silts (ML soils), three were 

elastic silts (MH soils) and five were fat clays (CH soils) according to the USGS classification 

system. Of the twelve natural sample results provided by Fugro Consultants, Inc., two were 

classified as lean clays (CL soils) and the remaining ten were fat clays (CH soils). 
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Figure 3-2 Plasticity characteristics of the tested laboratory prepared and natural soil 
samples plotted in the plasticity chart. The number next to each data point is 
the sample number (SN) used to refer to the sample 

 

Figure 3-2 also contains the shaded zones representing the regions for sand-like (PI < 7), clay-

like (PI > 10) and borderline materials (7 ≤ PI ≤ 10), as defined by MSHA (2009). Based on the 

MSHA (2009) rules, four of laboratory prepared samples tested were sand-like, two were 

borderline materials, while the remaining eleven samples prepared in the laboratory and the 

twelve natural samples were all clay-like.  

 

The static and cyclic simple shear testing procedures followed to determine the cyclic and post-

cyclic characteristics of these twenty-nine soil samples are explained in detail in the following 
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sections. Pictures of the sample preparation and testing process are given in order to provide a 

detailed description of the testing process as ASTM procedures are not available for the cyclic 

simple shear apparatus.  

 

Sample Batch Preparation Procedure 

The steps followed to prepare a batch mixture of the laboratory prepared samples are described 

in this section. Dry powdered minerals were measured to the necessary weights based on the 

desired percentages of the minerals from Table 3-1. Figure 3-3 contains pictures of the sequence 

of steps used to prepare these samples. The minerals were first, thoroughly dry mixed before 

water was added. Next, sufficient de-aired deionized water was added to the mixture so that the 

initial moisture content of the sample was equal to the liquid limit of the mixture. That is, the 

initial liquidity index was equal to unity. The water was stirred with the soil to obtain a 

homogeneous mix. This mix was then placed in an airtight container, sealed with shrink wrap 

and wet paper towels, and allowed to hydrate for a period of at least 24 hours. After the 

hydration period, specimens from this batch sample were used to conduct both the static and 

cyclic simple shear testing at California State University, Fullerton, where all of the testing for 

the laboratory prepared mixtures occurred. The next section will provide a brief background 

regarding the simple shear apparatus. It will also discuss the advantages and disadvantages of 

simple shear testing. 
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Figure 3-3 Sample batch mixing process: (a) Dry minerals used to prepare the batch 
mixtures, (b) Dry materials after mixing to ensure a consistent mix of the 
minerals within the sample, (c) Addition of water equal to liquid limit of the 
sample, (d) Batch mixture after water has been thoroughly mixed, (e) 
Transferring of sample to airtight container to store sample during the 
hydration period, and (f) Stored sample with shrink wrap and wet paper 
towel 

 

 

Background on the Simple Shear Test 

The literature contains various arguments highlighting both the advantages and disadvantages of 

the simple shear device. The following sections will begin with a discussion of the relevant 

literature regarding the stress distribution followed by a list of disadvantages and advantages of 

testing with the simple shear device. 

 

 

 

(a) (b) (c) 

(d) 

(e) (f) 
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Uniformity of Stresses Applied in the Simple Shear Device 

From early on, a major concern has been the uniformity of stresses and strains applied on 

samples tested in the simple shear device. One early study by Roscoe (1953) found the stresses 

and strains to be uniform in the middle third of the sample in the direction perpendicular to the 

shearing, even though the stresses and strains were not uniform at the boundaries. He concluded 

that under large normal loads uniform states of stresses and strains could be obtained. A later 

study by Duncan and Dunlop (1969) used the finite element method to show that the stress 

conditions in the simple shear device would be non-uniform, whereas Lucks et al. (1972) used 

linear elastic finite element analyses to show that about 70% of the middle of the sample would 

be under uniform conditions. A numerical parametric study on the linear elastic isotropic 

behavior by Shen et al. (1978) showed that large non-uniformities in the stress conditions were 

present at the boundaries of samples tested in the simple shear device. Airey and Wood (1987) 

found that over 50% of the sample was under uniform stresses and strains up to the point of 

failure. In addition, they stated that the non-uniformity can be partly attributed to the distortion 

of the reinforced membranes, which as a result could not maintain the conditions required for 

simple shear deformations. As it can be seen, there does not exist a single generally accepted 

opinion about the stress distribution of samples subjected to shearing in the simple shear device. 

 

Perhaps one of the most complete studies on the non-uniformities imposed by the simple shear 

device was presented by Saada and Townsend (1981). They evaluated the suitability of various 

laboratory shear strength devices and found that the non-uniformity of stresses in the simple 

shear device increases as the deformation increases. Furthermore, they stated that the non-

uniformities were more significant in circular devices as opposed to square devices. They 
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claimed that in order to maintain the shape of the cross-section of the sample, it was necessary to 

apply stresses that not only vary with depth, but also with the angle of rotation. In addition, for 

simple shear conditions, they stated that the platens must be perfectly rough, which in turn will 

contribute additional normal confining pressures and add loading eccentricity on the samples. 

However, Saada and Townsend (1981) evaluated the stress distribution for the simple shear 

device with the use of photoelastic studies, where the sample was modeled using large solid 

blocks prepared from the photoelastic material described by Wright et al. (1978). As a result, 

these blocks “cannot guarantee a uniform displacement of the top surface of the cylindrical 

sample” (Christian, 1981). Therefore, Christian (1981) concluded that the rotations that are 

caused by the end platens of the Cambridge device cannot be modeled using these blocks and 

thus, the conclusions obtained by Saada and Townsend (1981) may not be accurate.  

 

DeGroot et al. (1994) showed that the non-uniformity of the stress distribution has little to no 

effect on the measured peak strengths as the peak values will be reached at low shear strains, 

where the machine effects are negligible. Moreover, Vucetic and Lacasse (1982) concluded that 

the effects of the non-uniformities imposed in the simple shear test were determined from 

theoretical elastic analysis, where the reduction of the stress concentrations as the soil yields in 

the shearing phase was unaccounted. They claimed that the simple shear device can “yield useful 

results and represents one of the most valuable tools available today to define the complex stress-

strain behavior of soils in engineering practice.” Moreover, Budhu (1984) claimed that it is 

unreasonable to dismiss “simple shear devices on the basis of shear stress distributions on 

models whose actual simulation of the conditions imposed by these apparatus on real soils is in 

doubt.” 
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Studies such as Lucks et al. (1972), De Alba et al. (1976), Shen et al. (1978), Finn and Bhatia 

(1982) and Vucetic and Lacasse (1982) have also evaluated the uniformity of stresses with 

respect to the ratio of the diameter to the height (ranging from 2 to 8). They showed that as the 

diameter to height ratio is increased, the uniformity of the applied stresses improves. A diameter 

to height ratio of 2 has been found by Finn and Bhatia (1982) to give reasonably uniform shear 

stresses. The ASTM Standard Test Method for Consolidated Undrained Direct Simple Shear 

Testing of Cohesive Soils (ASTM D6528-07) has set the maximum diameter to height ratio as 

2.5. The static and cyclic simple shear apparatuses used in this study both test specimens with a 

diameter to height ratio of 2.5. 

 

Disadvantages of the Simple Shear Device 

Asides from the discussions on non-uniform stress conditions, there are many disadvantages of 

the simple shear tests including: 

• The initial and final Mohr’s circles cannot be plotted. 

• The orientation of the failure plane cannot be determined. 

• Stress paths, total and effective stress envelopes cannot be drawn. 

• Shear strength cannot be measured on the failure plane. 

The above tasks may be completed after making assumptions regarding the measured stress 

conditions at failure. Additionally, the simple shear also possesses the following shortcomings: 

• Platens must be perfectly rough to ensure simple shear conditions. 

• Smaller samples are used in the tests, which are more susceptible to disturbance during 

testing. 
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Advantages of the Simple Shear Device 

As a result of the conclusions in Budhu (1984), it seems that the suitability of the simple shear 

device for strength measurements should be evaluated in terms of the results obtained on real 

soils rather than theoretical simulations. In fact, many researchers have compared the results 

obtained from the simple shear device to those obtained with more conventional techniques. One 

such study was completed by Bjerrum and Landva (1966), who tested undisturbed samples using 

the vane shear, triaxial and simple shear apparatuses. They found that the results from the simple 

shear device were closer to those obtained in the field with the use of the vane shear device as 

well as those back-calculated in slope failures in comparison to those from the triaxial device. In 

fact, the triaxial test results were considerably higher compared to those measured in the field 

and therefore, leading to failures. Similar results were found by Ladd and Edgers (1972) when 

simple shear results were compared to those obtained from the back-analysis of failed 

embankments. 

 

Airey et al. (1985), Airey and Wood (1987), Ladd (1991) and Baxter et al. (2010) stated that the 

simple shear device has several advantages over the triaxial device including the following: 

• Sample preparation is easier. 

• The samples are consolidated under anisotropic (Ko) conditions, which often resembles 

the in-situ conditions better than isotropically consolidated samples from the triaxial 

apparatus. 

• Simple shear device requires shorter consolidation times.   

• Principal stress rotation occurs. 
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• As the mode of failure underneath footings and embankments is better represented by the 

simple shear device, the average shear strength measured is closer to that experienced in 

the field. 

Furthermore, since the cyclic simple shear apparatus was found to better simulate the in-situ 

conditions during an earthquake in comparison to the cyclic triaxial or cyclic torsional shear 

devices (Seed and Peacock, 1971; Finn et al., 1971; Silver et al., 1976; Silver, 1976; Boulanger 

et al., 1993), the simple shear apparatus was used in this study to determine the undrained shear 

strength of saturated soils. Details of the procedures for the static and cyclic simple shear testing 

are provided in the following sections. 

 

Static Simple Shear Test Procedure 

A NGI-type simple shear apparatus, manufactured by Geocomp, Inc., was used to conduct the 

static testing to determine the baseline undrained shear strengths of the samples, defined as the 

strength of the soil sample under static undrained conditions without any previous cyclic loading. 

The apparatus uses a stack of 31 Teflon®-coated rings to confine the soil specimen. Each ring 

has a thickness of 0.94 mm. Horizontal and vertical loads were applied to the soil sample using 

micro-stepper motors. The device has a capacity of 4448 N (1000 lbs) for both the horizontal and 

vertical loads. The static simple shear apparatus is capable of 12.5 mm (0.5 in) of horizontal 

displacement and 12.5 mm (0.5 in) of vertical displacement. Both of the displacement readings 

can be resolved to 0.0013 mm. Pore pressures are not measured in this device, but instead are 

inferred as the change in normal stress to maintain constant volume during testing. 
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Figure 3-4 contains pictures of the process followed to set up specimens in the simple shear 

apparatus. The first step is to grease the top and bottom platens as well as the four O-rings that 

will be used to secure the rubber membrane to these platens. The greased O-rings are then placed 

on a membrane stretcher. A rubber membrane is then stretched around the bottom platen and 

secured in place with two of the O-rings. The stack of Teflon® rings held together by two 

shearing pins is used to confine the rubber membrane. Next, a wet filter paper is placed inside 

the membrane on top of the porous stone in the bottom platen. Ahlstrom Qualitative Filter Paper 

(Catalog No. 6150-0250) was used in this study. Using a dial caliper, the distance from the top of 

the filter paper to the top of the stack of the Teflon® rings is measured and noted. The assembly 

is then transferred to an electronic balance scale where the hydrated soil sample is loosely placed 

to a height of 25.4 mm (1 in). If this is the first test with this sample, the weight required to fill 

the membrane to a height of 25.4 mm (1 in) is noted. For all of the remaining tests (both static 

and cyclic), this weight of the specimen is placed to a height of 25.4 mm (1 in). The height of the 

specimen is determined as the difference in distance from the top of the filter paper placed before 

to the top of the stack of Teflon® rings and the distance from the top of the placed soil specimen 

to the top of the stack of Teflon® rings. When placing the specimen, careful attention is paid to 

ensure that there are no air pockets within the specimen. Another wet filter paper followed by the 

top platen is placed on top of the soil specimen. The membrane is secured to the top platen using 

the remaining two greased O-rings. The entire assembly is then transferred to a water bath in the 

static simple shear apparatus for testing. The specimen height, weight and diameter are, then, 

entered into a computer program used to control the simple shear apparatus. In addition, details 

of the consolidation steps including the vertical stress to be applied along with the duration of the 

loading are specified. Finally, the shearing rate and the criteria for stopping the test are specified 
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in the program. After all the parameters are entered, the readings for the horizontal and vertical 

linear variable differential transformers (LVDTs) as well as the horizontal and vertical force 

transducers are zeroed. Next, two shear pins that held the stack of Teflon® rings together during 

the sample preparation process are removed and the test is started. 

 

In the laboratory testing program in this study, all of the specimens were consolidated under at-

rest or Ko conditions starting at an initial consolidation pressure of 25 kPa.  After the completion 

of the primary consolidation, the stress was doubled until the desired consolidation stress of 100 

kPa was achieved. For the automation in the computer program, it was specified that the 25 kPa 

and 50 kPa stresses each be applied for a minimum of 1440 min and a maximum of 14400 min. 

For the final vertical stress of 100 kPa, the minimum duration was set to 2880 min and the 

maximum as 28800 min. However, real-time consolidation curves, generated by the computer 

program, were monitored and used to advance through the steps of the consolidation phase based 

on the completion of the primary consolidation. After the completion of the primary 

consolidation for the final consolidation stress, the specimen was subjected to constant volume, 

strain-controlled loading at a rate of 5% per hour to determine the baseline static undrained shear 

strength of the material. This loading rate was selected based on the recommendations in ASTM 

D6528-07. The test specimen was sheared until the peak undrained shear strength was obtained 

or until the specimen experienced 25% shear strain. As per ASTM D6528-07, following the 

shearing phase, the specimen was allowed to swell for the lesser of 90% of the time required to 

complete primary consolidation or 1 hour. The specimen was, then, removed from the static 

simple shear apparatus and placed in an oven for 24 hours to determine the dry weight of the 

specimen. 
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Figure 3-4  Static and cyclic simple shear specimen preparation process: Application of 
vacuum grease to  (a) bottom platen, (b) top platen, (c) O-rings, (d) Stretched 
O-rings on membrane stretcher, (e) Rubber membrane around bottom 
platen secured by two O-rings, (f) Confinement of rubber membrane with a 
stack of Teflon® rings, (g) Top view of inside of rubber membrane with filter 
paper over porous stone embedded in bottom platen, (h) Measurement of 
distance from top of wet filter paper to top of stack of Teflon® rings to 
determine height of specimen, (i) Assembly on an electronic balance scale 
where specimen is placed, (j) Soil specimen placed to desired height and 
weight, (k) Measurement of distance from top of the specimen to top of 
stacked Teflon® rings, (l) Placement of filter paper and top platen on top of 
soil specimen, (m) Secured rubber membrane with top platen with the use of 
two O-rings, (n) Soil specimen assembly placed in a water bath in the simple 
shear box and (o) Completed assembly in simple shear apparatus ready for 
testing 

 

 

 

(a) 

(b) (c) 

(d) 

(e) 

(f) (g) (h) 

(i) 

(j) 

(k) (l) (m) 

(n) (o) 



50 

Cyclic Simple Shear Test Procedure 

As in the case of the static simple shear device, a NGI-type cyclic simple shear apparatus was 

used to determine the cyclic and post-cyclic behavior of the soil samples. This device is also 

manufactured by Geocomp, Inc. In comparison to the static simple shear, the cyclic simple shear 

has two major differences: (1) The vertical load is applied with a micro-stepper motor, while the 

horizontal load is applied with a servo-motor, and (2) In the horizontal direction, ±12.5 mm (0.5 

in) of movement is possible with this apparatus. 

 

The process followed to prepare the specimens for testing in the cyclic simple shear is the same 

as that described earlier for the static simple shear tests and is pictured in Figure 3-4. However, 

in the cyclic simple shear, once the primary consolidation for the final vertical stress was 

applied, the test specimen was subjected to cyclic loading. Cyclic loading consisted of undrained, 

constant-volume stress-controlled sinusoidal loading at a frequency of 0.5 Hz. The amplitude of 

the sine wave was specified via the cyclic stress ratio (CSR) which is defined as the ratio of the 

amplitude of the cyclic loading to the consolidation pressure. Cyclic stress ratios ranging from 

0.08 to 0.38 were used in this study. Cyclic loading was applied until the specimen experienced 

10% double amplitude shear strain. If the specimen did not experience 10% double amplitude 

shear strain within 500 cycles, the cyclic loading phase was terminated at 500 cycles. 

Immediately following the cyclic loading, the specimen was subjected to constant volume, 

undrained strain-controlled static loading to determine the undrained shear strength of the 

material following cyclic loading, or the post-cyclic shear strength. As per the recommendations 

in ASTM D6528-07, a strain rate of 5% per hour was used in this stage. The post-cyclic static 

loading phase was continued until the peak undrained shear strength was obtained or for a 
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maximum of 25% shear strain. Following the ASTM D6528-07, the specimen was then allowed 

to swell for the lesser of the time required to 90% of the primary consolidation or one hour, at 

which point the specimen was removed from the apparatus and placed in an oven for at least 24 

hours to determine its dry weight.  

 

Reports for Static and Cyclic Simple Shear Tests 

Reports containing the relevant data and figures were prepared for each specimen tested in both 

the static and cyclic simple shear devices. Appendix B contains all of the reports for the 

specimens tested using the cyclic simple shear device.  



52 

CHAPTER 4 

Reduction in Static Strength Due to Cyclic Loading in Normally Consolidated Clay-Silt 

Mixtures 

(Draft Paper) 

ABSTRACT 

The shear strength of clays after cyclic loading is needed in various situations including the 

design of structural foundations after an earthquake and the design of bridge piers under wave 

loads. Although clays are generally considered stable materials under seismic conditions, recent 

failures initiated in clay layers after an earthquake have emphasized the need to study their post-

cyclic behavior. Moreover, if strength loss as a result of cyclic loading were to occur in the 

material comprising the dam and/or dam foundation, the consequences of failure could be 

substantial. The objective of this study is to evaluate the effect of plasticity characteristics and 

mineralogical composition on the post-cyclic shear strength and the degradation in shear strength 

due to cyclic loading in normally consolidated clays. Seventeen soil samples, prepared in the 

laboratory from kaolinite, montmorillonite, and quartz, were tested using static and cyclic simple 

shear apparatuses. The study shows that the post-cyclic shear strength increases with increasing 

plasticity. Moreover, the post-cyclic shear strengths of soils with montmorillonite as the clay 

mineral were significantly higher than the post-cyclic shear strengths of soils with kaolinite as 

the clay mineral. The degradation in shear strength due to cyclic loading appeared unaffected by 

mineralogy, but a greater reduction in strength was noted with decreasing plasticity. The post-

cyclic shear strength was also found to reduce as the number of cycles required to cause 10% 

double amplitude shear strain increased. 
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BACKGROUND 

The behavior of clay deposits under earthquakes, storm waves, traffic loads and machine 

vibrations is important to ensure a safe design. The cyclic loading resulting from these conditions 

may lower the undrained bearing capacity of foundations on clays (Andersen 1988; Chu et al. 

2008), cause slope instability (Stark and Contreras 1998; and Boulanger and Idriss 2004) or lead 

to lateral spreading and settlement (Boulanger et al. 1998). Furthermore, if these loading 

conditions were to lower the undrained shear strength of the material within the dam or its 

foundation, the consequences of any resulting failure could be disastrous, deadly and cost 

billions of dollars. The Anchorage Landslide following 1964 Alaska Earthquake is an excellent 

example of the damage that infrastructure may experience as a result of a loss of strength in a 

clayey soil due to cyclic loading. Specifically, Stark and Contreras (1998) stated that the original 

static undrained shear strength of the Bootlegger Cove Clay underlying the Anchorage Landslide 

was reduced by 20% as a result of the earthquake. However, Boulanger and Idriss (2004) stated 

that the reduction in strength of this material was closer to 30%.  

 

Another example is the lateral spreading and differential settlement resulting from the 1989 

Loma Prieta Earthquake, which damaged the Moss Landing Marine Laboratory facilities beyond 

repair. Boulanger et al. (1998) noted that 1.5 ft to 2.5 ft of lateral spreading occurred in the east-

west direction, while 4.5 ft to 7 ft of lateral spreading occurred in the north-south direction. The 

lateral spreading was said to have been triggered by a significant loss in strength of the 

underlying 8-foot-thick clayey silt layer at a depth of approximately 5 ft, but the total strength 

loss was not quantified.  
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Chu et al. (2008) studied a series of buildings located on an approximately 1150 ft long east-west 

trending line in Wufeng, Taiwan. Single-story residential buildings comprised the east end of the 

line, while the west side consisted of 18 buildings three to six stories tall. During the 1999 Chi-

Chi Earthquake, the single story buildings did not experience any damage or ground failure. 

However, 11 of the 18 multi-story buildings sustained severe damage, and had to be demolished 

after the earthquake. The damage was attributed to the failure of footings resulting from a 

reduction in shear strength in the underlying clay layer. Chu et al. (2008) estimated that the post-

cyclic shear strength was 33% to 55% lower than the undrained shear strength of the material 

before the earthquake. The damage noted in the case histories emphasizes the need to understand 

how strength loss in clayey materials can affect the overall stability of a structure. Should these 

strength losses occur within a dam or the underlying foundation material, the resulting damage 

and loss of life could be significant. 

 

Currently, the 2005 Federal Emergency Management Agency (FEMA) Federal Guidelines for 

Dam Safety and the 2009 Mine Safety and Hazard Administration (MSHA) Engineering and 

Design Manual for Coal Refuse Facilities provide the most detailed and useful information for 

evaluating the seismic stability of dams. The general procedure for the seismic stability 

evaluation of dams is outlined in Figure 4-1. The focus of this paper is on the shear strengths to 

be used in the seismic stability analysis and therefore, the details of each step of the seismic 

stability evaluation procedure are not provided here.  According to MSHA (2009) and FEMA 

(2005), the appropriate post-cyclic shear strength could be the peak drained shear strength (sdp), 

the peak undrained shear strength (sup), the undrained steady-state shear strength (sus) or some 
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other intermediate undrained shear strength. In MSHA (2009), the undrained steady-state shear 

strength is defined as the “undrained shear strength of the soil at very high strains” or the 

“minimum shear strength of the material at a given void ratio.” The selection of the post-cyclic 

shear strength is dependent on the approach (generalized versus specific) used in the seismic 

stability analysis procedure. Sand-like and clay-likes zones are those zones that contain sand-like 

(materials that exhibit behavior typically expected of sands) or clay-like (materials that exhibit 

behavior typically expected of clays) materials. Table 4-1 summarizes the recommended post-

cyclic shear strengths for each approach and each type of material. The zones detailed in Table 

4-1 for the cone penetration test (CPT) results are delineated in Figure 4-2. In Figure 4-2, the 

normalized friction ratio (Fs) is given by Equation (1), where, fs is the sleeve resistance, qt is the 

tip resistance and σvo is total overburden pressure. The normalized tip resistance (Qt) is given by 

Equation (2) where, σ’vo is effective overburden pressure.  
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Figure 4-1 Seismic stability analysis procedure (adapted from MSHA, 2009) 
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Table 4-1 Suggested post-cyclic shear strengths for the generalized and specific 
approaches in MSHA (2009) 

Material Definition Generalized Approach Specific 
Approach 

Loose Sand-Like N1,60<15 or qt1<75 tsf1 sus sus 
Dense Sand-Like N1,60≥15 or qt1≥75 tsf sup sdp 
Soft Clay-Like SPT N<6 or CPT data in Zone C2 0.80sup 0.80sup 

Stiff Clay-Like SPT N>6 or CPT data in Zone B 
Conservatively, use sus 
or use a measured 
undrained strength 

sup 

1N1,60 is the SPT N-Value corrected to a 1 atm effective vertical pressure and 60% hammer efficiency; qt1 is the CPT 
tip resistance corrected to a 1 atm effective vertical pressure. 
2The zones for the CPT data are defined in Figure 4-2. 
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Figure 4-2 Zone boundaries for CPT data used for soil classification (MSHA, 2009) 
 

 

In addition, MSHA (2009) provides recommendations for the lower bounds for the post-cyclic 

shear strengths of both sand-like and clay-like materials. In particular, if the liquidity index (LI) 

is less than or equal to 1 or if the material is non-plastic, the recommended lower bound post-

cyclic shear strength is based on an undrained strength ratio of 0.04. Similarly, for soils with 
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LI≥1, the lower bound is 957 Pa with an upper bound based on an undrained strength ratio of 

0.04. In using these lower bound shear strength recommendations the vertical stress for use in the 

undrained strength ratio is to be determined for the soil stratigraphy and ground water conditions 

prior to the cyclic loading. The lower bound strengths suggested seem to be extremely low.  

 

MSHA (2009) cites Baziar and Dobry (1995), Yoshimine et al. (1999), and Olson and Stark 

(2002) as the sources for the guidelines for the lower bounds for post-cyclic shear strengths. 

Based on these sources, the lower bound post-cyclic shear strengths appear poorly substantiated. 

The lower bound undrained strength ratio of 0.04 provided by Baziar and Dobry (1995) applies 

only for loose saturated low plasticity silts with plasticity indices less than 10. Furthermore, it is 

based on a very small number of samples with significant scatter. In particular, the lower bound 

post-cyclic strength is defined solely from one data point. The next lowest undrained strength 

ratio is 0.06, which is 1.5 times higher than the suggested lower bound. The undrained shear 

strengths presented in Yoshimine et al. (1999) are for sands, not clays. Therefore, the undrained 

strength ratios provided by Yoshimine et al. (1999) are not applicable. The relationship 

developed by Yoshimine et al. (1999) to determine the undrained strength ratio, with respect to 

the relative density, is based on the data from triaxial compression, simple shear and triaxial 

extension tests. However, it is clearly stated that these results are limited to clean sands that 

experienced strain softening. Moreover, by examining the results presented, the only data points 

that suggest an undrained strength ratio of 0.04 are the triaxial extension results of clean sands 

with relative densities less than 40% and some triaxial compression results of Toyoura sand with 

relative densities less than 30%. Therefore, it hardly seems applicable that these points be used to 

determine the recommended lower bound strengths in MSHA (2009). Olson and Stark (2002) 
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back-calculated liquefied strength ratios mobilized during failure for 33 case histories involving 

flow failures. The strength ratios obtained in Olson and Stark (2002) are primarily for loose clean 

sands, silty sands, sandy silts, and tailing sands; and not clays. Detailed examination shows that 

there are a total of five data points with undrained strength ratios less than or equal to 0.04. 

Furthermore, in each of these five case histories, the flow failures used in the back-analysis 

occurred in very loose sand or hydraulically placed sand fill. Thus, using these results to suggest 

that the lower bound post-cyclic shear strength should have an undrained strength ratio of 0.04 is 

not substantiated. It is critical that more appropriate recommendations for the lower bound post-

cyclic shear strength of cohesive materials be provided.  

 

The majority of the studies in the literature evaluating the post-cyclic shear strength of cohesive 

materials have focused on the influence of plasticity and arrived at a similar conclusion that soils 

with higher plasticity indices have lower reductions in shear strength as a result of cyclic loading 

(Ishihara and Yasuda 1980; Tan and Vucetic 1989; Bahr 1991; Ishihara 1993; Hyodo et al. 1998; 

Matsui et al. 1999; and Guo and Prakash 1999).  Although the use of the plasticity index to 

determine strength loss susceptibility has been examined, the effect of clay mineralogy has not 

been considered, asides from the work of Sandoval (1989), Prakash and Sandoval (1992), 

Gratchev et al. (2006) and Beroya et al. (2009). However, in Sandoval (1989) and Prakash and 

Sandoval (1992) the only clay mineral tested was kaolinite. Gratchev et al. (2006) studied test 

specimens containing kaolinite, illite and bentonite and conclude that the relationship between 

the post-cyclic shear strength and the plasticity index is insensitive to the type of mineral in 

composing the specimens. However, the plasticity index values of some their samples, namely 

Kaolin 15 and Illite 15, are plotted incorrectly in a graph of the plasticity index versus the cyclic 
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stress ratio. If these plasticity index values were to be corrected, the conclusions in Gratchev et 

al. (2006) may be different. Beroya et al. (2009) presents cyclic triaxial results for nine samples 

(three containing kaolinite, three containing illite and three containing montmorillonite). Their 

results show that the cyclic resistance is strongly dependent on the mineralogy of the sample 

with soils containing montmorillonite having the greatest cyclic resistance, followed by soils 

containing illite and kaolinite, respectively. However, Beroya et al. (2009) did not measure the 

post-cyclic shear strength of any of their samples.  

 

In this study, the post-cyclic shear strength was measured for seventeen clay-silt mixtures using a 

cyclic simple shear apparatus. The results were used to evaluate the influence of clay mineralogy 

and plasticity characteristics on the post-cyclic shear strength. Additionally, the results were used 

to give recommendations on the appropriate reduction in post-cyclic shear strength to consider 

while conducting seismic stability analysis. 

 

METHODOLOGY 

Soil samples were prepared to a range of plasticity indices in the laboratory by mixing 

commercially available montmorillonite or kaolinite with quartz in different proportions. Ward’s 

Natural Science was the supplier for the montmorillonite (Item No. 460998) and the kaolinite 

(Item No. 460438) used in this study. The quartz used in this study was supplied by Pacific Coast 

Chemicals. Grain size distribution curves for the materials used to prepare the samples are shown 

in Figure 4-3. These curves were determined from hydrometer analyses using the procedure in 

the ASTM Standard Test Method for Particle Size Analysis of Soils (ASTM D422-07). The pure 

kaolinite had a maximum particle size of 0.02 mm, while the maximum particle size in the pure 
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montmorillonite was 0.075 mm. The clay fraction, defined as the percentage of particles smaller 

than 0.002 mm, was about 80% for montmorillonite and 70% for kaolinite. The maximum 

particle size in the quartz used was 0.09 mm with approximately 10% finer than 0.002 mm. In 

this study, ten samples were prepared as mixtures of kaolinite with quartz and six samples were 

prepared as mixtures of montmorillonite with quartz for testing. In addition, pure quartz was also 

tested. In the subsequent discussion, the capital letters M, K, and Q will be used to refer to 

montmorillonite, kaolinite, and quartz, respectively. The number following these capital letters 

will refer to the percentage by dry weight of this material in the mixture. For each sample, the 

Atterberg limits were measured following the procedure outlined in the ASTM Standard Test 

Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils (ASTM D4318-10). Figure 

4-4 shows a plasticity chart providing the liquid limits and plasticity indices for all of the 

samples. According to the USGS classification system and Figure 4-4, there are three silty clays, 

one lean clay, four silts, three elastic silts, five fat clays, and a poorly graded sand, among the 

tested soil samples.  
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Figure 4-3 Grain size distribution curves for the montmorillonite, kaolinite, quartz and 
granular kaolin used in this study to prepare the samples tested 
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Figure 4-4 Plasticity chart showing Atterberg limits for samples tested 

 

Sample Preparation Process 

Samples used in this study were prepared from powdered dry minerals that were batch mixed to 

the desired proportions based on the dry weight of the components. Sufficient de-aired distilled 

water was added to the mixture so that the initial moisture content of the sample was equal to the 

liquid limit (or equivalently, the sample had a liquidity index of one). After thoroughly mixing 

the de-aired distilled water with the dry minerals, the sample was placed in an airtight container 

and allowed to hydrate for a period of at least 24 hours. These samples were then used to conduct 

static and cyclic simple shear tests using the methodology outlined in the following sections. 
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Static Simple Shear Test Methodology 

A NGI-type simple shear apparatus, manufactured by Geocomp, Inc., was used in this study. In 

this apparatus, the sample is confined laterally by a stack of 31 Teflon rings, each 0.94 mm thick. 

Micro-stepper motors are used to apply the horizontal and vertical loads to soil sample. Both the 

horizontal and vertical load capacities of the device are 4448 N (1000 lbs). The simple shear 

apparatus is capable of 12.5 mm of horizontal displacement and 12.5 mm of vertical 

displacement. The displacement readings can be resolved to 0.0013 mm. The simple shear 

apparatus is fully automated and controlled by a computer unit. 

 

The hydrated mixtures were used to create specimens tested in the simple shear device by 

confining the soil between a rubber membrane and a stack of Teflon-coated rings. In the first test 

for a sample, the weight of soil needed to prepare a specimen with a diameter of 63.5 mm and a 

height of 25.4 mm was measured and recorded. For the remaining specimens for this sample, the 

recorded weight of soil was used to prepare specimens for testing to a diameter of 63.5 mm and a 

height of 25.4 mm. The assembly was then transferred to the simple shear apparatus, where the 

specimen was consolidated under Ko conditions to a vertical pressure of 100 kPa in three stress 

increments consisting of 25 kPa, 50 kPa and, finally, 100 kPa. Each stress increment was 

allowed to remain on the specimen until it was deemed that primary consolidation had completed 

based on the consolidation curve. After the completion of primary consolidation at the desired 

stress of 100 kPa, the specimen was subjected to strain-controlled undrained loading at a rate of 

5% per hour to determine the static undrained shear strength of the material. The shearing phase 

of the test was terminated at a shear strain of 25%. Following the shearing phase, the specimen 
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was allowed to swell for the lesser of 90% of the time required to complete primary 

consolidation or one hour. The procedure followed was obtained from the ASTM Standard Test 

Method for Consolidated Undrained Direct Simple Shear Testing of Cohesive Soils (ASTM 

D6528-07).  

 

Cyclic Simple Shear Test Methodology 

The cyclic simple shear apparatus used in this study is also a NGI-type device manufactured by 

Geocomp, Inc.  As was the case with the static simple shear, this device also uses a stack of 31 

Teflon-coated rings to laterally confine the specimen. Each ring is 0.94 mm thick. The device 

uses a micro-stepper motor to apply the vertical load and a servo-motor to apply the horizontal 

load. Both the horizontal and vertical load capacities are 4448 N (1000 lbs). The cyclic simple 

shear apparatus can travel ±12.5 mm horizontally and 12.5 mm vertically. A computer unit is 

used to control the apparatus.  

 

The specimen preparation process described previously for the static simple shear was followed 

through the consolidation phase. After the final consolidation step, the specimens were subjected 

to stress-controlled, constant volume, undrained cyclic loading. Cyclic loading consisted of 

constant volume, stress-controlled sinusoidal wave loading at a frequency of 0.5 Hz, with the 

amplitude being determined from the specified cyclic stress ratio. The cyclic stress ratio is 

defined as the ratio of the amplitude of the cyclic stress to the consolidation pressure (100 kPa in 

all of the samples tested in this study). Cyclic loading was applied until the specimen 

experienced 10% double amplitude shear strain up to a maximum of 500 cycles. Following the 

recommendations of Andersen et al. (1976) and Brown et al. (1977), immediately following the 
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end of the cyclic loading phase, the specimen was subjected to undrained strain-controlled static 

loading at a rate of 5% per hour to determine the post-cyclic shear strength. Static loading was 

terminated at 25% shear strain. The specimen was then allowed to swell for the lesser of the time 

required for the completion of 90% of the primary consolidation or one hour. Several tests were 

conducted from one batch of soil using different cyclic stress ratios. 

 

RESULTS AND DISCUSSION 

Typical Behavior  

Typical consolidation characteristics observed in samples tested using the static and cyclic 

simple shear apparatuses are shown in Figure 4-5. Figure 4-5 contains the results for Sample 10 

(K100) which has a compression index, Cc of 0.59.  For comparison, the virgin consolidation 

curve obtained from a 1-D consolidometer test for the same mixture at the same initial moisture 

content (Tiwari and Ajmera 2011) is also included. As it can be seen from Figure 4-5, the 

consolidation characteristics observed when consolidation was conducted in the static and cyclic 

simple shears is similar to those characteristics seen in a consolidometer.  
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Figure 4-5 Comparison of virgin compression curves for Sample 10 consolidated using 
static and cyclic simple shear devices and using consolidometer in Tiwari and 
Ajmera (2011) 

 

Figure 4-6a shows a schematic example of the sinusoidal wave form used to apply the cyclic 

loads on the specimens tested. Also, shown in Figure 4-6a is a horizontal line representing the 

consolidation pressure applied prior to the cyclic loading and consequently, the total vertical 

stress on the specimen during the cyclic loading. As a result of the cyclic loading, a reduction in 

the vertical stress on the specimen is recorded by the vertical force transducer. The recorded 

vertical stress is depicted in Figure 4-6a, labeled as the effective normal stress. The difference in 

the total and effective normal stresses is the pore pressure, whose calculated response with cyclic 

loading is also presented in Figure 4-6a. The applied cyclic loads cause the sample to strain, as 

Sample 10 (K100) 
Cc = 0.59 
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shown for one cycle of loading in Figure 4-6b, which contains a sample stress-strain hysteresis 

loop for one cycle of loading. In the first part of a cycle of loading, positive shear stresses are 

applied causing the sample to strain in the positive direction from Point A to Point B. At Point B, 

the cyclic loading function reverses direction, and the shear stresses will reduce from Point B to 

Point C, where the shear stress is zero. After reaching zero shear stress (Point C), negative shear 

stresses will be applied to the sample until Point D is reached. The negative shear stresses will 

cause the sample to strain in the reverse direction as before leading to negative shear strains until 

Point D. At Point D, another stress reversal occurs in the loading function and the magnitude of 

the negative shear stresses is reduced to zero, which is achieved at Point E. Cyclic loading was 

continued until the double amplitude shear strain, or the difference in the value of the shear strain 

at Point B and the value of the shear strain at Point D, was equal to 10%. In the schematics in 

Figure 4-6b, the double amplitude shear strain is approximately equal to 0.8%.  

 

 

Figure 4-6 Schematic example of the applied sinusoidal stress function and resulting 
pore pressure and effective normal stress with a sample hysteresis loop 

 

(a) 

(b) 
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Shown in Figure 4-7 is the typical shear stress versus the shear strain measured during the post-

cyclic phase of the test, in which the samples were subjected to undrained strain-controlled 

constant volume static shearing immediately following the cyclic loading phase of the cyclic 

simple shear test (CDSS). The pore pressure response with shear strain is also presented in 

Figure 4-7. In addition, the shear stress versus shear strain and pore pressure response for the 

static test (DSS) conducted on another specimen from the same batch mixture is shown in Figure 

4-7 for comparison. All of the specimens observed contractive behavior in both the static and 

post-cyclic shearing, as to be expected for normally consolidated samples. The fact that the post-

cyclic shear strength is 66% of the static shear strength illustrates the reduction in shear strength 

that occurs as a result of cyclic loading. 
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Figure 4-7 Typical shear stress and pore pressure response with shear strain for post-
cyclic (CDSS) and static simple shear (DSS) tests 

Sample 10 (K100) 
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Static Undrained Strength Ratios 

The static undrained shear strengths measured on specimens not subjected to cyclic loading were 

normalized by the consolidation pressure (100 kPa) to obtain the static undrained strength ratio 

(USR). The values obtained are plotted against the corresponding plasticity indices for the 

samples in Figure 4-8. From Figure 4-8, the undrained strength ratios ranged from 0.23 to 0.36 

for the samples tested.  

 

 

Figure 4-8 Variation in undrained strength ratio with plasticity index based on static 
simple shear tests 
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Post-Cyclic Shear Strengths with Respect to Plasticity Characteristics 

The post-cyclic shear strength measured from the post-cyclic monotonic loading phase of the 

cyclic simple shear test was also normalized by the consolidation pressure (100 kPa). The 

resulting parameter is called the post-cyclic undrained strength ratio. The average post-cyclic 

undrained strength ratio was found by averaging the post-cyclic undrained ratios measured after 

cyclic loading at various cyclic stress ratios for each sample. The variation in the average post-

cyclic undrained strength ratio with plasticity index is shown in Figure 4-9. The post-cyclic shear 

strength is seen to increase as the plasticity index increases. This increase in shear strength with 

plasticity index is expected based on the results from Ishihara and Yasuda (1980), Hyodo et al. 

(2000), Bray et al. (2004), Gratchev et al. (2006), and Bray and Sancio (2006). Figure 4-9 shows 

that the average post-cyclic shear strengths for soils containing kaolinite as the clay mineral are 

lower than the average post-cyclic shear strengths for soils containing montmorillonite as the 

clay mineral.  
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Figure 4-9 Average post-cyclic undrained strength ratio with respect to plasticity index 
for samples tested separated based on mineralogy and MSHA (2009) 
recommended post-cyclic undrained strength ratios 

 

Higher post-cyclic shear strengths are observed in the soils containing montmorillonite as the 

clay mineral in comparison to the post-cyclic shear strengths for soils with kaolinite as the clay 

mineral. This is a result of the thixotropic properties of the soils. Thixotropy is ability of the clay 

particles to restore some of the bonds broken during cyclic loading and are directly related to the 

plasticity of the soil (Skempton and Northey 1952). Furthermore, this property is strong in 

montmorillonite and weak in kaolinite (Skempton and Northey 1952) and hence, post-cyclic 

shear strengths should be higher in the soils with montmorillonite as the clay mineral than the 

soils with kaolinite as the clay mineral.  
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Figure 4-9 also shows horizontal lines representing the upper and lower bound post-cyclic 

undrained strength ratios suggested by MSHA (2009) for soils with a liquidity indices equal to 1. 

It is clear from this figure that MSHA (2009) substantially underestimates the post-cyclic shear 

strengths that should be used in the seismic stability analysis of dams.  

 

As static tests are conducted more often than cyclic tests, it is important to try to define the post-

cyclic shear strength in terms of the static undrained shear strength. For this reason, the 

degradation ratio (δ) or the ratio of the post-cyclic shear strength to the static shear strength is 

evaluated in terms of the plasticity index, as shown in Figure 4-10. From Figure 4-10, it is seen 

that the value of this ratio increases as the plasticity index increases in soils with plasticity 

indices less than 100. Ishihara and Yasuda (1980) stated the deterioration in strength should be 

greater in soils with lower plasticity indices than the soils with higher plasticity indices since the 

sensitivity of clays increases as the plasticity index increases (Bjerrum 1954). For soils with 

plasticity indices greater than 100, the degradation ratio is nearly constant.  The relationship 

between the degradation ratio and the plasticity index appears from Figure 4-10 to be 

uninfluenced by the mineralogical composition of the samples tested.  
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Figure 4-10 Ratio of post-cyclic shear strength to the static undrained shear strength with 
respect to plasticity index 

 

Post-Cyclic Shear Strength with Respect to Cyclic Loading Characteristics 

Presented in Figure 4-11 is the relationship between the post-cyclic shear strength and the 

number of cycles of loading required to cause 10% double amplitude shear strain. The post-

cyclic shear strength is found to decrease as the number of cycles required to cause 10% double 

amplitude shear strain increases despite the measurement of the post-cyclic shear strength after 

the same double amplitude shear strain in each of the samples. This is because cyclic loading 

causes a generation of excess pore pressures and hence, a reduction in effective normal stresses. 

Furthermore, the excess pore pressure generated as a result of cyclic loading increases as the 
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number of cycles of loading increases (Thammathiwat and Chim-oye 2004). Hence, as the 

effective normal stress decreases, the measured post-cyclic shear strength will also decrease. 

 

 

Figure 4-11 Variation in post-cyclic undrained strength ratio with the number of cycles 
required to cause 10% double amplitude shear strains for several selected 
samples 

 

 

Discussion on the Effect of Mineralogy on the Average Post-Cyclic Shear Strength 

Two opposing processes occur when a small percentage of cohesive material is added to a non-

cohesive material (Guo and Prakash 1999). First, there is an increase in the rate of pore pressure 

build-up as a result of the reduced permeability due to the addition of clay. Second, a 
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development of cohesive character occurs which causes a development of adhesive bonds 

between the quartz and the clay particles. As the post-cyclic undrained strength ratios are lower 

in the soils with kaolinite as the clay mineral than the post-cyclic undrained strength ratio of the 

pure quartz tested (Figure 4-9), it is believed that the first process dominates. In the soils with 

montmorillonite as the clay mineral, both processes are occurring. As a result an initial drop in 

post-cyclic undrained strengths is seen as some montmorillonite is added to the quartz. However, 

at some limiting clay content, the second process begins to dominate and hence, the post-cyclic 

undrained strengths are greater in the mixtures containing montmorillonite as the clay mineral 

than the pure quartz samples.  

 

The adhesive bonds that develop between the quartz and the montmorillonite allow the quartz to 

resist the relative movement between individual particles during the cyclic loading. This leads to 

a reduction in the generation of excess pore pressures and prevents the loss of contact between 

the quartz particles. Moreover, adhesive forces are related to the contact area between two 

particles (Bhushan 1999) with larger contact areas implying larger adhesive forces. The available 

contact area will be governed by the specific surface area of the particles. Larger specific surface 

areas are available in the soils with montmorillonite as the clay mineral in comparison to the 

soils with kaolinite as the clay mineral. In particular, there are much higher adhesive bonds in the 

soils with montmorillonite as the clay mineral than the soils with kaolinite as the clay mineral. 

The soils with montmorillonite as the clay mineral will have larger specific surface areas for the 

following reasons: (1) Types of bonds: Kaolinite has strong hydrogen bonds in comparison to the 

weak bonds between the montmorillonite lamellae, which allow the montmorillonite particles to 

easily disperse in water causing an increase in the specific surface area; and (2) Particle shape 
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and dimension: Kaolinite consists of larger particles which suggests less reactive area than the 

smaller particles of montmorillonite. Thus, it is expected that the post-cyclic shear strengths be 

higher in the soils with montmorillonite as the clay mineral.  

 

CONCLUSIONS 

Based on the cyclic and static simple shear test results of seventeen soil samples prepared in the 

laboratory from kaolinite, montmorillonite, and quartz, the following conclusions are made: 

• Post-cyclic shear strength increases with increasing plasticity index.  

• Soils with montmorillonite as the clay mineral had higher post-cyclic shear strengths in 

comparison to soils with kaolinite as the clay mineral.  

• MSHA (2009) substantially underestimates the post-cyclic shear strengths of clays to be 

used in the seismic stability analysis. 

• The degradation in shear strength as a result of cyclic loading increases as plasticity index 

of the soil decreases, for soils with plasticity indices less than 100. For soils with 

plasticity indices greater than 100, cyclic loading does not appear to cause a reduction in 

undrained shear strength. 

• The relationship between the degradation ratio and the plasticity index is independent of 

the mineralogy. Figure 4-10 can be used to estimate the value of the post-cyclic shear 

strength based on the undrained static shear strength. 

• As the number of cycles required to cause 10% double amplitude shear strain increase, 

the post-cyclic shear strength decreases. 
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CHAPTER 5 

Influence of Index Properties on Shape of Cyclic Strength Curve for Clay-Silt Mixtures 

(Draft of Paper) 

ABSTRACT 

Failures initiated in clay layers during recent earthquakes have emphasized the need to 

understand the cyclic behavior of clays. To systematically study the cyclic behavior, seventeen 

soil samples, prepared from mixtures of kaolinite and montmorillonite with quartz, and twelve 

natural soil samples were tested in a cyclic simple shear device. Cyclic strength curves were 

developed to represent 2.5%, 5% and 10% double amplitude shear strains. These curves were 

used to examine the influences of mineralogical composition, plasticity characteristics and shear 

strain on the cyclic resistance of soil samples. A power function was used to represent the cyclic 

strength curves. Based on the results of this study, the samples were found to become 

increasingly resistant to cyclic loading as the plasticity index increased. Moreover, the soils with 

montmorillonite as the clay mineral were noted to have consistently higher cyclic resistances 

than the soils with kaolinite as the clay mineral. By examining the power functions, it was found 

that the cyclic strength curve approaches linearity as the plasticity index increases in soils having 

kaolinite is the clay mineral. However, the opposite trend is observed in soils having 

montmorillonite as the clay mineral. 
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BACKGROUND 

Seismic design currently focuses on addressing problems associated with liquefaction of sands. 

Sangrey and France (1980) noted that knowledge of the peak strength of clays after cyclic 

loading is needed in many situations including the design of structural foundations after an 

earthquake, stability of slopes and foundations subjected to wave loads, and the loading on soils 

as a result of traffic. Although clays are considered to be stable under earthquake conditions, 

there are several documented failures involving clay layers following an earthquake. A few 

amongst these failures are the Anchorage Landslide following the 1964 Alaska Earthquake 

(Stark and Contreras, 1998; and Boulanger and Idriss, 2004), the damage to the Moss Landing 

Marine Laboratory after the 1989 Loma Prieta Earthquake (Boulanger et al., 1998), and the 

severely damaged buildings founded on clays following the 1985 Mexico Earthquake (Mendoza 

and Auvinet, 1985). These case histories have demonstrated the need to address the current 

deficiencies in our understanding of the cyclic behavior of clays.  

 

Recently, several studies have begun looking at the effect of different factors, including 

plasticity, the amount of granular material, and the magnitude of initial static shear stresses, on 

the cyclic behavior of cohesive materials. However, the results presented in the literature are 

contradictory. For example, Bray and Sancio (2006) and Bray et al. (2004) tested undisturbed 

samples from Adapazari, Turkey in both cyclic simple shear and cyclic triaxial apparatuses and 

used the results to develop cyclic strength curves (plots of number of cycles versus the cyclic 

stress ratio, CSR). They observed that cyclic strength curves could not be successfully generated 

for soils with plasticity indices greater than 18 as the samples were unable to generate significant 
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cyclic strains even after a large number of cycles. However, for soils with plasticity indices less 

than 18, two generalized cyclic strength curves were developed. The first cyclic strength curve 

represented the cyclic resistance, a measure of a soil’s ability to withstand cyclic loading, of the 

soil samples with plasticity indices less than 12, while the second curve represented the cyclic 

resistance provided by soil samples with plasticity indices greater than 12, but less than 18. 

Moreover, from the results presented, the cyclic resistance of the soil samples with plasticity 

indices between 12 and 18 was higher than the cyclic resistance provided by the samples with 

plasticity indices less than 12. Guo and Prakash (1999) and El Hosri et al. (1984) presented the 

effect of the plasticity index on the cyclic strength curves of silts and mixtures of silts and clays. 

They noted that for soils with plasticity indices less than 5, the cyclic resistance decreased as the 

plasticity index increased. However, for soils with plasticity indices greater than 5, the cyclic 

resistance was observed to increase as the plasticity index increased. Sandoval (1989) and 

Prakash and Sandoval (1992) also showed that the cyclic resistance decreased as the plasticity 

index is increased from 2 to 4.  

 

Nabeshima and Matsui (2003) tested Toyoura sand mixed with non-plastic and plastic fines in a 

stress-controlled cyclic torsional shear device. They surmised that the addition of kaolin clay to 

Toyoura sand caused a weakening of the soil skeleton, accelerating the process required to cause 

flow liquefaction or equivalently, a reduction in cyclic resistance. However, cyclic resistance 

increased when Toyoura sand was mixed with non-plastic fines as it resulted in an increase in the 

density of the sample for a given effective stress. Chang et al. (1982), Dezfulian (1982), and 

Amini and Qi (2000) also showed that the addition of silt to sand will increase the cyclic 

resistance of the sand. On the contrary, Shen et al. (1977), Troncoso and Verdugo (1985), 
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Troncoso (1990), Finn et al. (1994) and Vaid (1994) presented results showing that adding silt to 

sand will reduce the cyclic resistance of the sand. Beroya et al. (2009) concluded that the 

dominant clay mineral in mixtures of silt with clay significantly influences the cyclic behavior of 

the silt. They noted that the cyclic resistance was dependent on the plasticity index, but the 

plasticity index was not a direct indicator of the influence of mineralogy. Kuwano et al. (1996) 

also showed that the mineralogy of the fines is an important parameter requiring consideration in 

order to completely understand the cyclic behavior of clays. Both Beroya et al. (2009) and 

Kuwano et al. (1996) concluded that further research is needed to thoroughly understand the 

effect of mineralogy on the cyclic resistance of clays. However, little research has been 

conducted to this end. 

 

The inconsistency in the measured behavior of clays under cyclic loading may be due to the 

limited number of samples tested. In most of the articles, the conclusions were based on test 

results from only one or two types of materials. Further inconsistency in the behavior noted in 

the literature could be a result of the differences that arise from the choice of various parameters 

(such as definitions of cyclic stress ratio and failure, the frequency of loading, the amplitude of 

loading, etc.) used by the researchers. In some cases, the parameters were not clearly defined so 

that the cyclic behavior could be understood. To resolve some of these inconsistencies, this study 

presents a systematic evaluation of the effect of the plasticity characteristics, mineralogical 

composition and shear strain on the cyclic behavior of clay-silt mixtures.  
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MATERIALS AND METHODS 

Seventeen different mixtures of kaolinite with quartz and sodium montmorillonite with quartz 

were prepared in a laboratory. The kaolinite and montmorillonite used in this study were 

purchased commercially from Wards Natural Science, and the quartz was purchased from Pacific 

Coast Chemicals. The montmorillonite used in this study contained 96% pure montmorillonite 

with the remaining 4% composed of chlorite, illite/mica, kaolinite and quartz. Similarly the 

kaolinite used contained about 95% pure kaolinite. Of the remaining 5%, about 4% was quartz 

and 1% contained smectite, chlorite and illite/mica. Using the procedure outlined in the ASTM 

Standard Test Method for Particle Size Analysis (ASTM D422-07), hydrometer analyses were 

conducted on the minerals used in this study. Figure 5-1 shows the resulting grain size 

distribution curves. The maximum particle size of the montmorillonite used was 0.075 mm. For 

the kaolinite used, the maximum particle size was about 0.02 mm. About 80% of the particles in 

the montmorillonite used in this study were finer than 0.002 mm. In the kaolinite used, 

approximately 70% were finer than 0.002 mm. The maximum particle size in the quartz was 0.09 

mm with approximately 10% of the particles finer than 0.002 mm.  

 

In addition to the 17 laboratory prepared samples, the results of 12 natural samples tested by 

Fugro Consultants, Inc. in Houston, TX have also been incorporated into this study. The 

mineralogical composition and particle sizes of these natural samples are unknown. 
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Figure 5-1 Grain size distribution curves for minerals used to prepare samples tested 

 

The Atterberg limits of the soils tested were determined using the ASTM Standard Test Method 

for Liquid Limit, Plastic Limit, and Plasticity Index of Soils (ASTM D4318-10). The plasticity 

characteristics of soil samples are shown in Figure 5-2. Kaolinite was used as the clay mineral to 

prepare ten different soils, namely Samples 1 to 10, while montmorillonite was used as a clay 

mineral in six of the prepared soils (Samples 11 to 16). Sample 17 is a pure quartz mixture. Of 

the 17 soil samples prepared in the laboratory, three samples were classified as CL-ML 

according to the USCS classification system, one as CL, five as CH, four as ML, three as MH 

and one as SP. Table 5-1 contains the liquid limit (LL), plasticity index (PI) and percentage of 

minerals in each sample. The liquid limits and plasticity indices of the twelve natural samples 
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tested are also included in Figure 5-2.  These natural samples, provided by Fugro Consultants, 

Inc., in Houston, TX, were typically obtained from the Gulf of Mexico. The Atterberg limits 

were measured by Fugro Consultants, Inc. and provided to the authors. Of the 12 natural 

samples, two were classified as CL materials, whereas the remaining ten were CH materials, 

according to the USCS Classification system. 

 

 

Figure 5-2 Plasticity characteristics of tested soil samples plotted in the Plasticity Chart.  
The numbers next to each data point is the sample number (SN) used to refer 
to the sample 
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Table 5-1 Values of a and b for Power Function Representation of Cyclic Strength Curve for Each Level of Double 
Amplitude (DA) Shear Strain 

SN. M K Q LL PI ec 
2.5% DA Strain 5% DA Strain 10% DA Strain 

a2.5 b2.5 R2.5
2 a5 b5 R5

2 a10 b10 R10
2 

1 0 10 90 8 4 1.08 0.25 -0.14 0.97 0.26 -0.15 0.97 0.27 -0.15 0.97 
2 0 20 80 19 6 1.01 0.26 -0.11 0.85 0.26 -0.11 0.83 0.27 -0.12 0.82 
3 0 30 40 24 7 1.29 0.26 -0.12 0.92 0.27 -0.13 0.92 0.28 -0.14 0.92 
4 0 40 60 28 8 1.17 0.28 -0.07 0.98 0.23 -0.07 0.97 0.24 -0.07 0.97 
5 0 50 50 34 9 0.82 0.28 -0.08 0.95 0.26 -0.09 0.94 0.26 -0.08 0.92 
6 0 60 40 41 14 1.33 0.28 -0.10 0.90 0.29 -0.11 0.90 0.30 -0.11 0.91 
7 0 70 30 50 19 1.32 0.30 -0.09 0.99 0.31 -0.10 0.99 0.31 -0.10 0.99 
8 0 80 20 55 20 1.41 0.33 -0.16 0.95 0.35 -0.17 0.95 0.37 -0.18 0.95 
9 0 90 10 61 21 1.48 0.27 -0.09 0.97 0.28 -0.09 0.97 0.28 -0.10 0.97 
10 0 100 0 73 28 1.49 0.31 -0.09 0.99 0.31 -0.09 0.99 0.32 -0.09 0.99 
11 10 0 90 45 14 1.32 0.30 -0.08 0.99 0.32 -0.07 1.00 0.33 -0.07 1.00 
12 20 0 80 88 59 2.19 0.39 -0.13 0.98 0.45 -0.12 1.00 0.48 -0.12 1.00 
13 30 0 70 134 98 3.63 0.44 -0.13 0.99 0.49 -0.09 0.76 0.43 -0.07 0.66 
14 50 0 50 209 180 6.52 0.34 -0.14 0.99 0.35 -0.09 0.95 0.39 -0.08 0.94 
15 70 0 30 304 262 5.78 0.32 -0.15 0.97 0.34 -0.09 0.96 0.36 -0.08 0.92 
16 100 0 0 486 431 6.87 0.29 -0.15 0.82 0.32 -0.10 1.00 0.35 -0.08 1.00 
17 0 0 100 0 0 1.92 0.32 -0.06 0.77 0.32 -0.05 0.68 0.32 -0.05 0.64 

M is the percentage of montmorillonite in the sample, K is the percentage of kaolinite in the sample, Q is the percentage of quartz in 

the sample, LL is the liquid limit, PI is the plasticity index, and ec is the void ratio of the sample after consolidation 
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Seed and Peacock (1971), Finn et al. (1971), Silver et al. (1976), Vucetic (1988) and Song et al. 

(2004) showed that the cyclic simple shear device better represents the cyclic stresses 

experienced by an in-situ soil as a result of ground shaking as compared to the cyclic triaxial 

device. Therefore, the cyclic simple shear apparatus was selected for the purposes of this study. 

The cyclic simple shear used is a NGI-type device with the soil specimen set up in a latex 

membrane confined by stacked Teflon® rings. The device applies the vertical load via a micro-

stepper motor and the horizontal load via a servo-motor. Horizontal and vertical displacements 

are measured from Linear Variable Differential Transformers (LVDTs).  

 

Powdered dry minerals were combined in the correct proportions based on dry weight, and then 

de-aired distilled water was added to achieve a liquidity index of one. Each sample was allowed 

to hydrate for at least 24 hours. Following the hydration period, a specimen was placed in a 

membrane confined by stacked Teflon® coated rings in the cyclic simple shear apparatus.  The 

specimen size prior to consolidation was 63.5 mm in diameter by 25.4 mm tall. A stack of 31 

Teflon®-coated rings, each 0.94 mm thick, was used to confine the test specimen. The test 

specimens were first consolidated under Ko conditions to an initial stress of 25 kPa.  After the 

completion of primary consolidation, the stress was doubled.  This procedure was repeated until 

a primary consolidation at the final stress of 100 kPa was achieved. After the completion of the 

primary consolidation for the final consolidation stress, as determined from the consolidation 

curve, the specimen was subjected to a constant volume, stress-controlled cyclic loading. A 

sinusoidal wave form (as per the recommendations of Silver et al., 1976) with a frequency of 0.5 

Hz was used to apply the cyclic stresses. A frequency of 0.5 Hz was selected as this was 

commonly reported in the literature. The amplitude of the cyclic load was determined by the 



 
 

94 

cyclic stress ratio (CSR), which, in this study, is defined as the ratio of the amplitude of the 

cyclic stress (τcyc) to the vertical consolidation stress (σv’ = 100 kPa), as shown in Equation (1). 

This definition is consistent with that used by Bray and Sancio (2006). Cyclic stress was applied 

until the test specimen experienced 10% double amplitude shear strain. If the specimen did not 

reach this strain level by 500 cycles, the cyclic phase of the test was terminated. This termination 

criterion was selected to be similar to the recommendations in the ASTM Standard Test Method 

for Load Controlled Cyclic Triaxial Strength of Soil (ASTM D5311-04).  

 

kPa
CSR cyc

v

cyc

100'
τ

σ
τ

==        (1) 

 

RESULTS AND DISCUSSION 

Typical Results 

Shown in Figure 5-3 are the typical consolidation characteristics measured for samples tested in 

this study. A compression curve obtained from a consolidation test conducted on the same 

mixture having the same initial water content by Tiwari and Ajmera (2011) using an oedometer 

is also shown in Figure 5-3. As expected, the consolidation behavior observed in the cyclic 

simple shear device is very similar to that recorded in the oedometer test. Figure 5-4 shows a 

schematic diagram of the cyclic loading characteristics at a cyclic stress ratio of 0.20. The figure 

presents the applied cyclic loading function, the resulting pore pressure and effective vertical 

pressure. The pore pressure is not measured directly. Instead, it is back-calculated as the 
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difference in normal stress required to maintain constant volume during the cyclic loading phase. 

For reference, a horizontal line representing the consolidation pressure has also been included in 

Figure 5-4. The pore pressure never equaled the consolidation pressure in any of the samples. 

Also, shown in Figure 5-4 is a sample hysteresis loop obtained for the fifth cycle. Points A and E 

represent the start and end points, respectively, of the loading cycle. Points B and D are points of 

stress reversal where the direction of the applied cyclic stresses reverses. At Point C, the cyclic 

stress applied has a magnitude equal to zero. Shear stress versus shear strain hysteresis loops for 

several selected cycles of loading are shown in Figure 5-5 (SN. 7). Similar hysteretic behavior 

was observed in all of the samples tested. However, in some samples “banana”–shaped 

hysteresis loops were seen at higher values of double amplitude shear strains. The double 

amplitude shear strain is calculated at the end of each cycle as the difference in shear strains at 

Point B and Point D (Figure 5-4). In the hysteresis loop shown in Figure 5-4, the double 

amplitude shear strain in the fifth cycle would be approximately 0.7%. 
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Figure 5-3 Typical time versus cumulative axial strain consolidation characteristics and 
compression curves (SN. 7) 

(a) 

(b) 
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Figure 5-4 Schematic diagram of cyclic loading function and associated results 
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Figure 5-5 Typical stress-strain hysteresis loops for selected cycles of loading (SN. 7 
tested at a cyclic stress ratio of 0.16) 

 

Effect of Mineralogy 

Using the data collected from the cyclic loading, three cyclic strength curves were developed for 

each sample tested. The cyclic strength curves developed were based on the number of cycles 

required to cause 2.5%, 5% and 10% double amplitude shear strains. After computing the double 

amplitude shear strain at the end of each cycle of loading, the number of cycles required to cause 

a particular level of double amplitude shear strain were interpolated to the nearest tenth of a 

cycle. The strain levels of 2.5, 5, and 10% were selected based on the commonly adapted failure 
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criteria reported in the literature.  In addition, these values are associated with seismic 

performance levels (Bozorgnia and Bertero, 2004) of immediate occupancy (2.5% double 

amplitude shear strain), life safety (5% double amplitude shear strain) and collapse prevention 

(10% double amplitude shear strain). Example cyclic strength curves for soils containing 

kaolinite as the clay mineral (SN. 7) and montmorillonite as the clay mineral (SN. 12) are 

presented in Figure 5-6. In this figure, the data points with a rightward pointing arrow are those 

samples that did not experience 10% double amplitude shear strain within 500 cycles of loading 

and hence, the test was terminated at 500 cycles. For a given number of cycles, a higher cyclic 

stress ratio produces a larger double amplitude shear strain. At a constant cyclic stress ratio, the 

differences in the number of cycles to achieve the maximum and minimum failure strain criterion 

are smaller for the kaolinite soils than for the montmorillonite soils. In other words, the cyclic 

resistance provided by the samples containing kaolinite was similar regardless of the level of 

seismic performance desired, whereas in the samples containing montmorillonite, there was a 

significant difference is the cyclic resistance provided at 5% and 10% double amplitude shear 

strains in comparison to 2.5% double amplitude shear strains. 
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Figure 5-6 Cyclic strength curves for (a) soils containing kaolinite as the clay mineral 
(SN. 7) and (b) soils containing montmorillonite as the clay mineral (SN. 12) 
for 2.5%, 5%, and 10% double amplitude shear strains; Points with 
rightward arrow did not experience 10% double amplitude shear strain 
within 500 cycles of loading and hence, cyclic loading was terminated at 500 
cycles 

(a) 

(b) 
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Bray and Sancio (2006), Guo and Prakash (1999) and Gratchev et al. (2006) suggested that the 

plasticity index of a soil mass is a key to understanding the cyclic behavior of clays. However, 

others, such as Beroya et al. (2009) and Kuwano et al. (1996), have noted that the mineralogy of 

the soil samples should also be considered in order to thoroughly understand the cyclic behavior. 

Therefore, in order to examine the effect of mineralogy on the cyclic behavior of clays 

independent of the plasticity index, two samples were prepared to a plasticity index of 14, but 

one had kaolinite as the predominant clay mineral (SN. 6) and the other had montmorillonite as 

the predominant clay mineral (SN. 11). The cyclic strength curves of these soil specimens are 

shown in Figure 5-7 for a double amplitude shear strain of 5%. The test specimens had similar 

void ratios after consolidation. SN. 6 had a void ratio of 1.33 and SN. 11 had a void ratio of 1.32.  

If the cyclic behavior was solely governed by the plasticity index, the cyclic strength curves for 

both samples should be the same. However, from Figure 5-7, it is obvious that the two samples 

have very different cyclic responses.  
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Figure 5-7 Cyclic strength curves of two samples with different mineralogy (one 
kaolinite and another montmorillonite) but with the same plasticity index 
and similar void ratios just prior to cyclic loading 

 

Figure 5-7 shows that at any particular cyclic stress ratio, a significantly larger number of cycles 

of loading are required to cause 5% double amplitude shear strains in the soil containing 

montmorillonite in comparison to the soils containing kaolinite as the clay mineral. The 

difference in the observed behavior may be a result of the differences in the specific surface area 

of the minerals. Specific surface area is defined as the ratio of the surface area of the particles to 

the mass of the particles. The soils with montmorillonite as the clay mineral are composed of 

very small particles and would have higher specific surface areas than the soils with kaolinite as 
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the clay mineral. Mitchell and Soga (2005) indicate that the specific surface area of kaolinite is 

about 15 m2/g, whereas for montmorillonite the specific surface area can be as high as 800 m2/g. 

As a result, there are a large number of particle contacts. Thus, in comparison to the weight of 

the particles, the electrical and chemical bonds as well as the repulsion forces are large (Mitchell 

and Soga, 2005) in soils containing montmorillonite as the clay mineral. The behavior of the soil 

skeleton in the soils with montmorillonite as the clay mineral will, therefore, be governed by 

these bonds and forces, which are able to sustain more cycles of loading before permanent 

deformation occurs than those samples which have small electrical and chemical bonds and 

repulsion forces (Vucetic and Dobry, 1991). On the other hand, for the soils containing kaolinite 

as the clay mineral, there are less inter-particle contacts due to the larger sized particles implying 

that the gravitation forces and associated friction between the particles can govern the behavior 

of the soil skeleton (Vucetic and Dobry, 1991). Hence, it is expected that fewer cycles of loading 

are required to cause the development of permanent strains, at a constant cyclic stress ratio in 

case of soils with kaolinite as the clay mineral. 

 

Use of Power Function to Represent Cyclic Strength Curves 

Ishihara et al. (1980) suggested that cyclic strength curves could be represented by a power 

function of the form in Equation (2). In Equation (2), CSR is the cyclic stress ratio, N is the 

number of cycles to a desired failure criterion and the parameters a and b are simple curve fitting 

parameters used to describe the cyclic strength curve. Figure 5-8 schematically shows the effect 

of the curve fitting parameters on the shape and position of the cyclic strength curves. As shown 

in this figure and based on the rules of a power function, a influences the vertical position of the 
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cyclic strength curve, while b controls the curvature or the change in the slope of the cyclic 

strength curve as the number of cycles increases. Using this representation, a and b were 

calculated for each sample based on the number of cycles required to cause 2.5%, 5% and 10% 

double amplitude shear strains and are presented in Table 5-1. Also, shown in Table 5-1 is the 

coefficient of determination (R2), serving as a statistical measure of the goodness-of-fit of the 

power function to the data collected. As seen from the table, the coefficients of determination 

ranged from 0.64 to 1.00 with an average value of 0.92 for all the clays tested, thus suggesting 

that the power function serves as good representation of the cyclic strength curves and hence, the 

associated cyclic behavior of the soils tested. It is hypothesized that these parameters will 

provide quantitative insight into the cyclic behavior that simple visual inspection of the cyclic 

strength curves cannot.  

baNCSR =           (2) 

 

 

Figure 5-8 Schematic diagram showing effect of curve fitting parameters on cyclic 
strength curves (a) Effect of varying the value of a with a constant value of b 
of -0.2 and (b) Effect of varying the value of b with a constant value of a of 
0.2 

(a) (b) 

a=0.4 

a=0.2 

a=0.1 

Constant b=-0.2 

Constant a=0.2 

b=-0.05 

b=-0.1 

b=-0.2 

b=-0.4 
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Influence of Soil Index Properties on Cyclic Strength Curves 

Shown in Figure 5-9 is the relationship between a and the liquid limit. The value of a is seen to 

increase as the liquid limit increases until the liquid limit reaches 100, beyond which the value of 

a decreases. This implies that the cyclic resistance offered by soil will increase with liquid limit 

for values less than 100. For soils with liquid limits greater than 100, the cyclic resistance will 

decrease with increasing liquid limits. Figure 5-10 shows the relationship obtained between a at 

5% double amplitude shear strain and the corresponding plasticity index. As the plasticity index 

increases, the value of a also increases for values of plasticity indices less than 60. For soils with 

plasticity indices greater than 60, the value of a decreased as the plasticity index increased. In 

both Figures 5-9 and 5-10, the trends shown are greatly impacted by the results of 

montmorillonite samples since these samples have a large range of liquid limits and plasticity 

indices. The increase in cyclic resistance with plasticity index is attributed to the formation of a 

clay matrix around the quartz particles as a result of an increase in the clay content (Gratchev et 

al., 2006). At high clay contents and consequently, high plasticity indices, the quartz particles are 

completely surrounded by the montmorillonite clay and thus, there is little change in the cyclic 

resistance of the samples.  

 

In Figures 5-9 and 5-10, the results of the power function parameter a for the twelve natural  

“intact” undisturbed specimens taken from the Gulf of Mexico are also shown with respect to 

their corresponding liquid limits and plasticity indices. In both figures, the results from the 

natural samples plot below the results for the laboratory fabricated mineral mixtures. As Figure 
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5-7 showed before the cyclic behavior of samples cannot be solely discerned from the plasticity 

index. In particular, the differences in observed behavior in Figure 5-7 are attributed to the 

variations in mineralogical composition of the soils. However, as a result, it is possible to get 

drastically different cyclic resistances in two samples with the same plasticity index, and thus, it 

is possible for the natural samples to plot below the results for the laboratory fabricated samples, 

as shown in Figures 5-9 and 5-10.  

 

Figure 5-9 Variation in a corresponding to cyclic strength curve at 5% double 
amplitude shear strain with liquid limit 
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Figure 5-10 Variation in parameter a at 5% double amplitude shear strains with 
plasticity index 

 

The variation in b at 5% double amplitude shear strain with liquid limit and plasticity index is 

shown in Figures 5-11 and 5-12, respectively. Both figures clearly show differences in the 

behavior of the cyclic resistance between the two different clay minerals used to prepare the 

samples. For the soils with kaolinite as the clay mineral, the value of b increases with liquid limit 

and plasticity index, whereas in the soils with montmorillonite as the clay mineral, the value of b 

decreased as the liquid limit and plasticity index increased. This implies that in the soils 

containing kaolinite as the clay mineral, as the plasticity index increases the curvature (change in 

slope) of the cyclic strength curve decreases as the number of cycles required to cause 5% double 
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amplitude shear strain increases. In other words, as the plasticity index increases, the cyclic 

strength curves are becoming more linear in soils with kaolinite as the clay mineral. On the other 

hand, in the soils with montmorillonite as the clay mineral, the opposite trend was observed, 

suggesting that as the plasticity index increases, there is a larger degree of curvature in the cyclic 

strength curves. The results from the natural samples match well with the trends obtained from 

the laboratory-prepared samples shown in Figures 5-11 and 5-12. Although the natural samples 

generally plot along with the laboratory samples, there is not any specific trend discernible from 

these results. This behavior can be expected since Figure 5-7 had shown that two samples with 

the same plasticity index can still have different cyclic behaviors. Please note that the 

mineralogical composition of the natural samples presented here are unknown. 
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Figure 5-11 Variation in parameter b at 5% double amplitude shear strain with liquid 
limit 

 

Trend line for montmorillonite-quartz samples 

Trend line for kaolinite-quartz samples 
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Figure 5-12 Variation in parameter b at 5% double amplitude shear strain with plasticity 
index 

 

Although Figure 5-9 to Figure 5-12 are presented for a and b at 5% double amplitude shear 

strains, the behavior observed at the other shear strain levels of 2.5% and 10% double amplitude 

shear strains was similar.  

 

Effect of Shear Strain on Cyclic Strength Curves 

Since more cycles of loading are required to obtain a higher double amplitude shear strain, it 

would be expected that as the double amplitude shear strain level increases, the value of a should 

Trend line for montmorillonite-quartz samples 

Trend line for kaolinite-quartz samples 
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increase. This can be seen from the data presented in Table 5-1. Figure 5-13 shows the typical 

measured relationship between a and the double amplitude shear strain for test specimens with 

kaolinite as the clay mineral (SN. 7) and test specimens with montmorillonite as the clay mineral 

(SN. 12). Figure 5-13 shows the value of a, which can be related to the vertical position of the 

cyclic strength curve, for a kaolinite and montmorillonite soil for the different seismic 

performance levels (different failure criteria). It can be seen that soils with montmorillonite as 

the clay mineral are capable of providing substantially more cyclic resistance (greater value of a) 

at the collapse prevention performance level than the immediate occupancy performance level in 

comparison to the test specimens containing kaolinite as the clay mineral. For all of the samples 

with kaolinite as the clay mineral, the increase in cyclic resistance at the collapse prevention 

level from that available at the immediate occupancy level was the same.  
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Figure 5-13 Typical variation in a with double amplitude shear strain for soils containing 
kaolinite (SN. 7) and montmorillonite (SN. 12) as the clay mineral 

 

CONCLUSIONS 

Although clays are commonly considered to be stable during an earthquake, failures originating 

in clay layers after recent earthquakes have highlighted the need to understand their cyclic 

behavior. To this end, 17 soil samples were fabricated in the laboratory and tested in a cyclic 

simple shear device using a sinusoidal loading function at a frequency of 0.5 Hz. Based on the 

results, the following conclusions were drawn: 
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• For a given cyclic stress ratio, the differences in the number of cycles required to obtain 

the maximum and minimum strain levels is smaller in the samples with kaolinite as the 

clay mineral in comparison to the samples with montmorillonite as the clay mineral. 

• Mineralogy of the soil samples plays a significant role on the cyclic resistance of clays. 

Hence, plasticity index cannot solely be used to describe the cyclic behavior. 

• Curve fitting parameters from the power function representation of the cyclic strength 

curves can provide quantitative insight into the cyclic behavior of clays. 

• Cyclic resistance is found to increase with an increase in plasticity index for plasticity 

indices less than 60. For soils with plasticity indices greater than 60, cyclic resistance 

decreased with increasing plasticity index. Cyclic resistance measured in soils containing 

montmorillonite as the clay mineral was always greater than the cyclic resistance for soils 

with kaolinite as the clay mineral. 

• In soils with kaolinite as the dominant clay mineral, the cyclic strength curves appear to 

become increasingly linear as the plasticity index (or liquid limit) increases. However, the 

opposite trend is observed in soils with montmorillonite as the dominant clay mineral. 

• Soils with montmorillonite as the clay mineral were capable of providing substantially 

more resistance at the collapse prevention performance level than the immediate 

occupancy performance level. However, in the soils with kaolinite as the clay mineral, 

there was little difference in the cyclic resistance of the samples at the collapse 

prevention and immediate occupancy performance levels. 

 

A major implication of the findings of this research is that the cyclic resistance is not only 

dependent on the plasticity index of the clay, but also upon the mineralogy of the clay particles. 
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As a result, generalized conclusions solely based on the plasticity index (or generally, plasticity 

characteristics) should not be made without knowledge of the mineralogical composition of the 

sample. This is especially true if the various seismic performance levels are being evaluated from 

a limited number of cyclic shear tests. 
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CHAPTER 6 

Use of Energy Approach to Understand Cyclic and Post-Cyclic Behavior in a Mineralogical 

Framework 

(Draft of Paper) 

 

ABSTRACT 

Dynamic loads originating from various sources including earthquakes, blasting and wave loads, 

can result in damage to buildings and structures, ground cracking and slope instability. While the 

behavior of sands under dynamic loads has been extensively studied, an understanding of the 

behavior of soft clays during and immediately following cyclic events is still needed. The energy 

approach with an examination of the accumulated energy per unit volume in the soil mass as a 

result of cyclic loads is utilized in this study. Ten soils containing kaolinite as the clay mineral, 

six soils containing montmorillonite as the clay mineral and pure quartz were tested in both a 

static and a cyclic simple shear apparatus to understand their cyclic and post-cyclic behavior. 

The results from the energy approach are independent of the cyclic wave form, but were still 

dependent on the amplitude of the cyclic load used during the testing.  An increase in the 

amplitude of the cyclic loading results in a decrease in the accumulated energy per unit volume. 

Furthermore, an increase in the plasticity index of the soils containing kaolinite as the clay 

mineral shows an increase in the accumulated energy, whereas an increase in plasticity index of 

the soils containing montmorillonite as the clay mineral results in a decrease in the amount of 

accumulated energy. In both types of materials, the amount of accumulated energy per unit 

volume is found to increase with increasing double amplitude shear strain. Relationships 
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between the ratio of post-cyclic undrained shear strength to the baseline undrained shear strength 

and the accumulated energy are determined.  

 

BACKGROUND 

An understanding of the behavior of soft clays under dynamic conditions is necessary to ensure 

the stability of the infrastructure located in seismic regions within the United States and around 

the world. The behavior of soft clays and fine-grained materials during and immediately 

following dynamic loads are complex phenomena influenced by various parameters. These 

parameters include the confining pressure and consolidation history, type of soil, plasticity 

characteristics and the characteristics of the dynamic loads applied. While much research has 

been completed to understand these phenomena (Cao and Law 1992), there still does not exist a 

consensus with regards to the expected behavior during and immediately following cyclic loads. 

This may be attributed to the fact that cyclic loading on a soil mass is, typically, simulated in the 

laboratory with the application of either a cyclic stress or a cyclic strain on a specimen. However, 

since neither the cyclic stress nor the cyclic strain is sufficient in representing all of the 

influences of cyclic loading on a soil mass, differences in the loading procedures followed will 

result in variations in the measured and observed response making it difficult to reach a 

consensus. 

 

Miner (1945) was probably the first to lay the groundwork to examine the effects of dynamic 

loading in terms of the energy approach by showing that the damage in metal resulting from one 

cycle of loading was directly related to the amount of energy applied by that cycle. Further, it 

was shown that by examining the damage with respect to energy, the resulting damage became 
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independent of the time history of the dynamic load. The idea of using energy to represent the 

dynamic behavior of soils was introduced by Nemat-Nasser and Shokooh (1979), who used the 

energy approach to examine the densification and liquefaction of cohesionless soils. They, along 

with Cao (1987) and Law et al. (1990), have shown that even for cohesionless soils, the 

liquefaction potential and densification becomes independent of the time history of the loading 

function used. In the past three decades since the introduction of the energy approach to 

cohesionless soils, several relationships between the pore pressure development, effective 

confining pressure, relative density and accumulated energy (Berrill and Davis 1985; Law et al. 

1990; Law and Cao 1990; Figueroa 1990; Figueroa and Dahisaria 1991; Cao and Law 1992; 

Figueroa et al. 1994; and Liang et al. 1995) have been proposed. The accumulated energy, also 

known as the accumulated energy per unit volume, is computed as the area of the stress-strain 

hysteresis loop of a soil mass under cyclic loading. Kayen and Mitchell (1997) and Green 

(2001), among others, have developed methods and procedures to evaluate the liquefaction 

potential of cohesionless soils that are based on the accumulated energy. However, while some 

researchers have begun extending the energy method to cohesive soils, much work still remains 

to be completed (Voznesensky and Nordal 1999). 

 

The applicability of the energy approach for clayey soils using the results from cyclic triaxial and 

resonant-column tests on two Champlain Sea clays was examined by Cao and Law (1992). They 

found that the residual pore pressure, the shear modulus and the plastic strain could all be 

described as a function of the dissipation energy. In addition, Cao and Law (1992) concluded 

that in analyzing the major aspects of cyclic loading, the energy approach is both viable and 

promising. More recently, Okur et al. (2008) used fine-grained materials from Kocaeli City, 
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Turkey to evaluate the applicability of the energy approach in determining the dynamic 

instability. In agreement with Cao and Law (1992), they surmised that while the energy per unit 

volume required to induced cyclic failure was dependent on the confining pressure of the cyclic 

triaxial test and physical properties such as the plasticity index of the soil mass, the energy 

required was not dependent on the characteristics of the cyclic loading function and the 

dimensions of the specimens used to conduct the tests. Similar results were also observed by 

Voznesensky and Nordal (1999), who examined the cyclic triaxial test results of two Norwegian 

Holocene-aged clays.  

 

Research, to date, has been focused on determining whether meaningful relationships exist 

between factors influencing the cyclic behavior of cohesive materials and the accumulated 

energy. Specifically, relationships have been established between the accumulated energy per 

unit volume of soil and the residual pore pressure, the shear modulus and the plastic strain 

(Berrill and Davis 1985; Law et al. 1990; Liang et al. 1995; and Figueroa and Dahisaria 1991). It 

has also been shown that confining pressure and the principal stress ratio (Voznesensky and 

Nordal 1999) as well as plasticity characteristics (Okur et al. 2008) will affect the dynamic 

behavior within the energy method framework, while wave form of the cyclic loading will not. 

However, the findings presented in the literature relevant to cohesive materials are (1) only for 

one or two different soils, (2) typically, based on the results from the cyclic triaxial and some 

resonant column tests, and (3) address only the cyclic behavior with no mention of the post-

cyclic behavior of the materials. In this study, cyclic simple shear results on seventeen laboratory 

prepared mixtures of montmorillonite with quartz and kaolinite with quartz are used to examine 

the cyclic and post-cyclic behavior using the energy method. This paper contains a systematic 
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evaluation of the applicability of the energy approach using soils with a wide range of plasticity 

and mineralogical characteristics. 

 

THE ENERGY METHOD 

The cyclic and post-cyclic behavior of soils is influenced by the ability of the soil mass to 

accumulate a part of the energy imparted as a result of each cycle of loading during a dynamic 

event. This accumulation of energy will result in a change in the strength of the soil. The ability 

of the soil mass to accumulate this energy will depend on the type of bonds within the material. 

Degradation in strength as a result of this accumulated energy will only begin once the amount of 

accumulated energy exceeds the activation energy (Voznesensky and Nordal 1999). The 

activation energy is “the minimum energy the system must acquire before it can undergo the 

appropriate change” (Glasstone et al. 1941). 

 

During a single cycle of loading, the accumulated energy is a fraction of the total applied energy 

and equals the amount of total energy dissipated into and thereby, accumulated by the soil. It is 

quantified as the area of the stress-strain hysteresis loop corresponding to the cycle of loading 

(Cao and Law 1992; Dief and Figueroa 2007; and Baziar and Jafarian 2007). The accumulated 

energy will cause two phenomena within a soil mass. A portion of the accumulated energy will 

cause a rearrangement of the particles and alter the bonds between the particles, which is 

manifested through the generation of plastic strains. The other portion of the accumulated energy 

will produce heat or increase the kinetic energy of the particles, ultimately increasing the 

mobility of soil particles. This portion, minus the energy lost via the emission of heat, of the 

accumulated energy will be stored within the structure of the soil mass and be present during the 
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next cycle of loading (Cao and Law 1992; Voznesensky and Nordal 1999; and Okur et al 2008). 

It is the stored accumulated energy that governs the cyclic and eventually, post-cyclic, behavior 

of soils. In fact, Voznesensky and Nordal (1999) suggested that the energy criterion for 

degradation in soil strength should depend on the stored accumulated energy.  

 

Two energy criteria are commonly used to evaluate the cyclic behavior of soils. They are the 

accumulated energy and the activation energy. Both the accumulated energy and the activation 

energy have been shown to be able to identify problems resulting from soils subjected to cyclic 

loads. Equation (1) can be used to calculate the accumulated energy using the points recorded 

during cyclic loading in the cyclic simple shear apparatus. In Equation (1), τ is the shear stress, γ 

is the shear strain and n is the number of points recorded to a particular failure criterion, such as 

liquefaction in sands or a specified level of double amplitude shear strain for clays.  
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The activation energy is a unique thermodynamic property representative of material strength 

(Voznesensky and Nordal 1999). It is found to depend solely on the nature of bonding between 

the soil particles. Moreover, it can be said that as long as the accumulated energy is less than the 

activation energy, the material will have closed stress-strain hysteresis loops. On the other hand, 

open stress-strain hysteresis loops will be observed only when plastic deformations resulting 

from degradations in soil strength occur. This will happen once the accumulated energy exceeds 

the activation energy (Voznesensky and Nordal 1999; Okur and Ansal 2007; and Okur et al. 

2008). In this study, only the accumulated energy is considered. 
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The energy method concept is applied, in this study, to understand in a mineralogical framework 

the cyclic behavior of seventeen samples prepared in the laboratory as well as to quantify the 

degradation in undrained shear strength as a result of cyclic loading for these samples. 

 

METHODOLOGY 

In the laboratory, dry, powdered montmorillonite, kaolinite and quartz were used to prepare 17 

samples. These samples contained (a) pure kaolinite, (b) pure montmorillonite, (c) pure quartz, 

(d) nine mixtures of kaolinite with quartz, and (e) five mixtures of montmorillonite with quartz. 

X-ray diffraction, conducted at Technology of Materials in Fullerton, CA, on the pure kaolinite 

and the pure montmorillonite revealed that the montmorillonite contained approximately 96% 

smectite mineral with approximately 2% of each illite/mica and quartz and less than 1% of both 

chlorite and kaolinite. Similarly, the pure kaolinite was composed of approximately 95% 

kaolinite mineral, about 4% quartz and less than 1% of each smectite, chlorite and illite/mica. 

Grain size distribution curves prepared from the hydrometer analysis results on the pure 

kaolinite, pure montmorillonite and pure quartz samples are shown in Figure 6-1. Hydrometer 

analyses were conducted following the ASTM Standard Test Method for Particle Size Analysis 

of Soils (ASTM D422-07). The montmorillonite used in this study had a maximum particle size 

of 0.075 mm with a clay fraction (defined as the percent finer than 0.002 mm) of approximately 

80%. Similarly, the kaolinite had a maximum particle size of 0.02 mm with a clay fraction of 

about 70%. The maximum particle size of the quartz used was 0.09 mm with approximately 10% 

finer than 0.002 mm.  
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Figure 6-1 Grain size distribution curves based on hydrometer analyses on pure 
kaolinite, pure montmorillonite and pure quartz; These minerals were mixed 
in different proportions to prepare the 17 samples tested during the duration 
of this study 

 

 

Liquid limits, plastic limits and the corresponding, plasticity indices of the 17 samples prepared 

was measured using the ASTM Standard Test Methods for Liquid Limit, Plastic Limit and 

Plasticity Index of Soils (ASTM D4318-10). The results are presented in Table 6-1 and also, 

shown in the plasticity chart in Figure 6-2. Based on the Unified Soil Classification System, the 

samples tested contained three silty clays or CL-ML materials, four silts or ML materials, three 

elastic silts or MH materials, one lean clay or CL material, five fat clays or CH materials and one 

poorly graded sand or SP material.  
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Table 6-1  Mineralogical Composition, Plasticity Characteristics and Range of Cyclic 
Stress Ratios Used for Each Sample Tested in This Study 

SN. M K Q LL PI Min. CSR Max. CSR 
1 0 10 90 8 4 0.080 0.212 
2 0 20 80 19 6 0.124 0.237 
3 0 30 40 24 7 0.141 0.212 
4 0 40 60 28 8 0.145 0.200 
5 0 50 50 34 9 0.161 0.219 
6 0 60 40 41 14 0.098 0.247 
7 0 70 30 50 19 0.100 0.280 
8 0 80 20 55 20 0.104 0.308 
9 0 90 10 61 21 0.073 0.275 
10 0 100 0 73 28 0.163 0.292 
11 10 0 90 45 14 0.175 0.288 
12 20 0 80 88 59 0.188 0.357 
13 30 0 70 134 98 0.194 0.363 
14 50 0 50 209 180 0.216 0.274 
15 70 0 30 304 262 0.240 0.289 
16 100 0 0 486 431 0.175 0.276 
17 0 0 100 0 0 0.174 0.276 

M represents the percentage of montmorillonite, K represents the percentage of kaolinite, Q 
represents the percentage of quartz, LL is the liquid limit, PI is the plasticity index and min. CSR 
and max. CSR are the maximum and minimum cyclic stress ratios, respectively, tested in this 
study for each sample. 
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Figure 6-2 Liquid limits and plasticity indices of the seventeen samples prepared in the 
laboratory and tested in this study; Inset: Plasticity chart for Samples 13 
thru 16; the numbers next to each data point correspond to sample numbers 

 

 

Samples were prepared by mixing the calculated weights (computed based on the dry weight of 

the samples and the desired proportion) of montmorillonite or kaolinite with quartz and de-aired 

distilled water. For all of the samples tested, sufficient de-aired distilled water was added to the 

dry materials to set the initial moisture content of the sample equal to the liquid limit, or in other 

words, to have an initial liquidity index of one. After thoroughly mixing the water with the dry 

materials, the samples were allowed to hydrate for a period of at least 24 hours in an air-tight 

container. Special attention was given to ensure that no moisture was lost during this period. 
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After the hydration period, the samples were used to conduct static simple shear tests and cyclic 

simple shear tests followed by post-cyclic static simple shear tests. Seed and Peacock (1971), 

Finn et al. (1971), Silver et al. (1976), Silver (1976), and Boulanger et al. (1993) have shown that 

the simple shear apparatus better represents the dynamic loading conditions experienced by a soil 

mass in-situ. Therefore, the simple shear apparatus was selected for use in this study. The 

following sections contain the procedural details of the static and cyclic followed by static simple 

shear testing.  

 

Details of the Static Simple Shear Tests Conducted 

The static undrained shear strengths of the samples without any cyclic loading (herein after 

referred to as baseline undrained shear strengths) were determined with the use of a static 

simple shear apparatus. The testing was conducted at California State University, Fullerton in 

Fullerton, CA using a NGI-type device manufactured by Geocomp, Inc. A stack of thirty-one 

Teflon® rings is used to confine the specimen in this device. Each ring was 0.94 mm thick. 

Figure 6-3 contains a picture annotated with different components of the static simple shear 

apparatus used. The pore-pressure was not directly measured. Instead, the value of the pore 

pressure is inferred as the change in normal stress required for maintaining a constant volume.  
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Figure 6-3 Picture of static simple shear apparatus used to determine the baseline 
undrained shear strengths; Cyclic simple shear apparatus is similar with the 
only differences being use of a servo-motor instead of micro-stepper motor 
for the horizontal load and horizontal movement capacity of ±12.5 mm 

 

 

The specimens were prepared by placing a part of the hydrated sample in a rubber membrane 

confined by the stack of Teflon® rings. In the first test for a particular sample, the weight 

required to fill a rubber membrane of diameter 63.5 mm to a height of 25.4 mm was recorded. 

This weight was used in all subsequent (both static and cyclic) testing. The assembly was, then, 
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placed in the simple shear apparatus, where the specimens were consolidated to an effective 

vertical stress of 100 kPa under Ko conditions. To reach the desired consolidation pressure, three 

stress increments of 25, 50, and finally, 100 kPa were used. The specimen was subjected to each 

effective vertical stress until the primary consolidation for that consolidation stress was 

completed, as determined from real-time deformation versus logarithm of time graphs. 

Following the primary consolidation of the desired stress, strain-controlled undrained loading at 

a rate of 5% per hour was applied to the specimen to measure the baseline undrained shear 

strength of the material. This shearing rate was selected based on the recommendations in the 

ASTM Standard Test Method for Consolidated Undrained Direct Simple Shear Testing of 

Cohesive Soils (ASTM D6528-07). The shearing phase was continued until the peak undrained 

shear strength was recorded or for a maximum of 25% shear strain. As per ASTM D6528-07, 

after the shearing phase, the specimen was allowed to swell for the smaller of the time required 

for the completion of 90% of the primary consolidation or one hour. Following this swelling 

period, the entire specimen was removed from the simple shear apparatus and placed in the oven 

for at least 24 hours to determine its dry weight. 

 

Details of the Cyclic Simple Shear Tests Conducted 

The cyclic simple shear apparatus used in this study was also a NGI-type device, manufactured 

by GeoComp, Inc. The device also utilized a stack of 31 Teflon® rings (each 0.94 mm thick) to 

confine the specimen. The capacities and set-up is similar to that shown for the static simple 

shear in Figure 6-3. The only differences are (1) this device uses a micro-stepper motor to apply 

the vertical load and a servo-motor to apply the horizontal load and (2) ±12.5 mm of movement 

is permitted in the horizontal direction. The procedure for setting up the test specimens was the 
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same as that described previously for the static simple shear tests. In these tests, following the 

completion of the consolidation of the specimen at the final effective vertical stress, the 

specimen was subjected to stress-controlled undrained constant volume cyclic loading. Cyclic 

loading was applied in the form of a sinusoidal wave with a frequency of 0.5 Hz. The amplitude 

of the applied wave form was determined from the desired cyclic stress ratio. The cyclic stress 

ratio is defined as the ratio of the amplitude of the cyclic load to the consolidation pressure and 

ranged from 0.08 to 0.38 for the specimens tested. The range of cyclic stress ratios used for each 

sample is given in Table 6-1. The cyclic loading was applied until the sample experienced 10% 

double amplitude shear strains or for a maximum of 500 cycles of loading. These termination 

criteria were selected based on the recommendations for the cyclic triaxial tests in the ASTM 

Standard Test Method for Load Controlled Cyclic Triaxial Strength of Soil (ASTM D5311-04). 

Immediately following the cyclic loading, the specimen was subjected to monotonic undrained 

strain-controlled constant volume shearing.  The specifications of the post-cyclic static loading 

were the same as those used in the shearing phase of the static simple shear tests described 

previously. 

 

RESULTS AND DISCUSSION 

The consolidation curves obtained from the cyclic static simple shear device are shown in Figure 

6-4. For comparison, the consolidation curve obtained by Tiwari and Ajmera (2011) for the same 

sample at the same initial moisture content using an oedometer is also presented in Figure 6-4. 

From Figure 6-4, it is seen that the consolidation characteristics obtained in the static and cyclic 

simple shear devices is similar to that measured in the oedometer. Consolidation curves were 

prepared for each specimen tested in the cyclic and static simple shear device and compared to 
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those obtained by Tiwari and Ajmera (2011). Although all of these figures could not be 

presented here, the trends obtained were similar to the trends presented in Figure 6-4.  

 

 

Figure 6-4 Compression curves obtained from static and cyclic simple shear devices for 
Sample 10 compared to compression curve measured by Tiwari and Ajmera 
(2011) using oedometer 

 

 

The behavior of a soil sample under cyclic loading is shown schematically in Figure 6-5. As 

described previously, the cyclic loading was applied using a sinusoidal wave form with a 

frequency of 0.5 Hz and different amplitudes. In Figure 6-5, a cyclic stress ratio of 0.2 is used to 

develop the schematic diagram shown. The consolidation pressure just prior to cyclic loading 

Sample 10 
Cc = 0.59 
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and equivalently, the total vertical stress during cyclic loading is represented by the horizontal 

line at 100 kPa. The figure also contains the effective normal stress, which is simply the vertical 

stress recorded by the vertical force transducer during the cyclic loading phase. As mentioned 

earlier, the pore pressure shown in Figure 6-5 was not recorded during the testing procedure. 

Instead, it is computed as the difference in the total stress (consolidation pressure) and the 

effective normal stress. A sample stress-strain hysteresis loop is also illustrated in Figure 6-5. 

From this hysteresis loop, the double amplitude shear strain is computed as the difference in the 

shear strain at point B and the shear strain at point D. In the schematic diagram presented in 

Figure 6-5, the double amplitude shear strain at the end of the fifth cycle would be approximately 

0.8%. The accumulated energy per unit volume (in kJ/m3) as a result of the fifth cycle is the area 

outlined by the stress-strain hysteresis loop shown. 

 

 

Figure 6-5 (a) Applied sinusoidal stress function and consolidation pressure with 
recorded effective vertical stress and computed pore pressure shown 
schematically at a cyclic stress ratio of 0.2; (b) Sample stress-strain hysteresis 
loop 

 

(a) 

(b) 
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The stress-strain behavior of Sample 10 during static loading and also, immediately following 

cyclic loading with a cyclic stress ratio of 0.20 is shown in Figure 6-6. The calculated pore 

pressure response is also presented. Similar figures were prepared for all of the specimens tested. 

The results showed that each specimen experienced contractive behavior in both the solely static 

and static following cyclic loading conditions. The reduction in shear strength as a result of 

cyclic loading can be seen in Figure 6-6. Specifically, the post-cyclic undrained shear strength 

was approximately two-thirds of the baseline undrained static shear strength of the sample.  

 

Relationship between Amplitude of Cyclic Loading and Accumulated Energy 

While researchers such as Okur et al. (2008) and Voznesensky and Nordal (1999) have shown 

that the results obtained from the energy method are independent of the wave form used to apply 

the cyclic loading, the effect of the amplitude of the waveform on the results from the energy 

approach is still not understood. Shown in Figure 6-7 is a plot of the accumulated energy per unit 

volume, computed using Equation (1) and the double amplitude shear strain for Sample 10 for 

each of the six different cyclic stress ratios used during the cyclic phase. Similar characteristics 

were observed for all of the samples tested. For any given double amplitude shear strain, an 

increase in the cyclic stress ratio (CSR) results in a decrease in the amount of accumulated 

energy. Figure 6-7 shows that when examining the behavior of cohesive materials, the amplitude 

of the cyclic loading must still be considered as factor in the energy method. It illustrates that as 

the amplitude of the cyclic load is increased, a larger portion of the energy is expended in the 

rearrangement of particles as well as the alteration of the bonds between the particles, and as a 

result, a smaller portion of the energy is accumulated in the structure of the soil mass. Thus, as 
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the cyclic stress ratio increases, a reduction in accumulated energy is noted, while an increase in 

double amplitude shear strains (and plastic deformations) in the soil specimen are observed. In 

Figure 6-7, the cyclic stress ratio of 0.163 corresponds to a test in which the specimen did not 

experience 10% double amplitude shear strain in 500 cycles and as a result, the specimens are 

capable of accumulating large amounts of energy during the test.  

 

Figure 6-8 shows the relationship between the accumulated energy and the double amplitude 

shear strain for two specimens with the same plasticity index of 14 tested at a cyclic stress ratio 

of 0.235. The first specimen (Sample 6) is prepared as a mixture of 60% kaolinite with 40% 

quartz, while the second specimen (Sample 11) is prepared as mixture of 10% montmorillonite 

with 90% quartz. It is evident that the relationship between the accumulated energy and the 

double amplitude shear strain is significantly different even though the specimens have the 

sample plasticity index and were tested at the same cyclic stress ratio. The figure shows that 

mineralogical composition of the soil samples plays a significant role in the dynamic behavior. 

Particularly, the bonds in the montmorillonite particles are capable of accumulating larger 

amounts energy than the bonds of the kaolinite particles. 
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Figure 6-6 Stress-strain behavior and pore pressure response for Sample 10 during 
static simple shear testing for the baseline undrained shear strength and 
post-cyclic monotonic testing to compute shear strength degradation as a 
result of cyclic loading 
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Figure 6-7 Variation in double amplitude shear strain with accumulated energy per unit 
volume with respect to the amplitude of the cyclic loads represented by the 
cyclic stress ratio (CSR) for Sample 10 
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Figure 6-8 Variation in double amplitude shear strain with accumulated energy per unit 
volume with respect to the amplitude of the cyclic loads in two specimens 
with the same plasticity index of 14 and same cyclic stress ratio of 0.235, but 
different mineralogical compositions; Sample 6 is prepared as a mixture of 
kaolinite with quartz, while Sample 11 is prepared as a mixture of 
montmorillonite with quartz 

 

Influence of Plasticity Characteristics on Accumulated Energy 

For natural samples obtained from Kocaeli, Turkey, Okur et al. (2008) stated that increasing the 

plasticity index resulted in an increase in the accumulated energy per unit volume required to 

cause cyclic failure. They defined the cyclic failure as 5% double amplitude axial strains as 

measured in the cyclic triaxial device. However, the literature contains the results for a limited 

number of samples, the results of which when plotted again the plasticity index were highly 
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scattered. Furthermore, in the figure presented by Okur et al. (2008), the accumulated energy per 

unit volume was shown to first decrease until a plasticity index value of approximately 15, and 

then increase as the plasticity index increased. Therefore, the relationship between the 

accumulated energy and the plasticity index (or plasticity characteristics, in general) was unclear 

from their work. 

 

For the samples containing kaolinite as the clay mineral tested in this study, the accumulated 

energy per unit volume corresponding to double amplitude shear strains of 2.5%, 5% and 10% 

was computed at a cyclic stress ratio of 0.2. These levels of double amplitude shear strains were 

selected based on the recommendations of Voznesensky and Nordal (1999), who stated that the 

double amplitude strain levels of 2.5% and 5% are critical points in the deformation kinetics of 

soils. They stated that 2.5% double amplitude shear strain represents an increase in both the 

strain accumulation and the strain amplitude per cycle, while 5% double amplitude shear strain 

represents when “strain amplitude dramatically increases and failure occurs within a few cycles” 

of reaching this strain level (Voznesensky and Nordal 1999). Furthermore, Bozorgnia and 

Bertero (2004) surmised that 2.5%, 5%, and 10% double amplitude shear strains correspond to 

the seismic performance levels of immediate occupancy, life safety and collapse prevention, 

respectively. The variation in the accumulated energy per unit volume for all the soils containing 

kaolinite as the clay mineral with the liquid limit is presented in Figure 6-9. Figure 6-9 also 

contains the variation in the accumulated energy per unit volume with double amplitude shear 

strain. The accumulated energy is found to increase as the liquid limit increases. This implies 

that a larger amount of energy is required to cause the same level of deformation as the liquid 

limit increases. From Figure 6-9, it is also seen that at a given liquid limit, the accumulated 



141 

energy increases as the double amplitude shear strain increases. This results from the fact that 

additional cyclic loading is applied to the specimen in order to cause it to deform from 2.5% 

double amplitude shear strain to 5% or 10% double amplitude shear strains and therefore, 

additional energy will be accumulated by the structure of the soil mass. The results for 10% 

double amplitude shear strain in Figure 6-9 are scattered. This can be attributed to the fact that 

once a specimen reaches a double amplitude shear strain level of 5%, a rapid increase in the 

double amplitude shear strains occur until the sample fails at 10% double amplitude shear strain. 

As a result, during this phase substantial amounts of data cannot be recorded due to limitations in 

the instrument capacities and thus, the behavior is only approximately captured.  
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Figure 6-9 Accumulated energy per unit volume at 2.5%, 5%, and 10% double 
amplitude shear strains with respect to liquid limit for soils containing 
kaolinite as the clay mineral 

 

Similarly, the relationship between the accumulated energy per unit volume at a cyclic stress 

ratio of 0.2 for the different double amplitude shear strains with plasticity index is shown in 

Figure 6-10 for soils containing kaolinite as the clay mineral. Figure 6-10 shows a linear increase 

in accumulated energy per unit volume with increasing plasticity index. Again, the results for 

10% double amplitude shear strains are scattered in Figure 6-10, as a result of limitations in the 

ability of the instrument to record substantial amounts of data to accurately capture the failure 

once 5% double amplitude shear strains are obtained. Since an increase in the proportion of 

kaolinite in the sample causes an increase in the both the liquid limit and plasticity index, Figures 

6-9 and 6-10 show that a larger amount of energy can be accumulated in the structure of the soil 
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mass as the amount of kaolinite present increases. As there is a greater amount of scatter for the 

relationship between the accumulated energy and the plasticity index (Figure 6-10) in 

comparison to the relationship between the accumulated energy and liquid limit (Figure 6-9), the 

use of the relationship shown in Figure 6-9 is recommended. In both Figures 6-9 and 6-10, the 

accumulated energy is presented at a cyclic stress ratio of 0.2. However, similar trends were 

observed at the other cyclic stress ratios tested.  

 

 

Figure 6-10 Accumulated energy per unit volume at 2.5%, 5%, and 10% double 
amplitude shear strains with respect to plasticity index for soils containing 
kaolinite as the clay mineral 
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Figures 6-11 and 6-12 show the accumulated energy per unit volume for the soils containing 

montmorillonite as the clay mineral at a cyclic stress ratio of 0.24 with respect to the liquid limits 

and plasticity indices of the samples, respectively. The figures contain the accumulated energy 

calculated at double amplitude shear strains of 2.5%, 5%, and 10%. The sample with a liquid 

limit of 485 and a plasticity index of 430 did not generate 10% double amplitude shear strains in 

500 cycles at a cyclic stress ratio of 0.24. Therefore, the accumulated energy is only presented at 

2.5% and 5% double amplitude shear strains. In the soils containing montmorillonite as the clay 

mineral, an increase in the liquid limit or plasticity index resulted in a decrease in the 

accumulated energy per unit volume. Specifically, the activation energy of the soils with 

kaolinite as the clay mineral must be lower than the activation energy of the soils with 

montmorillonite as the clay mineral. As a result, greater accumulation energy is required to 

overcome the activation energy before plastic deformations are observed (Voznesensky and 

Nordal 1999; Okur and Ansal 2007; and Okur et al. 2008) in the samples with montmorillonite 

as the clay mineral in comparison to the samples with kaolinite as the clay mineral. 
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Figure 6-11 Accumulated energy per unit volume at 2.5%, 5%, and 10% double 
amplitude shear strains with respect to liquid limit for soils containing 
montmorillonite as the clay mineral 
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Figure 6-12 Accumulated energy per unit volume at 2.5%, 5%, and 10% double 
amplitude shear strains with respect to plasticity index for soils containing 
montmorillonite as the clay mineral 

 

 

Post-Cyclic Shear Strength 

In geotechnical earthquake engineering, it is necessary to determine the stability of structures 

following a dynamic event. This stability evaluation requires an understanding of the expected 

value of the shear strength of the soil following cyclic loading. Therefore, at the end of the cyclic 

phase, each specimen was subjected to static strain-controlled undrained constant volume 

shearing to determine the undrained shear strength of the material after a dynamic event. The 

undrained shear strength of the sample after cyclic loading, or the post-cyclic shear strength, was 

normalized by the baseline undrained shear strength measured on a specimen from the hydrated 
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sample in the static simple shear device without any cyclic loads. This ratio of the post-cyclic to 

the baseline undrained shear strength is presented in Figure 6-13 as a function of the 

accumulated energy per unit volume at the end of the cyclic loading phase. The red dashed line 

shown in Figure 6-13 represents the lower bound for the ratio of the post-cyclic undrained shear 

strength to the baseline undrained shear strength as a function of the accumulated energy. The 

lower bound ratio of the post-cyclic undrained shear strength to the baseline undrained shear 

strength was seen to range from approximately 0.5 to 1.0 implying that the undrained strength of 

materials after cyclic loading was 50% to 100% of the undrained shear strength without any 

dynamic loads. The equation for the line representing the lower bound ratio of the post- cyclic 

undrained shear strength to baseline undrained shear strength (δ) with respect to the accumulated 

energy (ΔW) is shown in Equation (2). 

 

( )
W

W
∆+

∆
=

69.901
04.1δ          (2) 

 

In samples with low amounts of accumulated energy, the ratio of the post-cyclic undrained shear 

strength to the baseline undrained shear strength had a greater amount of variation. However, in 

the specimens with high amounts of accumulated energy at the end of the cyclic loading phase, 

the reduction in shear strength as a result of cyclic loading was practically negligible. In other 

words, the energy applied to the soil mass as a result of earthquake loading was stored by the 

structure of the soil mass and not used to cause plastic deformations, which would, in turn, cause 

a reduction in the undrained shear strength of the sample. Hence, the undrained shear strength of 

sample is relatively unaffected as a result of cyclic loading.  
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Figure 6-13 Ratio of post-cyclic undrained shear strength to baseline undrained shear 
strength as a function of the accumulated energy per unit volume at the end 
of the cyclic loading 

 

 

CONCLUSIONS  

Static, cyclic and post-cyclic static simple shear tests were conducted on seventeen samples 

prepared in the laboratory for soils containing kaolinite as the clay mineral (a total of nine 

mixtures of kaolinite and quartz and pure kaolinite), soils containing montmorillonite as the clay 

mineral (a total of five mixtures of montmorillonite and quartz plus pure montmorillonite), and a 

pure quartz sample. The results were evaluated using the energy method to determine the 

accumulated energy per unit volume leading to the following conclusions: 

Lower bound for the ratio of post-
cyclic undrained shear strength to 
baseline undrained shear strength 
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• The results from the energy approach are dependent on the amplitude of the cyclic 

loading. Specifically, an increase in the cyclic stress ratio corresponded to a decrease in 

the magnitude of the accumulated energy at any particular level of double amplitude 

shear strain. 

• In the soils containing kaolinite as the clay mineral, an increase in the liquid limit and/or 

plasticity index results in an increase in the accumulated energy with amount of 

accumulated energy increasing with increasing double amplitude shear strains.  

• However, in soils containing montmorillonite as the clay mineral, an increase in the 

liquid limit and/or plasticity index resulted in a decrease in the accumulated energy. The 

accumulated energy computed still increased as the double amplitude shear strains 

increased. 

• The difference in behavior between the soils with kaolinite and montmorillonite as the 

clay mineral may attributed to the differences in activation energy required to cause 

permanent deformations in the soil samples tested.  

• The ratio of the post-earthquake undrained shear strength to the baseline undrained shear 

strength ranged from 0.5 to 1 for the all the specimens tested. The lower bound values for 

this ratio are presented in Figure 6-13 and Equation (2).  

• The variation in the potential values for the ratio of the post-cyclic undrained shear 

strength to the baseline undrained shear strength was greatest at low amounts of 

accumulated energy. In specimens with high amounts accumulated energy per unit 

volume, the degradation in undrained shear strength as a result of cyclic loading was very 

small or negligible.  
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CHAPTER 7 

Conclusions 

Calamities after earthquakes in the last half-century such as the Anchorage Landslide following 

the 1964 Alaska Earthquake, the damage to the Moss Landing Marine Facilities after the 1989 

Loma Prieta Earthquake, ground failure in Wufeng, Taiwan following the 1999 Chi-Chi 

Earthquake and the severe damage to buildings founded on clays after the 1985 Mexico 

Earthquake, have shown that clays are not, as generally believed, stable materials during cyclic 

events. Instead, these disasters have shown that clayey materials are prone to cyclic mobility, or 

the loss of shear strength due to a reduction in effective stress (from an increase in pore pressure) 

in a soil subjected to cyclic loads. These catastrophes have also emphasized the potential for 

large scale damage and significant loss of life that could result if cyclic mobility were to occur in 

the materials within a dam and/or its foundation. This study examined the behavior of clays 

under cyclic loading and immediately following this loading. Five key tasks were accomplished 

in this research, which: (1) provided recommendations to evaluate the susceptibility of fine-

grained materials to strength loss, (2) determined the effects of clay mineralogy and plasticity 

characteristics on the cyclic response of soils, (3) evaluated parameters to serve as indicators of 

strength loss susceptibility for different types of materials, (4) quantified the reduction in shear 

strength as a result of cyclic loading for different mineralogical compositions, and (5) correlated 

the ratio of post-cyclic undrained static shear strength to the undrained static shear strength with 

easily measured index properties. Further, as an ASTM standard for cyclic simple shear testing 

does not, currently, exist, this study provided detailed procedures for conducting cyclic simple 

shear tests and for quantifying the degradation in undrained shear strength as a result of cyclic 

loading. 
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Specifically, the following conclusions were drawn from the results and findings presented in 

this document: 

• The difference in the number of cycles required to obtain the maximum (10%) and 

minimum (2.5%) double amplitude shear strains is smaller in the samples with kaolinite 

as the clay mineral than in the samples with montmorillonite as the clay mineral, for a 

given cyclic stress ratio. Therefore, the soils with montmorillonite as the clay mineral 

could provide significantly greater resistance to cyclic loading at the collapse prevention 

seismic performance level than at the immediate occupancy performance level. On the 

other hand, soils with kaolinite as the clay mineral had little differences in the cyclic 

resistance offered against dynamic loading at the immediate occupancy and collapse 

prevention performance levels. 

• The cyclic resistance of clays was found to be strongly dependent on the mineralogy of 

the soil sample and therefore, the cyclic behavior could not be solely discerned from the 

plasticity index.  

• Quantitative insight into the cyclic behavior can be provided by examining the curve 

fitting parameters resulting from the power function representation of the cyclic strength 

curves.  

• An increase in the plasticity index caused an increase in the cyclic resistance for soils 

with plasticity indices less than 60. For soils with plasticity indices greater than 60, cyclic 

resistance was found to decrease as the plasticity index increased. The soils with 

montmorillonite as the clay mineral had greater cyclic resistances than the soils with 

kaolinite as the clay mineral.  
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• The cyclic strength curves appear to become increasingly linear as the plasticity index 

and/or liquid limit increases in the soils with kaolinite as the clay mineral, whereas, the 

opposite behavior is observed in the soils with montmorillonite as the clay mineral. 

• As the plasticity index of the sample increases, the post-cyclic undrained shear strength 

increases. The post-cyclic undrained shear strengths of soils having montmorillonite as 

the clay mineral were higher than the post-cyclic undrained shear strengths of the 

samples having kaolinite as the clay mineral.  

• Recommendations are provided in MSHA (2009) for the post-cyclic shear strengths to be 

used for the evaluation of the stability of infrastructure after dynamic loading. However, 

the recommended shear strengths in MSHA (2009) substantially underestimate the 

measured post-cyclic shear strengths for all the samples tested. 

• The post-cyclic undrained shear strength was normalized by the undrained shear strength 

of the sample without any cyclic loading to obtain the degradation ratio. The value 

degradation ratio was found to increase with increasing plasticity index for soils with 

plasticity indices less than 100. For soils with plasticity indices greater than 100, the 

degradation ratio was approximately one suggesting that cyclic loading does not result in 

a reduction in undrained shear strength. 

• The proposed relationship between the degradation ratio and the plasticity index, 

presented in Chapter 4, was found to be independent of the mineralogy of the samples 

tested.  

• The post-cyclic undrained shear strength was dependent on the number of cycles required 

to cause 10% double amplitude shear strain with a reduction in the magnitude of the post-

cyclic undrained shear strength with an increase in the number of cycles required. 
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• The literature suggests that the use of the energy method to analyze the shear strengths 

from dynamic loads would provide results that are independent of the wave form used to 

apply the cyclic loading. However, this study showed that the cyclic stress ratio (or 

equivalently, the amplitude of the cyclic loads) still significantly influences the dynamic 

behavior observed. Specifically, an increase in the cyclic stress ratio resulted in a 

decrease in the accumulated energy at a given double amplitude shear strain. 

• The accumulated energy was found to increase with the plasticity index (and/or liquid 

limit) for soils with kaolinite as the clay mineral. However, the opposite trend was 

observed in the soils with montmorillonite as the clay mineral. In both types of samples, 

an increase in the double amplitude shear strain led to an increase in the calculated 

accumulated energy. 

• The ratio of the post-cyclic undrained shear strength to the static undrained shear strength 

ranged from 0.5 to 1 for all the samples tested. However, the variation in the potential 

values of this ratio was greatest at low values of accumulated energy. At high 

accumulated energies, there was little difference in the post-cyclic undrained shear 

strength and the baseline undrained shear strength. 

 

Contributions to Geotechnical Engineering 

The work presented has several significant contributions to the area of geotechnical engineering 

practice. To date, an ASTM procedure for conducting cyclic simple shear tests does not exist. As 

a result, there is a wide variation in the processes adapted for the use of the cyclic simple shear 

test to understand the cyclic behavior and post-cyclic behavior, as well as to determine the post-
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cyclic shear strengths. This dissertation outlined in detail the procedure for conducting cyclic 

simple shear testing.  

 

The post-cyclic undrained strength ratios measured in this study showed that the 

recommendations for the post-cyclic undrained shear strengths in MSHA (2009) are significantly 

low. The post-cyclic undrained shear strengths obtained in this study are recommended for use 

while conducting seismic stability analysis of dams and other structures. The use of these values 

will result in a more accurate understanding of the stability of structures immediately following 

an earthquake as well as more economical designs of new infrastructure. 

 

While the effects of the mineral composition of the soil could be eliminated when estimating the 

post-cyclic undrained shear strengths, the mineralogy played an important role in understanding 

the cyclic behavior of the materials tested. Thus, generalized conclusions regarding the response 

of soils during dynamic loads should not be solely based on the plasticity index, but should also 

consider the mineralogy of the materials involved.  

 

The use of the energy approach for cohesive materials is quite limited in the literature. This study 

provides a beginning to systematically understanding the cyclic response as well as estimating 

the post-cyclic behavior of clay-silt mixtures from the energy imparted and accumulated within a 

soil mass. The results provide insight as to where energy imparted during a dynamic load is 

expended during the cyclic response of the soil samples providing the fundamental framework 

for understanding the effects of cyclic loads. 
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Future Research Avenues 

Since every possible factor influencing the cyclic and post-cyclic behavior could not be 

evaluated in this study, the following suggestions are made for future research: 

• The study examined the cyclic and post-cyclic behavior in a mineralogical framework by 

evaluating the results of laboratory prepared samples fabricated as mixtures of 

montmorillonite and quartz or kaolinite and quartz. Additional research should be 

conducted on mixtures prepared with different minerals such as illite and chlorite and on 

mixtures with more than two minerals. The addition of more natural samples to validate 

the results is also recommended. 

• All of the cyclic testing was conducted at a frequency of 0.5 Hz due to the limitations of 

the equipment available. In addition, the only consolidation pressure considered was 100 

kPa. Thus, it is recommended that this study be extended to include other frequencies of 

loading and different consolidation pressures.  

• The simple shear apparatus was used in this study for both the static and cyclic testing. 

Even though the device better models the stresses induced in a soil mass in-situ during a 

cyclic event, it is important and relevant in many situations to consider other boundary 

conditions. Thus, future works should consider developing a similar energy and 

mineralogical framework to evaluate the cyclic and post-cyclic behavior of cohesive soils 

based on the results from the cyclic triaxial device. In addition, a comparison of the 

results from this study using a cyclic simple shear to those obtained from cyclic triaxial 

testing may provide additional insight. 

• Samples tested in this study were normally consolidated under Ko conditions. However, 

soils in-situ may be overconsolidated or anisotropically consolidated to other principal 
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stress ratios. Thus, examining the influence of the stress history on the cyclic as well as 

post-cyclic behavior is also suggested. 

• While examining the results through the energy method framework, only the accumulated 

energy was considered. However, researchers have shown that the activation energy is 

also important in cohesionless soils. The activation energy may also be relevant to 

cohesive materials and this study may be extended to evaluate the results in terms of the 

activation energy. 
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Appendix B 

Laboratory Test Reports 

This appendix contains all of the reports prepared for the cyclic simple shear tests conducted in 

this study. The reports begin on the following page.  



M 0 K 10 Q 90

LL 8 PL 4 PI 4

GS 2.585 CF (%) 8.5 A 0.471

Description:

Wd (g) 134.87 A (ft2) 0.034

Start: 6/5/2014 End: 6/10/2014

H0 (in) 1.00 e0 0.53 d,0 (pcf) 105.7

Hc (in) 0.91 ec 0.39 d,c (pcf) 116.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.08 CSR 0.080

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 28.66 DSS (kPa) 23.57  (%) 79.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Nominal cyclic stress ratio
Height initially and at end of consolidation

Void ratio initially and at end of consolidation
Dry unit weight initially and at end of consolidation

Plasticity index Specific Gravity
Activity

Specimen area
Clay fraction
Dry weight

Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Consolidation pressure
N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Post‐cyclic undrained shear strength

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Plastic limitLiquid limit

Notation

0.146% double amplitude shear strain at end of cyclic 
loading phase

Sample Composition

10% kaolinite with 90% quartz with CSR=0.08 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

Testing Parameters & Result Summary

Test Dates:‐

Cyclic Simple Shear Test Report
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Figure B-1 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-2 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-3 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-4 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-5 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-6 Inferred pore pressure during post-cyclic undrained static shearing phase 
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GS 2.585 CF (%) 8.5 A 0.471
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Wd (g) 129.70 A (ft2) 0.034
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Figure B-7 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-8 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-9 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-10 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-11 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-12 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 10 Q 90
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GS 2.585 CF (%) 8.5 A 0.471

Description:

Wd (g) 129.53 A (ft2) 0.034

Start: 6/3/2014 End: 6/4/2014

H0 (in) 1.00 e0 0.59 d,0 (pcf) 101.6

Hc (in) 0.88 ec 0.40 d,c (pcf) 115.0

c' (kPa) 100 c' (psi) 14.50
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Figure B-13 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-14 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-15 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-16 Stress-strain hysteresis loops during cyclic loading phase 

234



 
Figure B-17 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-18 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 10 Q 90
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Figure B-19 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-20 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-21 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-22 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-23 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-24 Inferred pore pressure during post-cyclic undrained static shearing phase 
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c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.183

N2.5 99.2 N5 7.9 N10 8.6

CDSS (kPa) 20.36 DSS (kPa) 36.03  (%) 56.5
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Figure B-25 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-26 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-27 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-28 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-29 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-30 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 10 Q 90

LL 8 PL 4 PI 4

GS 2.585 CF (%) 8.5 A 0.471
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Figure B-31 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-32 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-33 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-34 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-35 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-36 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-37 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-38 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-39 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-40 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-41 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-42 Inferred pore pressure during post-cyclic undrained static shearing phase 
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GS 2.6 CF (%) 17 A 0.353
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Wd (g) 114.74 A (ft2) 0.034

Start: 10/22/2014 End: 10/28/2014

H0 (in) 0.99 e0 0.80 d,0 (pcf) 90.0
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Figure B-43 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-44 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-45 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-46 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-47 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-48 Inferred pore pressure during post-cyclic undrained static shearing phase 

255



M 0 K 20 Q 80

LL 19 PL 13 PI 6

GS 2.6 CF (%) 17 A 0.353
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Wd (g) 119.17 A (ft2) 0.034

Start: 10/28/2014 End: 10/30/2014
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Figure B-49 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-50 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 

257



 
Figure B-51 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-52 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-53 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-54 Inferred pore pressure during post-cyclic undrained static shearing phase 
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GS 2.6 CF (%) 17 A 0.353

Description:

Wd (g) 118.72 A (ft2) 0.034

Start: 10/21/2014 End: 10/22/2014

H0 (in) 1.00 e0 0.74 d,0 (pcf) 93.1

Hc (in) 0.91 ec 0.58 d,c (pcf) 102.7

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.187

N2.5 16.1 N5 18.0 N10 19.6

CDSS (kPa) 23.26 DSS (kPa) 35.16  (%) 66.2
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Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

260



 
Figure B-55 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-56 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-57 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-58 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-59 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-60 Inferred pore pressure during post-cyclic undrained static shearing phase 

263



M 0 K 20 Q 80
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GS 2.6 CF (%) 17 A 0.353
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Wd (g) 116.94 A (ft2) 0.034

Start: 10/16/2014 End: 10/21/2014

H0 (in) 0.98 e0 0.75 d,0 (pcf) 92.6

Hc (in) 0.88 ec 0.58 d,c (pcf) 102.8

c' (kPa) 100 c' (psi) 14.50
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N2.5 8.4 N5 10.1 N10 11.6
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Percent of kaolinite by dry weight
Percent of quartz by dry weight
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Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength
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shear strength
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Dry unit weight initially and at end of consolidation
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Figure B-61 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-62 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-63 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-64 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-65 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-66 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 20 Q 80

LL 19 PL 13 PI 6

GS 2.6 CF (%) 17 A 0.353

Description

Wd (g) 117.13 A (ft2) 0.034

Start: 10/14/2014 End: 10/16/2014

H0 (in) 1.01 e0 0.80 d,0 (pcf) 90.0

Hc (in) 0.91 ec 0.63 d,c (pcf) 99.7

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.24 CSR 0.231

N2.5 7.4 N5 9.0 N10 10.2

CDSS (kPa) 24.06 DSS (kPa) 35.16  (%) 68.4
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M

K

Q

LL PL

PI GS
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Wd (g) A (ft2)
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H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

20% kaolinite with 80% quartz with CSR=0.24 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
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Clay fraction Activity

Dry weight Specimen area
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shear strength
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Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-67 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-68 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-69 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-70 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-71 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-72 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 20 Q 80

LL 19 PL 13 PI 6

GS 2.6 CF (%) 17 A 0.353

Description

Wd (g) 116.91 A (ft2) 0.034

Start: 10/9/2014 End: 10/14/2014

H0 (in) 1.00 e0 0.79 d,0 (pcf) 90.7

Hc (in) 0.89 ec 0.60 d,c (pcf) 101.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.26 CSR 0.237

N2.5 4.0 N5 5.1 N10 6.1

CDSS (kPa) 20.70 DSS (kPa) 35.16  (%) 58.9
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M

K
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CDSS
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Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 
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Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight
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Plasticity index Specific Gravity
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Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
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(14.5 psi) consolidation stress
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Figure B-73 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-74 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-75 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-76 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-77 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-78 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 30 Q 70

LL 24 PL 17 PI 7

GS 2.615 CF (%) 25.5 A 0.275

Description:

Wd (g) 119.16 A (ft2) 0.034

Start: 11/27/2014 End: 12/2/2014

H0 (in) 1.00 e0 0.76 d,0 (pcf) 92.5

Hc (in) 0.88 ec 0.55 d,c (pcf) 105.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.14 CSR 0.141

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 25.99 DSS (kPa) 35.23  (%) 73.8

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A
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c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.518% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% kaolinite with 70% quartz with CSR=0.20 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-79 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-80 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-81 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-82 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-83 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-84 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 30 Q 70

LL 24 PL 17 PI 7

GS 2.615 CF (%) 25.5 A 0.275

Description

Wd (g) 119.16 A (ft2) 0.034

Start: 11/25/2014 End: 11/27/2014

H0 (in) 0.99 e0 0.75 d,0 (pcf) 93.4

Hc (in) 0.87 ec 0.53 d,c (pcf) 106.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.144

N2.5 104.8 N5 107.8 N10 110.5

CDSS (kPa) 18.88 DSS (kPa) 35.23  (%) 53.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)
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d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% kaolinite with 70% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-85 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-86 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-87 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-88 Stress-strain hysteresis loops during cyclic loading phase 

282



 
Figure B-89 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-90 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 30 Q 70

LL 24 PL 17 PI 7

GS 2.615 CF (%) 25.5 A 0.275

Description:

Wd (g) 119.60 A (ft2) 0.034

Start: 12/4/2014 End: 12/9/2014

H0 (in) 0.99 e0 0.74 d,0 (pcf) 93.8

Hc (in) 0.87 ec 0.53 d,c (pcf) 106.8

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.157

N2.5 102.5 N5 111.1 N10 115.4

CDSS (kPa) 19.17 DSS (kPa) 35.23  (%) 54.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)
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H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

30% kaolinite with 70% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight
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Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength
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Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-91 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-92 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-93 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-94 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-95 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-96 Inferred pore pressure during post-cyclic undrained static shearing phase 
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GS 2.615 CF (%) 25.5 A 0.275

Description:

Wd (g) 119.60 A (ft2) 0.034

Start: 11/11/2014 End: 11/13/2014

H0 (in) 1.01 e0 0.78 d,0 (pcf) 91.9

Hc (in) 0.89 ec 0.56 d,c (pcf) 104.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.180

N2.5 110.7 N5 114.5 N10 118.2

CDSS (kPa) 20.36 DSS (kPa) 35.23  (%) 57.8

Remarks:

M
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Q

LL PL
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CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition
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(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Testing Parameters & Result Summary

Notation
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Dry weight Specimen area
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N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-97 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-98 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-99 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-100 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-101 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-102 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 30 Q 70

LL 24 PL 17 PI 7

GS 2.615 CF (%) 25.5 A 0.275

Description:

Wd (g) 119.60 A (ft2) 0.034

Start: 12/2/2014 End: 12/4/2014

H0 (in) 1.00 e0 0.76 d,0 (pcf) 92.8

Hc (in) 0.88 ec 0.55 d,c (pcf) 105.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.163

N2.5 31.3 N5 34.9 N10 38.0

CDSS (kPa) 18.20 DSS (kPa) 35.23  (%) 51.7
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undrained shear strength
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Dry unit weight initially and at end of consolidation
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Figure B-103 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-104 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-105 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-106 Stress-strain hysteresis loops during cyclic loading phase 

294



 
Figure B-107 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-108 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 30 Q 70

LL 24 PL 17 PI 7

GS 2.615 CF (%) 25.5 A 0.275

Description:

Wd (g) 115.72 A (ft2) 0.034

Start: 11/13/2014 End: 11/25/2014

H0 (in) 0.98 e0 0.78 d,0 (pcf) 91.7

Hc (in) 0.85 ec 0.55 d,c (pcf) 105.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.199

N2.5 0.2 N5 15.1 N10 17.3

CDSS (kPa) 18.71 DSS (kPa) 35.23  (%) 53.1

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR
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c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition
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(14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation
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Figure B-109 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-110 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-111 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-112 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-113 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-114 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 30 Q 70

LL 24 PL 17 PI 7

GS 2.615 CF (%) 25.5 A 0.275

Description:

Wd (g) 119.60 A (ft2) 0.034

Start: 11/7/2014 End: 11/11/2014

H0 (in) 1.00 e0 0.11 d,0 (pcf) 147.0

Hc (in) 0.89 ec 0.11 d,c (pcf) 147.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.212

N2.5 5.7 N5 7.2 N10 8.6

CDSS (kPa) 20.08 DSS (kPa) 35.23  (%) 57.0

Remarks:

M

K

Q

LL PL

PI GS
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undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation
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Figure B-115 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-116 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-117 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-118 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-119 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-120 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-121 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-122 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-123 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-124 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-125 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-126 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-127 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-128 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-129 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-130 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-131 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-132 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-133 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-134 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-135 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-136 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-137 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-138 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-139 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-140 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-141 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-142 Stress-strain hysteresis loops during cyclic loading phase 

318



 
Figure B-143 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-144 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-145 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-146 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-147 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-148 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-149 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-150 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-151 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-152 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-153 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-154 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-155 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-156 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-157 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-158 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-159 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-160 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-161 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-162 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-163 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-164 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-165 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-166 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-167 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-168 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-169 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-170 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-171 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-172 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-173 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-174 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

50% kaolinite with 50% quartz with CSR=0.24 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-175 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-176 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-177 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-178 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-179 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-180 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 79.00 A (ft2) 0.034

Start: 1/1/2014 End: 1/2/2014

H0 (in) 1.02 e0 1.78 d,0 (pcf) 60.1

Hc (in) 0.88 ec 1.38 d,c (pcf) 70.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.1 CSR 0.100

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 24.87  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.310% double amplitude shear strain at end of cyclic 
loading; No post‐cyclic testing

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 60% quartz with CSR=0.10 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-181 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-182 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-183 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-184 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 72.07 A (ft2) 0.034

Start: 6/27/2014 End: 6/30/2014

H0 (in) 1.00 e0 1.98 d,0 (pcf) 55.9

Hc (in) 0.87 ec 1.59 d,c (pcf) 64.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.14 CSR 0.142

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 33.10 DSS (kPa) 24.87  (%) 133.1

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.14 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

0.364% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-185 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-186 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-187 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-188 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-189 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-190 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 72.25 A (ft2) 0.034

Start: 6/26/2014 End: 6/27/2014

H0 (in) 0.98 e0 1.92 d,0 (pcf) 57.2

Hc (in) 0.85 ec 1.52 d,c (pcf) 66.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.159

N2.5 263.5 N5 288.5 N10 303.9

CDSS (kPa) 19.28 DSS (kPa) 24.87  (%) 77.5

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-191 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-192 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-193 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-194 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-195 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-196 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description

Wd (g) 77.45 A (ft2) 0.034

Start: 6/25/2014 End: 6/26/2014

H0 (in) 1.00 e0 1.78 d,0 (pcf) 60.1

Hc (in) 0.88 ec 1.44 d,c (pcf) 68.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.177

N2.5 47.3 N5 55.4 N10 63.3

CDSS (kPa) 21.04 DSS (kPa) 24.87  (%) 84.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.18 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-197 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-198 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-199 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-200 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-201 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-202 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 72.35 A (ft2) 0.034

Start: 6/23/2014 End: 6/25/2014

H0 (in) 1.00 e0 1.97 d,0 (pcf) 56.2

Hc (in) 0.88 ec 1.61 d,c (pcf) 63.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.213

N2.5 18.6 N5 22.1 N10 25.3

CDSS (kPa) 23.83 DSS (kPa) 24.87  (%) 95.8

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.22 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

359



 
Figure B-203 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-204 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-205 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-206 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-207 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-208 Inferred pore pressure during post-cyclic undrained static shearing phase 

362



M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 78.39 A (ft2) 0.034

Start: 6/10/2014 End: 6/12/2014

H0 (in) 1.00 e0 1.74 d,0 (pcf) 60.8

Hc (in) 0.90 ec 1.46 d,c (pcf) 67.7

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.24 CSR 0.194

N2.5 2.2 N5 2.8 N10 3.5

CDSS (kPa) 15.53 DSS (kPa) 24.87  (%) 62.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.24 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-209 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-210 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-211 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-212 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-213 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-214 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 76.62 A (ft2) 0.034

Start: 9/11/2014 End: 9/16/2014

H0 (in) 1.02 e0 1.86 d,0 (pcf) 58.3

Hc (in) 0.89 ec 1.50 d,c (pcf) 66.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.24 CSR 0.235

N2.5 29.7 N5 32.5 N10 35.2

CDSS (kPa) 24.85 DSS (kPa) 24.87  (%) 99.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.24 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-215 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-216 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-217 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-218 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-219 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-220 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 60 Q 40

LL 47 PL 21 PI 26

GS 2.675 CF (%) 51 A 0.510

Description:

Wd (g) 77.29 A (ft2) 0.034

Start: 9/16/2014 End: 9/20/2014

H0 (in) 1.02 e0 1.84 d,0 (pcf) 58.8

Hc (in) 0.90 ec 1.49 d,c (pcf) 67.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.26 CSR 0.247

N2.5 15.8 N5 19.4 N10 22.8

CDSS (kPa) 26.90 DSS (kPa) 24.87  (%) 108.2

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

60% kaolinite with 40% quartz with CSR=0.26 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-221 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-222 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-223 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-224 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-225 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-226 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 70 Q 30

LL 55 PL 35 PI 20

GS 2.675 CF (%) 59.5 A 0.336

Description:

Wd (g) 78.35 A (ft2) 0.034

Start: 12/26/2013 End: 12/26/2013

H0 (in) 1.02 e0 1.80 d,0 (pcf) 59.6

Hc (in) 0.90 ec 1.48 d,c (pcf) 67.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.1 CSR 0.101

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 28.8  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.221% double amplitude shear strain at end of cyclic 
loading; No post‐cyclic static testing

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

70% kaolinite with 30% quartz with CSR=0.10 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-227 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-228 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-229 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-230 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 70 Q 30

LL 55 PL 35 PI 20

GS 2.675 CF (%) 59.5 A 0.336

Description:

Wd (g) 74.02 A (ft2) 0.034

Start: 5/2/2014 End: 5/9/2014

H0 (in) 1.00 e0 1.91 d,0 (pcf) 57.5

Hc (in) 0.88 ec 1.56 d,c (pcf) 65.3

c' (kPa) 100 c' (psi) 14.50
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Dry unit weight initially and at end of consolidation
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N2.5, N5, & 
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Number of cycles to 2.5%, 5% and 10% double 
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Percent of kaolinite by dry weight
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Test Dates:‐

Testing Parameters & Result Summary

0.565% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

70% kaolinite with 30% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

378



 
Figure B-231 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-232 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-233 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-234 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-235 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-236 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 70 Q 30

LL 55 PL 35 PI 20

GS 2.675 CF (%) 59.5 A 0.336

Description:

Wd (g) 78.13 A (ft2) 0.034

Start: 5/9/2014 End: 5/13/2014

H0 (in) 1.01 e0 1.78 d,0 (pcf) 60.0

Hc (in) 0.90 ec 1.48 d,c (pcf) 67.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.179

N2.5 252.1 N5 265.4 N10 500+

CDSS (kPa) 20.30 DSS (kPa) 28.8  (%) 274.2
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M
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CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

70% kaolinite with 30% quartz with CSR=0.18 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary
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Baseline undrained shear strength
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N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-237 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-238 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-239 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-240 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-241 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-242 Inferred pore pressure during post-cyclic undrained static shearing phase 

385



M 0 K 70 Q 30

LL 55 PL 35 PI 20

GS 2.675 CF (%) 59.5 A 0.336

Description:

Wd (g) 74.63 A (ft2) 0.034

Start: 12/27/2013 End: 12/29/2013

H0 (in) 1.00 e0 1.88 d,0 (pcf) 57.9

Hc (in) 0.87 ec 1.52 d,c (pcf) 66.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.203

N2.5 931.4 N5 939.1 N10 946.0

CDSS (kPa) DSS (kPa) 28.8  (%)
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K
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Dry unit weight initially and at end of consolidation
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Percent of kaolinite by dry weight
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Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

70% kaolinite with 30% quartz with CSR=0.20 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-243 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-244 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-245 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-246 Stress-strain hysteresis loops during cyclic loading phase 
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Wd (g) 73.80 A (ft2) 0.034

Start: 5/13/2014 End: 5/16/2014

H0 (in) 0.98 e0 1.86 d,0 (pcf) 58.5

Hc (in) 0.86 ec 1.51 d,c (pcf) 66.6

c' (kPa) 100 c' (psi) 14.50
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Sample Composition
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(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-247 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-248 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-249 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-250 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-251 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-252 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Description:

Wd (g) 74.34 A (ft2) 0.034

Start: 5/16/2014 End: 5/27/2014

H0 (in) 1.00 e0 1.89 d,0 (pcf) 57.7

Hc (in) 0.87 ec 1.52 d,c (pcf) 66.3

c' (kPa) 100 c' (psi) 14.50
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Dry unit weight initially and at end of consolidation
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(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-253 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-254 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-255 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-256 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-257 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-258 Inferred pore pressure during post-cyclic undrained static shearing phase 
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GS 2.675 CF (%) 59.5 A 0.336

Description:

Wd (g) 74.95 A (ft2) 0.034

Start: 12/29/2013 End: 12/30/2013

H0 (in) 1.01 e0 1.90 d,0 (pcf) 57.6

Hc (in) 0.88 ec 1.52 d,c (pcf) 66.1

c' (kPa) 100 c' (psi) 14.50
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Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio
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Figure B-259 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-260 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-261 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-262 Stress-strain hysteresis loops during cyclic loading phase 
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(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-263 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-264 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-265 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-266 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 83.17 A (ft2) 0.034

Start: 12/21/2013 End: 12/23/2013

H0 (in) 1.00 e0 1.60 d,0 (pcf) 64.6

Hc (in) 0.85 ec 1.20 d,c (pcf) 76.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.1 CSR 0.104

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 25.22  (%)

Remarks:
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Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.157% double amplitude shear strain at end of cyclic 
loading; No post‐cyclic testing conducted

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.1 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-267 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-268 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-269 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-270 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 85.17 A (ft2) 0.034

Start: 3/3/2014 End: 3/4/2014

H0 (in) 1.02 e0 1.59 d,0 (pcf) 64.8

Hc (in) 0.85 ec 1.15 d,c (pcf) 78.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.14 CSR 0.141

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 23.83 DSS (kPa) 25.22  (%) 94.5
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CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.742% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.14 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-271 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-272 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-273 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-274 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-275 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-276 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 84.63 A (ft2) 0.034

Start: 3/17/2014 End: 3/18/2014

H0 (in) 0.99 e0 1.53 d,0 (pcf) 66.4

Hc (in) 0.84 ec 1.16 d,c (pcf) 77.8

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.157

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 29.06 DSS (kPa) 25.22  (%) 115.2
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DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
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Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit
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Test Dates:‐

Testing Parameters & Result Summary

0.480% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-277 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-278 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-279 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-280 Stress-strain hysteresis loops during cyclic loading phase 

412



 
Figure B-281 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-282 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 87.21 A (ft2) 0.034

Start: 9/9/2014 End: 9/11/2014

H0 (in) 1.01 e0 1.50 d,0 (pcf) 67.0

Hc (in) 0.89 ec 1.21 d,c (pcf) 76.1

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.160

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 33.10 DSS (kPa) 25.22  (%) 131.2

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.599% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

414



 
Figure B-283 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-284 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-285 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-286 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-287 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-288 Inferred pore pressure during post-cyclic undrained static shearing phase 

417



M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 89.75 A (ft2) 0.034

Start: 2/27/2014 End: 2/28/2014

H0 (in) 1.02 e0 1.46 d,0 (pcf) 68.3

Hc (in) 0.90 ec 1.17 d,c (pcf) 77.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.171

N2.5 50.2 N5 54.6 N10 25.2

CDSS (kPa) 18.88 DSS (kPa) 25.22  (%) 74.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

418



 
Figure B-289 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-290 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-291 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-292 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-293 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-294 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 83.38 A (ft2) 0.034

Start: 12/23/2013 End: 12/23/2013

H0 (in) 1.00 e0 1.59 d,0 (pcf) 64.7

Hc (in) 0.85 ec 1.20 d,c (pcf) 76.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.182

N2.5 58.3 N5 61.4 N10 64.6

CDSS (kPa) DSS (kPa) 25.22  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic testing conducted

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.2 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-295 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-296 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-297 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-298 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 84.56 A (ft2) 0.034

Start: 2/28/2014 End: 3/3/2014

H0 (in) 1.00 e0 1.56 d,0 (pcf) 65.6

Hc (in) 0.86 ec 1.20 d,c (pcf) 76.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.211

N2.5 14.5 N5 16.8 N10 25.2

CDSS (kPa) 17.57 DSS (kPa) 25.22  (%) 69.7

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.22 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

425



 
Figure B-299 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-300 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-301 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-302 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-303 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-304 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 83.17 A (ft2) 0.034

Start: 12/23/2013 End: 12/24/2013

H0 (in) 1.00 e0 1.60 d,0 (pcf) 64.6

Hc (in) 0.86 ec 1.23 d,c (pcf) 75.2

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.256

N2.5 3.6 N5 4.4 N10 5.2

CDSS (kPa) DSS (kPa) 25.22  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.3 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-305 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-306 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-307 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-308 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 80 Q 20

LL 55 PL 35 PI 20

GS 2.69 CF (%) 68 A 0.294

Description:

Wd (g) 82.41 A (ft2) 0.034

Start: 12/24/2013 End: 12/25/2013

H0 (in) 1.00 e0 1.62 d,0 (pcf) 64.0

Hc (in) 0.84 ec 1.21 d,c (pcf) 75.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.4 CSR 0.308

N2.5 2.4 N5 3.1 N10 3.7

CDSS (kPa) DSS (kPa) 25.22  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic monotonic shearing was conducted

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

80% kaolinite with 20% quartz with CSR=0.4 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-309 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-310 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-311 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-312 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 87.49 A (ft2) 0.034

Start: 12/16/2013 End: 12/17/2013

H0 (in) 1.00 e0 1.51 d,0 (pcf) 67.4

Hc (in) 0.84 ec 1.10 d,c (pcf) 80.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.1 CSR 0.073

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 28.04  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.191% double amplitude shear strain at end of cyclic 
loading; No post‐cyclic shear strength measurement

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.1 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-313 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-314 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-315 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-316 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 84.97 A (ft2) 0.034

Start: 3/5/2014 End: 3/6/2014

H0 (in) 0.99 e0 1.53 d,0 (pcf) 66.7

Hc (in) 0.80 ec 1.06 d,c (pcf) 82.1

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.14 CSR 0.140

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 26.39 DSS (kPa) 28.04  (%) 94.1

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.640% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.14 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-317 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-318 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-319 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-320 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-321 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-322 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 89.24 A (ft2) 0.034

Start: 2/20/2014 End: 2/27/2014

H0 (in) 1.01 e0 1.46 d,0 (pcf) 68.7

Hc (in) 0.85 ec 1.06 d,c (pcf) 82.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.151

N2.5 57.2 N5 61.3 N10 65.0

CDSS (kPa) 15.36 DSS (kPa) 28.04  (%) 54.8

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.16 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-323 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-324 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-325 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-326 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-327 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-328 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 89.69 A (ft2) 0.034

Start: 2/14/2014 End: 2/18/2014

H0 (in) 1.02 e0 1.47 d,0 (pcf) 68.4

Hc (in) 0.84 ec 1.03 d,c (pcf) 83.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.181

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 28.27 DSS (kPa) 28.04  (%) 100.8

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.712% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.18 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-329 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-330 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-331 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-332 Stress-strain hysteresis loops during cyclic loading phase 

448



 
Figure B-333 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-334 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 85.52 A (ft2) 0.034

Start: 3/13/2014 End: 3/14/2014

H0 (in) 1.00 e0 1.54 d,0 (pcf) 66.5

Hc (in) 0.81 ec 1.06 d,c (pcf) 82.1

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.176

N2.5 112.5 N5 119.5 N10 127.2

CDSS (kPa) 19.00 DSS (kPa) 28.04  (%) 67.7

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.18 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-335 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-336 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-337 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-338 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-339 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-340 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 88.18 A (ft2) 0.034

Start: 12/17/2013 End: 12/19/2013

H0 (in) 1.02 e0 1.52 d,0 (pcf) 67.2

Hc (in) 0.85 ec 1.08 d,c (pcf) 81.1

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.194

N2.5 414.6 N5 419.7 N10 424.3

CDSS (kPa) DSS (kPa) 28.04  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic shear strength measurement

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.2 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-341 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-342 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-343 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-344 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 86.53 A (ft2) 0.034

Start: 2/19/2014 End: 2/20/2014

H0 (in) 0.98 e0 1.46 d,0 (pcf) 68.7

Hc (in) 0.81 ec 1.04 d,c (pcf) 82.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.215

N2.5 9.2 N5 11.1 N10 12.8

CDSS (kPa) 20.02 DSS (kPa) 28.04  (%) 71.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.22 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-345 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-346 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 

458



 
Figure B-347 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-348 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-349 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-350 Inferred pore pressure during post-cyclic undrained static shearing phase 

460



M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 85.64 A (ft2) 0.034

Start: 2/18/2014 End: 2/19/2014

H0 (in) 0.98 e0 1.49 d,0 (pcf) 68.0

Hc (in) 0.82 ec 1.08 d,c (pcf) 81.2

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.25 CSR 0.227

N2.5 8.3 N5 10.3 N10 12.1

CDSS (kPa) 18.77 DSS (kPa) 28.04  (%) 66.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.25 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-351 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-352 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-353 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-354 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-355 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-356 Inferred pore pressure during post-cyclic undrained static shearing phase 

464



M 0 K 90 Q 10

LL 61 PL 40 PI 21

GS 2.71 CF (%) 76.5 A 0.275

Description:

Wd (g) 87.80 A (ft2) 0.034

Start: 12/19/2013 End: 12/20/2013

H0 (in) 0.99 e0 1.45 d,0 (pcf) 69.0

Hc (in) 0.81 ec 1.01 d,c (pcf) 83.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.275

N2.5 7.7 N5 9.1 N10 10.2

CDSS (kPa) DSS (kPa) 28.04  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic shear strength measurement

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

90% kaolinite with 10% quartz with CSR=0.3 at 100 kPa 
(14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-357 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-358 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-359 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-360 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 68.47 A (ft2) 0.034

Start: 12/3/2013 End: 12/5/2013

H0 (in) 0.94 e0 2.00 d,0 (pcf) 56.5

Hc (in) 0.76 ec 1.43 d,c (pcf) 70.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.1 CSR 0.094

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.156% double amplitude shear strain at end of cyclic 
loading; No post‐cyclic shearing phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.1 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-361 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-362 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-363 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-364 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 66.53 A (ft2) 0.034

Start: 1/29/2014 End: 1/31/2014

H0 (in) 0.94 e0 2.09 d,0 (pcf) 54.9

Hc (in) 0.74 ec 1.44 d,c (pcf) 69.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.12 CSR 0.111

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.290% double amplitude shear strain at end of cyclic 
loading phase; No post‐cyclic shearing phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.12 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-365 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-366 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-367 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-368 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 67.05 A (ft2) 0.034

Start: 1/31/2014 End: 2/4/2014

H0 (in) 0.95 e0 2.10 d,0 (pcf) 54.8

Hc (in) 0.76 ec 1.46 d,c (pcf) 68.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.14 CSR 0.140

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.388% double amplitude shear strain at end of cyclic 
loading

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.14 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-369 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-370 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-371 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-372 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 62.60 A (ft2) 0.034

Start: 2/4/2014 End: 2/6/2014

H0 (in) 0.95 e0 2.32 d,0 (pcf) 51.1

Hc (in) 0.75 ec 1.63 d,c (pcf) 64.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.163

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.606% double amplitude shear strain at end of cyclic 
loading; No post‐cyclic shearing phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.16 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-373 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-374 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-375 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-376 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 65.76 A (ft2) 0.034

Start: 2/6/2014 End: 2/7/2014

H0 (in) 0.95 e0 2.16 d,0 (pcf) 54.8

Hc (in) 0.74 ec 1.46 d,c (pcf) 68.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.16 CSR 0.159

N2.5 184.0 N5 191.1 N10 196.7

CDSS (kPa) 21.50 DSS (kPa) 29.6  (%) 72.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.16 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-377 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-378 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-379 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-380 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-381 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-382 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 64.69 A (ft2) 0.034

Start: 2/7/2014 End: 2/11/2014

H0 (in) 0.93 e0 2.18 d,0 (pcf) 53.4

Hc (in) 0.72 ec 1.47 d,c (pcf) 68.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.178

N2.5 553.0 N5 559.0 N10 563.3

CDSS (kPa) 19.74 DSS (kPa) 29.6  (%) 66.7

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.18 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-383 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-384 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-385 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-386 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-387 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-388 Inferred pore pressure during post-cyclic undrained static shearing phase 

487



M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 68.42 A (ft2) 0.034

Start: 12/5/2013 End: 12/7/2013

H0 (in) 0.95 e0 2.04 d,0 (pcf) 55.9

Hc (in) 0.77 ec 1.46 d,c (pcf) 68.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.199

N2.5 204.8 N5 211.7 N10 218.2

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic shearing was conducted

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.2 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-389 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-390 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-391 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-392 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 65.02 A (ft2) 0.034

Start: 2/11/2014 End: 2/13/2014

H0 (in) 0.93 e0 2.36 d,0 (pcf) 50.5

Hc (in) 0.70 ec 1.57 d,c (pcf) 65.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.219

N2.5 116.3 N5 121.7 N10 125.9

CDSS (kPa) 24.45 DSS (kPa) 29.6  (%) 82.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.22 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-393 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-394 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-395 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-396 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-397 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-398 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 71.52 A (ft2) 0.034

Start: 2/13/2014 End: 2/14/2014

H0 (in) 1.00 e0 2.06 d,0 (pcf) 55.5

Hc (in) 0.79 ec 1.41 d,c (pcf) 70.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.26 CSR 0.231

N2.5 5.2 N5 6.6 N10 8.0

CDSS (kPa) 21.38 DSS (kPa) 29.6  (%) 72.2

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.26 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-399 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-400 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-401 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-402 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-403 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-404 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 67.96 A (ft2) 0.034

Start: 12/7/2013 End: 12/10/2013

H0 (in) 0.97 e0 2.12 d,0 (pcf) 54.4

Hc (in) 0.83 ec 1.66 d,c (pcf) 63.7

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.262

N2.5 4.5 N5 5.9 N10 7.0

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic shearing was conducted

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.3 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-405 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-406 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-407 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-408 Stress-strain hysteresis loops during cyclic loading phase 
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M 0 K 100 Q 0

LL 73 PL 45 PI 28

GS 2.72 CF (%) 85 A 0.329

Description:

Wd (g) 67.81 A (ft2) 0.034

Start: 12/10/2013 End: 12/12/2013

H0 (in) 0.92 e0 1.97 d,0 (pcf) 57.2

Hc (in) 0.72 ec 1.34 d,c (pcf) 72.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.4 CSR 0.296

N2.5 2.0 N5 2.5 N10 3.1

CDSS (kPa) DSS (kPa) 29.6  (%)

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline undrained 

shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

No post‐cyclic shearing was conducted

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% kaolinite with CSR=0.4 at 100 kPa (14.5 psi) 
consolidation stress

Initial Properties & Consolidation
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Figure B-409 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-410 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-411 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-412 Stress-strain hysteresis loops during cyclic loading phase 
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M 10 K 0 Q 90

LL 45 PL 31 PI 14

GS 2.588 CF (%) 9 A 1.556

Description:

Wd (g) 90.55 A (ft2) 0.034

Start: 3/19/2014 End: 3/20/2014

H0 (in) 1.00 e0 1.30 d,0 (pcf) 70.3

Hc (in) 0.76 ec 0.74 d,c (pcf) 93.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.175

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 29.35 DSS (kPa) 31.06  (%) 94.5

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.902% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

10% montmorillonite with 90% quartz with CSR=0.18 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-413 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-414 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-415 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-416 Stress-strain hysteresis loops during cyclic loading phase 

507



 
Figure B-417 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-418 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 10 K 0 Q 90

LL 45 PL 31 PI 14

GS 2.588 CF (%) 9 A 1.556

Description:

Wd (g) 97.94 A (ft2) 0.034

Start: 3/24/2014 End: 3/26/2014

H0 (in) 1.00 e0 1.12 d,0 (pcf) 76.0

Hc (in) 0.81 ec 0.71 d,c (pcf) 94.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.212

N2.5 322.6 N5 460.2 N10 492.2

CDSS (kPa) 26.96 DSS (kPa) 31.06  (%) 86.8

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

10% montmorillonite with 90% quartz with CSR=0.22 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-419 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-420 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-421 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-422 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-423 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-424 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 10 K 0 Q 90

LL 45 PL 31 PI 14

GS 2.588 CF (%) 9 A 1.556

Description

Wd (g) 98.07 A (ft2) 0.034

Start: 3/27/2014 End: 3/31/2014

H0 (in) 1.00 e0 1.12 d,0 (pcf) 76.1

Hc (in) 0.81 ec 0.71 d,c (pcf) 94.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.235

N2.5 53.5 N5 96.6 N10 111.3

CDSS (kPa) 26.50 DSS (kPa) 31.06  (%) 85.3

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

10% montmorillonite with 90% quartz with CSR=0.24 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-425 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-426 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-427 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-428 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-429 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-430 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 10 K 0 Q 90

LL 45 PL 31 PI 14

GS 2.588 CF (%) 9 A 1.556

Description:

Wd (g) 98.24 A (ft2) 0.034

Start: 3/26/2014 End: 3/27/2014

H0 (in) 1.00 e0 1.12 d,0 (pcf) 76.3

Hc (in) 0.79 ec 0.21 d,c (pcf) 133.1

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.251
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CDSS (kPa) 26.10 DSS (kPa) 31.06  (%) 84.0
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Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
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N2.5, N5, & 
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Number of cycles to 2.5%, 5% and 10% double amplitude 
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Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight
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Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary
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Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

10% montmorillonite with 90% quartz with CSR=0.26 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-431 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-432 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-433 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-434 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-435 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-436 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 10 K 0 Q 90

LL 45 PL 31 PI 14

GS 2.588 CF (%) 9 A 1.556

Description:

Wd (g) 98.15 A (ft2) 0.034

Start: 3/20/2014 End: 3/21/2014

H0 (in) 1.02 e0 1.16 d,0 (pcf) 74.7

Hc (in) 0.80 ec 0.69 d,c (pcf) 95.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.28 CSR 0.271

N2.5 4.5 N5 11.5 N10 15.8

CDSS (kPa) 21.10 DSS (kPa) 31.06  (%) 67.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

10% montmorillonite with 90% quartz with CSR=0.28 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-437 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-438 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-439 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-440 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-441 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-442 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 10 K 0 Q 90

LL 45 PL 31 PI 14

GS 2.588 CF (%) 9 A 1.556

Description:

Wd (g) 90.83 A (ft2) 0.034

Start: 3/21/2014 End: 3/24/2014

H0 (in) 1.00 e0 1.29 d,0 (pcf) 70.5

Hc (in) 0.81 ec 0.86 d,c (pcf) 86.8

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.288

N2.5 5.2 N5 4.9 N10 7.1

CDSS (kPa) 23.32 DSS (kPa) 31.06  (%) 75.1
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CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

10% montmorillonite with 90% quartz with CSR=0.30 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation
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undrained shear strength

Height initially and at end of consolidation
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N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

525



 
Figure B-443 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-444 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-445 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-446 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-447 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-448 Inferred pore pressure during post-cyclic undrained static shearing phase 
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GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 54.91 A (ft2) 0.034

Start: 7/16/2014 End: 7/21/2014

H0 (in) 1.00 e0 2.82 d,0 (pcf) 42.3

Hc (in) 0.73 ec 1.79 d,c (pcf) 57.8

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.188
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Figure B-449 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-450 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-451 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-452 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-453 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-454 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 57.53 A (ft2) 0.034

Start: 8/29/2014 End: 9/9/2014

H0 (in) 1.02 e0 2.64 d,0 (pcf) 44.4

Hc (in) 0.73 ec 1.58 d,c (pcf) 62.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.217

N2.5 1000+ N5 1000+ N10 1000+

CDSS (kPa) 33.72 DSS (kPa) 24.82  (%) 135.9
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Baseline undrained shear strength
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undrained shear strength
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Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
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N2.5, N5, & 
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Number of cycles to 2.5%, 5% and 10% double amplitude 
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Percent of kaolinite by dry weight
Percent of quartz by dry weight
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Initial Properties & Consolidation
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Figure B-455 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-456 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-457 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-458 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-459 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-460 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 56.00 A (ft2) 0.034

Start: 8/25/2014 End: 9/11/2014

H0 (in) 0.98 e0 2.67 d,0 (pcf) 44.1

Hc (in) 0.76 ec 1.83 d,c (pcf) 57.1

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.24 CSR 0.232

N2.5 50.2 N5 285.9 N10 441.2

CDSS (kPa) 34.01 DSS (kPa) 24.82  (%) 137.0
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Initial Properties & Consolidation
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Figure B-461 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-462 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-463 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-464 Stress-strain hysteresis loops during cyclic loading phase 

539



 
Figure B-465 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-466 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 58.59 A (ft2) 0.034

Start: 8/21/2014 End: 8/25/2014

H0 (in) 1.01 e0 2.61 d,0 (pcf) 44.7

Hc (in) 0.76 ec 1.71 d,c (pcf) 59.5

c' (kPa) 100 c' (psi) 14.50
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Initial Properties & Consolidation
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Figure B-467 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-468 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-469 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-470 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-471 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-472 Inferred pore pressure during post-cyclic undrained static shearing phase 

544



M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 55.87 A (ft2) 0.034

Start: 7/21/2014 End: 7/29/2014

H0 (in) 0.99 e0 2.71 d,0 (pcf) 43.5

Hc (in) 0.73 ec 1.75 d,c (pcf) 58.7

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.290

N2.5 0.3 N5 48.3 N10 71.3

CDSS (kPa) 35.55 DSS (kPa) 24.82  (%) 143.2
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undrained shear strength
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Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 
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Dry weight Specimen area
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Percent of kaolinite by dry weight
Percent of quartz by dry weight
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Test Dates:‐
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100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-473 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-474 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 

546



 
Figure B-475 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-476 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-477 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-478 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 55.45 A (ft2) 0.034

Start: 7/29/2014 End: 8/4/2014

H0 (in) 1.03 e0 2.89 d,0 (pcf) 41.5

Hc (in) 0.71 ec 1.66 d,c (pcf) 60.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.32 CSR 0.307

N2.5 6.3 N5 24.1 N10 36.1

CDSS (kPa) 31.17 DSS (kPa) 24.82  (%) 125.6
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Nom. CSR
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Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 
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Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit
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Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report
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20% montmorillonite with 80% quartz with CSR=0.32 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-479 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-480 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-481 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-482 Stress-strain hysteresis loops during cyclic loading phase 
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.  
Figure B-483 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-484 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 55.68 A (ft2) 0.034

Start: 8/4/2014 End: 8/8/2014

H0 (in) 1.00 e0 2.76 d,0 (pcf) 42.9

Hc (in) 0.70 ec 1.64 d,c (pcf) 61.2

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.34 CSR 0.327

N2.5 3.5 N5 13.9 N10 21.9

CDSS (kPa) 34.52 DSS (kPa) 24.82  (%) 139.1

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'
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DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

20% montmorillonite with 80% quartz with CSR=0.34 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-485 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-486 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-487 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-488 Stress-strain hysteresis loops during cyclic loading phase 
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.  
Figure B-489 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-490 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 46.86 A (ft2) 0.034

Start: 8/8/2014 End: 8/14/2014

H0 (in) 0.98 e0 3.38 d,0 (pcf) 36.9

Hc (in) 0.63 ec 1.80 d,c (pcf) 57.7

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.36 CSR 0.339

N2.5 2.4 N5 7.1 N10 11.6

CDSS (kPa) 31.85 DSS (kPa) 24.82  (%) 128.3

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

20% montmorillonite with 80% quartz with CSR=0.36 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-491 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-492 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-493 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-494 Stress-strain hysteresis loops during cyclic loading phase 
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. 
Figure B-495 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-496 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 20 K 0 Q 80

LL 88 PL 29 PI 59

GS 2.588 CF (%) 18 A 3.278

Description:

Wd (g) 56.17 A (ft2) 0.034

Start: 8/14/2014 End: 8/21/2014

H0 (in) 0.99 e0 2.69 d,0 (pcf) 43.7

Hc (in) 0.67 ec 1.51 d,c (pcf) 64.2

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.34 CSR 0.357

N2.5 2.8 N5 8.2 N10 12.4

CDSS (kPa) 42.71 DSS (kPa) 24.82  (%) 172.1

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

20% montmorillonite with 80% quartz with CSR=0.38 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-497 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-498 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-499 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-500 Stress-strain hysteresis loops during cyclic loading phase 
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. 
Figure B-501 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-502 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 30 K 0 Q 70

LL 134 PL 36 PI 98

GS 2.624 CF (%) 27 A 3.630

Description:

Wd (g) 41.48 A (ft2) 0.034

Start: 1/15/2015 End: 1/23/2015

H0 (in) 1.00 e0 4.09 d,0 (pcf) 32.2

Hc (in) 0.73 ec 2.70 d,c (pcf) 44.2

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.194

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 34.29 DSS (kPa) 35  (%) 98.0

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

1.086% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% montmorillonite with 70% quartz with CSR=0.20 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-503 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-504 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-505 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-506 Stress-strain hysteresis loops during cyclic loading phase 
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.  
Figure B-507 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-508 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 30 K 0 Q 70

LL 134 PL 36 PI 98

GS 2.624 CF (%) 27 A 3.630

Description:

Wd (g) 41.32 A (ft2) 0.034

Start: 2/17/2015 End: 3/2/2015

H0 (in) 1.00 e0 4.11 d,0 (pcf) 32.1

Hc (in) 0.75 ec 2.84 d,c (pcf) 42.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.24 CSR 0.231

N2.5 14.1 N5 26.2 N10 29.7

CDSS (kPa) 29.74 DSS (kPa) 35  (%) 85.0

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% montmorillonite with 70% quartz with CSR=0.24 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-509 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-510 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-511 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-512 Stress-strain hysteresis loops during cyclic loading phase 
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. 
Figure B-513 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-514 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 30 K 0 Q 70

LL 134 PL 36 PI 98

GS 2.624 CF (%) 27 A 3.630

Description:

Wd (g) 37.41 A (ft2) 0.034

Start: 2/15/2015 End: 2/17/2015

H0 (in) 1.02 e0 4.75 d,0 (pcf) 28.5

Hc (in) 0.51 ec 1.87 d,c (pcf) 57.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.26 CSR 0.250

N2.5 4.5 N5 26.0 N10 51.9

CDSS (kPa) 31.45 DSS (kPa) 35  (%) 89.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% montmorillonite with 70% quartz with CSR=0.26 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-515 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-516 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-517 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-518 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-519 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-520 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 30 K 0 Q 70

LL 134 PL 36 PI 98

GS 2.624 CF (%) 27 A 3.630

Description:

Wd (g) 41.28 A (ft2) 0.034

Start: 1/23/2015 End: 1/29/2015

H0 (in) 1.00 e0 4.11 d,0 (pcf) 32.0

Hc (in) 0.72 ec 2.67 d,c (pcf) 44.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.282

N2.5 3.6 N5 63.3 N10 153.0

CDSS (kPa) 34.41 DSS (kPa) 35  (%) 98.3

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% montmorillonite with 70% quartz with CSR=0.30 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-521 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-522 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-523 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-524 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-525 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-526 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 30 K 0 Q 70

LL 134 PL 36 PI 98

GS 2.624 CF (%) 27 A 3.630

Description:

Wd (g) 41.52 A (ft2) 0.034

Start: 1/29/2015 End: 2/5/2015

H0 (in) 1.02 e0 4.18 d,0 (pcf) 31.6

Hc (in) 0.78 ec 2.94 d,c (pcf) 41.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.34 CSR 0.325

N2.5 2.3 N5 47.8 N10 168.1

CDSS (kPa) 34.29 DSS (kPa) 35  (%) 98.0

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

30% montmorillonite with 70% quartz with CSR=0.34 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-527 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-528 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-529 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-530 Stress-strain hysteresis loops during cyclic loading phase 
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.  
Figure B-531 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-532 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 30 K 0 Q 70

LL 134 PL 36 PI 98

GS 2.624 CF (%) 27 A 3.630

Description:

Wd (g) 41.77 A (ft2) 0.034

Start: 2/5/2015 End: 2/9/2015

H0 (in) 0.98 e0 3.95 d,0 (pcf) 33.1

Hc (in) 0.79 ec 2.97 d,c (pcf) 41.2

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.38 CSR 0.363

N2.5 1.8 N5 3.5 N10 12.7

CDSS (kPa) 31.96 DSS (kPa) 35  (%) 91.3

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Baseline undrained shear strength

Cyclic Simple Shear Test Report

Sample Composition

30% montmorillonite with 70% quartz with CSR=0.38 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Liquid limit Plastic limit

Nominal cyclic stress ratio

Void ratio initially and at end of consolidation
Dry unit weight initially and at end of consolidation

Consolidation pressure
N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Post‐cyclic undrained shear strength

Dry weight Specimen area

Height initially and at end of consolidation

Percent of quartz by dry weight

Plasticity index Specific Gravity
Clay fraction Activity

Percent of kaolinite by dry weight
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Figure B-533 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-534 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-535 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-536 Stress-strain hysteresis loops during cyclic loading phase 

587



 
Figure B-537 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-538 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 50 K 0 Q 50

LL 209 PL 29 PI 180

GS 2.66 CF (%) 45 A 4.000

Description:

Wd (g) 27.93 A (ft2) 0.034

Start: 3/23/2015 End: 3/30/2015

H0 (in) 1.00 e0 6.55 d,0 (pcf) 22.0

Hc (in) 0.74 ec 4.56 d,c (pcf) 29.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.22 CSR 0.216

N2.5 19.8 N5 396.5 N10 500+

CDSS (kPa) 29.23 DSS (kPa) 33  (%) 88.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

5.479% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

50% montmorillonite with 50% quartz with CSR=0.22 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation

589



 
Figure B-539 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-540 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-541 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-542 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-543 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-544 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 50 K 0 Q 50

LL 209 PL 29 PI 180

GS 2.66 CF (%) 45 A 4.000

Description:

Wd (g) 29.96 A (ft2) 0.034

Start: 3/30/2015 End: 4/3/2015

H0 (in) 1.00 e0 6.04 d,0 (pcf) 23.6

Hc (in) 0.75 ec 4.28 d,c (pcf) 31.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.24 CSR 0.232

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 39.36 DSS (kPa) 35  (%) 112.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

1.846% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

50% montmorillonite with 50% quartz with CSR=0.24 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-545 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-546 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-547 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-548 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-549 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-550 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 50 K 0 Q 50

LL 209 PL 29 PI 180

GS 2.66 CF (%) 45 A 4.000

Description:

Wd (g) 29.88 A (ft2) 0.034

Start: 4/3/2015 End: 4/8/2015

H0 (in) 0.98 e0 5.92 d,0 (pcf) 24.0

Hc (in) 0.78 ec 4.54 d,c (pcf) 30.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.25 CSR 0.240

N2.5 5.3 N5 500+ N10 500+

CDSS (kPa) 30.82 DSS (kPa) 33  (%) 93.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Baseline undrained shear strength

Cyclic Simple Shear Test Report

Sample Composition

50% montmorillonite with 50% quartz with CSR=0.25 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

4.617% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Liquid limit Plastic limit

Nominal cyclic stress ratio

Void ratio initially and at end of consolidation
Dry unit weight initially and at end of consolidation

Consolidation pressure
N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double 
amplitude shear strains

Post‐cyclic undrained shear strength

Dry weight Specimen area

Height initially and at end of consolidation

Percent of quartz by dry weight

Plasticity index Specific Gravity
Clay fraction Activity

Percent of kaolinite by dry weight
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Figure B-551 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-552 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-553 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-554 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-555 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-556 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 50 K 0 Q 50

LL 209 PL 29 PI 180

GS 2.66 CF (%) 45 A 4.000

Description:

Wd (g) 25.28 A (ft2) 0.034

Start: 3/10/2015 End: 3/23/2015

H0 (in) 1.00 e0 7.34 d,0 (pcf) 19.9

Hc (in) 0.61 ec 4.11 d,c (pcf) 32.5

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.26 CSR 0.249

N2.5 4.8 N5 54.2 N10 62.1

CDSS (kPa) 28.66 DSS (kPa) 33  (%) 86.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

50% montmorillonite with 50% quartz with CSR=0.26 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-557 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-558 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-559 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-560 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-561 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-562 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 50 K 0 Q 50

LL 209 PL 29 PI 180

GS 2.66 CF (%) 45 A 4.000

Description:

Wd (g) 27.26 A (ft2) 0.034

Start: 3/2/2015 End: 3/10/2015

H0 (in) 1.01 e0 6.82 d,0 (pcf) 21.2

Hc (in) 0.69 ec 4.35 d,c (pcf) 31.0

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.274

N2.5 1.8 N5 3.2 N10 6.4

CDSS (kPa) 26.05 DSS (kPa) 33  (%) 78.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

50% montmorillonite with 50% quartz with CSR=0.30 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-563 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-564 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-565 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-566 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-567 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-568 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 70 K 0 Q 30

LL 304 PL 42 PI 262

GS 2.696 CF (%) 63 A 4.159

Description:

Wd (g) 21.69 A (ft2) 0.034

Start: 4/27/2015 End: 5/3/2015

H0 (in) 0.99 e0 8.89 d,0 (pcf) 17.0

Hc (in) 0.64 ec 5.40 d,c (pcf) 26.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.26 CSR 0.248

N2.5 1.9 N5 14.4 N10 58.6

CDSS (kPa) 30.37 DSS (kPa) 32  (%) 94.9

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

70% montmorillonite with 30% quartz with CSR=0.26 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-569 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-570 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-571 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-572 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-573 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-574 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 70 K 0 Q 30

LL 304 PL 42 PI 262

GS 2.696 CF (%) 63 A 4.159

Description:

Wd (g) 21.96 A (ft2) 0.034

Start: 4/20/2015 End: 4/27/2015

H0 (in) 1.02 e0 8.87 d,0 (pcf) 17.0

Hc (in) 0.64 ec 5.10 d,c (pcf) 27.6

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.28 CSR 0.271

N2.5 3.0 N5 73.9 N10 158.0

CDSS (kPa) 32.13 DSS (kPa) 32  (%) 100.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

70% montmorillonite with 30% quartz with CSR=0.28 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-575 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-576 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-577 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-578 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-579 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-580 Inferred pore pressure during post-cyclic undrained static shearing phase 

616



M 70 K 0 Q 30

LL 304 PL 42 PI 262

GS 2.696 CF (%) 63 A 4.159

Description:

Wd (g) 21.96 A (ft2) 0.034

Start: 4/8/2015 End: 4/20/2015

H0 (in) 1.00 e0 8.87 d,0 (pcf) 17.0

Hc (in) 0.62 ec 5.16 d,c (pcf) 27.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.289

N2.5 2.7 N5 42.4 N10 123.0

CDSS (kPa) 31.56 DSS (kPa) 32  (%) 98.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

70% montmorillonite with 30% quartz with CSR=0.30 at 
100 kPa (14.5 psi) consolidation stress

Initial Properties & Consolidation
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Figure B-581 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-582 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-583 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-584 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-585 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-586 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 100 K 0 Q 0

LL 486 PL 55 PI 431

GS 2.75 CF (%) 90 A 4.789

Description:

Wd (g) 13.22 A (ft2) 0.034

Start: 6/12/2014 End: 6/23/2014

H0 (in) 1.00 e0 15.72 d,0 (pcf) 10.3

Hc (in) 0.50 ec 7.43 d,c (pcf) 20.4

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.18 CSR 0.175

N2.5 500+ N5 500+ N10 500+

CDSS (kPa) 36.46 DSS (kPa) 18.45  (%) 197.6

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains

Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity

Test Dates:‐

Testing Parameters & Result Summary

0.535% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight

Cyclic Simple Shear Test Report

Sample Composition

100% montmorillonite with CSR=0.18 at 100 kPa (14.5 
psi) consolidation stress

Initial Properties & Consolidation
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Figure B-587 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-588 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-589 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-590 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-591 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-592 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 100 K 0 Q 0

LL 486 PL 55 PI 431

GS 2.75 CF (%) 90 A 4.789

Description:

Wd (g) 12.20 A (ft2) 0.034

Start: 4/24/2014 End: 5/9/2014

H0 (in) 1.02 e0 17.49 d,0 (pcf) 9.3

Hc (in) 0.41 ec 6.35 d,c (pcf) 23.3

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.2 CSR 0.194

N2.5 15.6 N5 500+ N10 500+

CDSS (kPa) 25.65 DSS (kPa) 18.45  (%) 139.0

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Cyclic Simple Shear Test Report

Sample Composition

100% montmorillonite with CSR=0.20 at 100 kPa (14.5 
psi) consolidation stress

Initial Properties & Consolidation

Test Dates:‐

Testing Parameters & Result Summary

3.303% double amplitude shear strain at end of cyclic 
loading phase

Notation

Percent of montmorillonite by dry weight
Percent of kaolinite by dry weight
Percent of quartz by dry weight

Liquid limit Plastic limit

Plasticity index Specific Gravity
Clay fraction Activity

Dry weight Specimen area
Nominal cyclic stress ratio

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength

Height initially and at end of consolidation
Void ratio initially and at end of consolidation

Dry unit weight initially and at end of consolidation
Consolidation pressure

N2.5, N5, & 

N10

Number of cycles to 2.5%, 5% and 10% double amplitude 
shear strains
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Figure B-593 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-594 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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.  
Figure B-595 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-596 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-597 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-598 Inferred pore pressure during post-cyclic undrained static shearing phase 
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M 100 K 0 Q 0

LL 486 PL 55 PI 431

GS 2.75 CF (%) 90 A 4.789

Description:

Wd (g) 15.99 A (ft2) 0.034

Start: 4/14/2014 End: 4/24/2014

H0 (in) 1.00 e0 12.83 d,0 (pcf) 12.4

Hc (in) 0.66 ec 8.07 d,c (pcf) 18.9

c' (kPa) 100 c' (psi) 14.50

Nom. CSR 0.3 CSR 0.208

N2.5 76.6 N5 500+ N10 500+

CDSS (kPa) 29.23 DSS (kPa) 18.45  (%) 158.4

Remarks:

M

K

Q

LL PL

PI GS

CF (%) A

Wd (g) A (ft2)

Nom. CSR

H0 and Hc

e0 and ec

d,0 and d,0
c'

CDSS
DSS

Post‐cyclic undrained shear strength
Baseline undrained shear strength


Degradation ratio; ratio of post‐cyclic to baseline 

undrained shear strength
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Figure B-599 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-600 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-601 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-602 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-603 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-604 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-605 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-606 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-607 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-608 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-609 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-610 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-611 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-612 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-613 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-614 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-615 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-616 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-617 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-618 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-619 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-620 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-621 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-622 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-623 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-624 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-625 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-626 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-627 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-628 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-629 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-630 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-631 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-632 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-633 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-634 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-635 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-636 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-637 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-638 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-639 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-640 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-641 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-642 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-643 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-644 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-645 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-646 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-647 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-648 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-649 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-650 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-651 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-652 Inferred pore pressure during post-cyclic undrained static shearing phase 
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Figure B-653 Cumulative axial strain versus time on a logarithmic scale curves for all 

three consolidation pressures 

 
Figure B-654 Comparison of consolidation curves from cyclic simple shear to that 

measured in Tiwari and Ajmera (2011) for the same sample at the same 
initial moisture content in an oedometer 
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Figure B-655 Applied cyclic stress, recorded effective vertical stress and inferred pore 

pressure during the cyclic loading phase 

 
Figure B-656 Stress-strain hysteresis loops during cyclic loading phase 
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Figure B-657 Shear stress versus shear strain during post-cyclic undrained static shearing 

phase 

 
Figure B-658 Inferred pore pressure during post-cyclic undrained static shearing phase 
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