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ABSTRACT 

 

Several earth fill water-ǊŜǘŀƛƴƛƴƎ ŘŀƳǎ ǘƘŀǘ ǿŜǊŜ ŎƻƴǎǘǊǳŎǘŜŘ ƛƴ ǘƘŜ мфрлΩǎ ƛƴ /ŀƴŀŘŀ ŀǊŜ ǎǘƛƭƭ 

operating at hydroelectric power generating stations. Stability of these structures is critical in maintaining 

their serviceability as well as the safety of surrounding areas. One of the dams in Canada, which was 

performing satisfactorily for over 50 years, exhibited significant deformation in the upstream side. 

Investigation revealed that the loss of soil shear strength was brought by creep movement occurring over 

the service life of the dam. However, analysis from an earlier study was unable to simulate the strain 

softening of the soil coupled with time-dependent creep movement. The Time-dependent Model for 

Structured soils (TMS) developed by Kalos (2014) was proposed to be used to address this. It is an 

incremental plasticity time-dependent constitutive model based on the Modified Cam Clay model and 

PerzynaΩs Overstress Theory. It incorporates the principles of critical state soil plasticity which can 

systematically emulate the primary, secondary and tertiary creep phases under increasing stress levels 

both in drained and undrained conditions.  

Necessary laboratory works and calibrations were done to determine all the parameters required 

in TMS.  Analytical models of CBBD2 and CBBD4 were calibrated based on the observed deformations at 

the site using TMS to simulate the soil behavior. The results of the calibration illustrated the strain 

softening of the clay material, as well as the accumulation of significant strains which defined the slip 

surfaces. Two slip surfaces were observed to form, both on the upstream and downstream side of the clay 

core at the interface with the rockfill. Results of a separate earlier study generally agree with the existence 

of the shallow upstream slip surface in the structure. The development of the secondary slip surface at 

the downstream side of the clay core provides new knowledge on the creeping behavior of the material.  

Assessment of CBBD4 indicated that there is potentially significant presence of shear strains at 

the clay core at the present time which could lead to instability of the structure. Field measurements are 
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needed to be conducted to validate the findings, and if needed, mitigating measures must be done to 

prevent excessive movement of the dam. 

The results of the analyses demonstrated that TMS is capable of simulating the creep behavior 

over long periods of time. However, the post-failure deformations were not reproduced well in the model 

which indicates the limitations of the constitutive model. Even so, the results were able to shed light on 

the clay material behavior, in terms of strain accumulation, leading up to slope instability.    
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Chapter 1 INTRODUCTION 

 

This research work is a continuation of the previous study conducted by Ubay (2020) on seven earth fill 

water-retaining dams in Canada as part of her dissertation. One of the structures that was part of the 

study experienced excessive displacements on the upstream side after operating for more than 50 years. 

It was surmised from the analysis that creeping of the clay material seemed to be the likely reason of the 

instability. Ubay performed a time-dependent creep deformation analysis using Soft Soil Creep (SSC) 

model with clay strength parameters between the post-peak and residual shear strengths. The results 

were able to reproduce the observed deformations which proved the validity of the hypothesis of Ubay. 

However, it was noted that SSC lacks the capability of a fully coupled time-rate-dependent analysis. 

Moreover, creep parameters were obtained from oedometer tests. This paper aims to use Time-

dependent Model for Structured soils (TMS) in simulating the soil behavior to make up for the 

shortcoming of the SSC constitutive model and obtain soil strength parameters using a triaxial test setup 

which might be more appropriate for creep-induced deformation.   

  

1.1 Brief Description of the Research Area 

The seven (7) earth fill water-retaining dams from the work of Ubay (2020) will be referred to as WD, 

EF, MFLED, MFRED, CBMD, CBBD2, and CBBD4 as per request by the dam operators and owners to 

maintain the confidentiality of these facilities. CBBD2 exhibited significant deformations in the upstream 

side after operating satisfactorily for more than 50 years. Immediate investigation on the potential cause 

of the slope movement and remedial measures were done. Detailed description on the different 

characteristics of the dams can be found in the work of Ubay (2020). For this research, only CBBD2 and 

CBBD4 were analyzed.  
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1.2 Brief Description of the Constitutive Model 

The Time-dependent Model for Structured soils (TMS) was developed by Kalos (2014) as part of his 

dissertation. The constitutive model was based on the Modified Cam Clay model wherein it incorporates 

the principles of critical state soil plasticity to simulate the incremental time-dependent plasticity behavior 

of the soil. TMS can systematically emulate the primary, secondary, and tertiary creep phases under 

increasing stress levels both in drained and undrained conditions. 

 

1.3 Research Hypothesis 

The observed delayed instability in CBBD2 could have been triggered by the material strength 

degradation resulting from creep shear strains, particularly in the clay core and blanket. The 

implementation of TMS in numerical modelling to simulate the soil behavior would provide crucial insight 

to the mechanisms leading to creep-induced deformation of the dam.   

 

1.4 Research Objectives 

To verify the hypothesis of this research, a numerical model based on TMS shall be implemented to 

simulate the soil behavior leading to the delayed slope movement of CBBD2. The results would also be 

used to verify the stability of CBBD4. To attain these objectives, the study has been separated into two 

(2) main phases: laboratory testing and numerical modelling. Specifically, the research aims to: 

¶ Determine necessary soil parameters describing the strength and deformation characteristics 

of the collected soil samples by performing laboratory triaxial testing; 

¶ Calibrate a numerical model using the commercially available finite element computer 

software ABAQUS based on the observed deformation in CBBD2, and the parameters 

determined from the laboratory test; and, 
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¶ Evaluate the stability of CBBD4, which is the next critical structure based on the results of 

Ubay (2020). 

 

1.5 Significant Contribution 

Understanding on the creep-induced deformations of aging earth fill dams can be obtained from this 

research ς considering that there are several of these throughout Canada. The behavior of the selected 

dams could provide significant insight which would allow the development of preventive procedures for 

new constructions, and remedial measures for existing earth fill dams that no longer satisfy the long-term 

dam safety requirements. 

Typically, creep analysis of earth dams via finite element method is difficult to perform due to the 

limitations of the available constitutive models in commercially available software. The results of this 

study could verify the applicability of TMS in simulating the creep behavior of soil on earth fill dams. 

Accurate prediction would allow proper planning and implementation of in-situ monitoring, as well as the 

creation of contingency measures, if necessary. 

 

1.6 Organization of Thesis 

Following this introductory chapter, Chapter 2 presents the review of related literature. Chapter 3 

discusses the laboratory test results on the collected specimens. Chapter 4 contains the results of the 

calibration of the destructuring variables, and Chapter 5 presents the numerical modelling to assess the 

aging earthfill dams discussed in this research. Chapter 6 discusses the research findings and conclusions, 

as well as recommendations for future work. Appendices contain the supplementary information for this 

research.  
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Chapter 2 LITERATURE REVIEW 

 

Related studies are presented in this chapter which aid in the conception of the framework of this 

research. The work of Ubay (2020) presents crucial understanding in the potential causes of the delayed 

slope instability observed in CBBD2. The studies on other constitutive models, as well as the work of Kalos 

(2014), would provide the necessary background in understanding the TMS which would be used in the 

simulation of the creep behavior of the soil.    

 

2.1 Previous Geotechnical Investigation Work 

As mentioned in the previous chapter, this is a continuation of the work of Ubay (2020). Three 

potential causes of the delayed instability were noted in the research in CBBD2, which are: 

¶ The repeated freezing-thawing and wetting-drying over the years could have deteriorated the 

dam materials to the point of instability; 

¶ The leaching of naturally occurring cementing agent (gypsum) from the clay material due to 

water flow compromised the stability of the dam; and lastly, 

¶ The clay used for the core and blanket of the dam lost its structural integrity due to creeping. 

The results of her work would be generally discussed in the succeeding sections of this chapter to provide 

a background on the potential cause of the delayed instability observed in CBBD2. Detailed information 

of her findings is available in her work (Ubay, 2020).  

 

2.1.1 Environmental Loading 

Repeated environmental loading over time would result to the development of fissures within the 

soil. These fissures would serve as weak points of the structure leading to the inevitable deformation of 
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the dam (Vitone et al., 2009). Applied load on fissure planes would produce polished surfaces which would 

indicate the sliding of soil masses on top of each other.  

Inspection of the soil specimen from CBBD2 indicated that fissures and polished surfaces were 

present at different locations which has varying sizes and orientations (Ubay, 2020). However, these 

polished surfaces were observed not to be interconnected, thereby, unable to generate a failure surface. 

It is possible that the borrowed soil was already heavily fissured before being used in the site. The 

compaction during construction could have produced the localized slickensides along these fissures which 

created the polished surfaces (Ubay, 2020). Another possible explanation to this finding would be that the 

water trapped within the fissures, before being used at the site, smoothened the contact surface over 

time. Ubay (2020) noted that further compaction of the borrowed material and creep movement would 

possibly increase the intensity of polishing of the unconnected slickensides. The findings made it seem 

unlikely that the repeated environmental loading through the years was the main cause of the instability 

in CBBD2. 

 

2.1.2 Gypsum Leaching 

In a study by Garinger et al., (2004), it was found that soil specimens with depleted gypsum 

content experienced strain-softening at less than 5% strain. Whereas gypsum-rich soil specimens 

underwent strain-softening after 13% strain (Man et al., 2011). Based on these, it would seem that the 

absence of gypsum in clay would result to the increased brittleness of the material.  

The soil specimens extracted from CBBD2 lack any gypsum nodules (Ubay, 2020). Analysis by an 

electron microscope revealed no traces of gypsum from the recovered sample. Instead, quartz, feldspar, 

and dolomite were present which are typically found in silt. This finding indicated that the gypsum was 
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not present in the clay material to begin with, and that its leaching was not the cause of the of the delayed 

deformation in CBBD2. 

 

2.1.3 Creep Deformation 

Soils experiencing constant overburden pressure or structural load for long periods of time tend 

to settle or consolidate. This time-dependent settlement can be categorized into primary consolidation 

and secondary compression or creep. Primary consolidation is the settlement resulting from the gradual 

dissipation of excess pore water pressure that was generated during the placement of the load on the 

soil. Creep (secondary compression) deformation occurs at a constant effective stress either after the 

completion of the primary consolidation, or simultaneously during the primary consolidation.  

Creep can be broken down into three stages, namely, primary, secondary, and tertiary creep. 

During primary creep or reduced creep, the rate of deformation reduces over time which results to a 

slowing of the accumulation of creep-induced strains (Altenbach and Naumenko, 2007). Secondary creep 

or stationary creep starts after this stage with sufficient loading wherein the creep rate stays constant for 

a significant amount of time. Tertiary creep or accelerated creep is achieved if the stress on the material 

is enough to induce it. The rate of accumulation of strains increases at this stage which leads to the 

eventual failure of the soil (Altenbach and Naumenko, 2007). Shown in Figure 2.1 is an illustration of the 

different stages of creep. 
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Figure 2.1. Creep Curve; I ς Primary Creep, II ς Secondary Creep, III ς Tertiary Creep (Altenbach and 

Naumenko, 2007) 

Necessary laboratory tests were done in the work of Ubay (2020) to determine the shear strength 

parameters of the clay materials in CBBD2. These results were then used as input in the numerical 

modelling which makes use of the Soft Soil Creep (SSC) constitutive model to simulate the reaction of the 

soil material under load. Results indicated that using the average shear strength values between the post-

peak and residual state of the soil would reproduce the observed deformation and stability condition in 

CBBD2 (Ubay, 2020). Using this calibrated model, Ubay was able to assess the stability of the other earth 

fill dams considered in her research. All of the remaining dams, except CBBD4, had a factor of safety (FS) 

larger than 1.0 but less than 1.5 which is the minimum value required for long-term stability of these 

facilities considering creep according to the Canadian Dam Association (CDA). The analysis on CBBD4 

yielded an FS value of 1.0 which indicate an impending instability of the structure.  

The numerical analyses of the dams showed favorable results, however, it was noted that this was 

limited due to the sequential assessment wherein the degradation of the shear strength of the soil due to 

creep was only induced prior to the calculation of the FS of the state of the structure at the time (Ubay, 
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2020). This means that the effect of creep was not taken into consideration over the service life of the 

structure ς it may be possible that creep effects have developed earlier on. As such, using the TMS 

developed by Kalos (2014) is a promising approach since it is a more rigorous fully coupled constitutive 

model which could simulate strength degradation due to creep over time. This constitutive model is 

discussed in the following sections of this paper.  

 

2.2 Time-dependent Model for Structured Soils (TMS)  

The shortcoming of the SSC constitutive model in analyzing creep effects over the service life of the 

structure can be potentially addressed by TMS since it can perform a coupled analysis by systematically 

emulating the different creep phases under increasing stress levels both in drained and undrained 

conditions. TMS is based on the principles of Modified Cam Clay (MCC) and the overstress postulate 

ǇǊƻǇƻǎŜŘ ōȅ tŜǊȊȅƴŀ ƛƴ Ƙƛǎ ǿƻǊƪ ƛƴ мфсо ŀƴŘ мфссΦ hǊƛƎƛƴŀƭƭȅΣ tŜǊȊȅƴŀΩǎ ǘƘŜƻǊȅ ǿŀǎ ƛƴǘŜƴŘŜŘ ǘƻ ŘŜǎŎǊƛōŜ 

the time-dependent behavior of metals. The mathematical formulation of the theory and the resemblance 

of metal behavior to soil allowed its application to be extended to geomaterials. The succeeding sections 

of this chapter discusses the underlying theory used in TMS. 

 

2.2.1 Mechanical Behavior of Geomaterials 

Geomaterials can be classified as either structured or structureless based on the mechanical 

behavior (Kalos, 2014). Structured soils are natural soils which has undergone cementation, aging, or 

preconsolidation (Belokas and Kavvadas, 2011). The structure existing within the soil matrix increases the 

strength and size of the stress domain in which the soil exhibits stiff behavior (Leroueil and Vaughan, 

1990). Stress history and bonding induces the creation of structure within the soil. The stress history gives 
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ǘƘŜ άƳŜƳƻǊȅέ of the past loads that the soil experienced, which in turn governs its mechanical response. 

Bonding induces the growth of interparticle resistance which makes the soil stronger (Kalos, 2014). The 

structureless state is achieved when a structured soil is subjected to sufficient strains (Leroueil and 

Vaughan, 1990). Therefore, constitutive modelling of structured soils requires the knowledge of the 

structureless state which is the reference state of the material (Belokas and Kavvadas, 2011).   

 Soils in a structureless state can be described by only using the current specific volume and 

current effective stress (Belokas and Kavvadas, 2011). The strength of the soil in this state is solely 

dependent on the interlocking of the soil particles (Kalos, 2014). Burland (1990) described the 

structureless state of the soil as intrinsic which indicates that the material has no bonding, and all of the 

stress history memory is removed. The intrinsic state of the soil can be achieved by reconstituting the soil 

sample at a water content between wL and 1.5wL, where wL is the liquid limit, and then consolidated under 

one-dimensional condition at a large vertical effective stress (> 1 MPa) (Belokas and Kavvadas, 2011; 

Burland, 1990).  

The locus of the structureless states represents a limiting state of the structured soils (i.e., 

minimum point to which the soil strength can decrease) which provides significant insight in the 

constitutive modelling of structured soils (Belokas and Kavvadas, 2011). 

 

2.2.2 Characteristic Surfaces 

The following characteristic surfaces are incorporated in the formulation of TMS to describe the 

strength degradation of the material: 

¶ Intrinsic Strength Envelope (ISE) 

¶ Structure Strength Envelope (SSE) 

¶ Plastic Yield Envelope (PYE) 
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These surfaces are defined in the mean effective stress (sm) and deviatoric stress tensor (s) 

hyperplane to give a generalized framework which eliminates the back-and-forth rotation of the stress 

and strain tensors to the principal stress space (Kalos, 2014). Illustrated in Figure 2.2 is the graphical 

representation of these surfaces in the sm-s space which are described by the following tensorial 

expressions: 

„  ḳὴ  
ρ

σ
„  (2.1) 

 

ί Ɑ   „ ϽὍ (2.2) 
 

 
Figure 2.2. Graphical Representation of the Characteristic Surfaces (Kalos, 2014) 

 

2.2.2.1 Intrinsic Strength Envelope 

The Intrinsic Strength Envelope (ISE) contains all the structureless states of the soil after 

substantial strains have accumulated (Kalos, 2014). It is used in the constitutive model as a reference for 

the destructuring mechanism of the soil. The following equation below describes the characteristic 

surface: 

Ὂᶻ„ȟὥᶻȟὧ  
ρ

ὧ
Ͻίȡί „  ὥᶻ ὥᶻ π  (2.3) 
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Where a* is the half-size if ISE along the hydrostatic axis (sm) and c denotes the inclination of the 

Critical State Cone (CSC) as shown in Figure 2.3 which is the representation of the Critical State Line in the 

stress hyper plane. The anisotropy is considered to be non-existent within this space due to the chaotic 

distribution and orientation of the soil particles at the start of failure (Kalos, 2014). The ISE is allowed to 

undergo isotropic hardening by relating a* with the changes in the void ratio and stress state (Kalos, 2014).  

 
Figure 2.3. Graphical Representation of the Intrinsic Strength Envelope (Kalos, 2014) 

 

2.2.2.2 Structure Strength Envelope 

The Structure Strength Envelope (SSE), illustrated in Figure 2.4, is also oriented along the 

hydrostatic axis and contains the available strength of the soil due to bonding formation. In this sense, 

the SSE serves as the upper limit of the material strength and is allowed to degrade until the ISE surface 

only, as this represents the lower limit of the material property (Kalos, 2014). The shape of SSE is 

considered to be similar to ISE, and its center is allowed to translate along the hydrostatic axis by 

magnitude d which accounts for the effect of cementation and thixotropic bonding during isotropic 

compression (Kalos, 2014). Only the secondary anisotropy will be accounted for in this space which is 

s 

s
m
 

c 

a* 

c Ͻ a* 

c 

ISE 



12 
 

defined by the position of the plastic yield envelope within SSE (bond anisotropy is not considered). 

Assuming that primary anisotropy or the offset of the SSE center from the isotropic axis (Kavvadas and 

Amorosi, 2000) is neglected, expression (2.4) describes the SSE surface (where a is the half-size of the 

SSE): 

Ὂᶻ„ȟὥȟὧȟὨ  
ρ

ὧ
Ͻίȡί „ ὥ Ὠ ὥ π (2.4) 

 

 
Figure 2.4. Graphical Representation of the Structure Strength Envelope (Kalos, 2014) 

 

2.2.2.3 Plastic Yield Envelope 

The Plastic Yield Envelope (PYE), shown in Figure 2.5, encloses all purely elastic stress states, 

including viscoelastic stress field, within the SSE. ItΩs size is a fraction of SSE, usually 0.01 to 0.05 of SSE, 

and itΩs center (sL) is controlled by a kinematic hardening law which portrays the recent stress history 

through the secondary anisotropy tensor (Kalos, 2014). The following expression below describes the 

surface of PYE (where ˅ ƛǎ ǘƘŜ Ǌŀǘƛƻ ƻŦ {{9 ǘƻ t¸9): 

Ὂᶻ„ȟ„ȟὥȟὧ  
ρ

ὧ
Ͻί ί ȡί ί „ „ ʊ ὥ π (2.5) 
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Figure 2.5. Graphical Representation of the Plastic Yield Envelope (Kalos, 2014) 

 

2.2.3 tŜǊȊȅƴŀΩǎ hǾŜǊǎǘǊŜǎǎ ¢ƘŜƻǊȅ 

tŜǊȊȅƴŀΩǎ overstress theory (1963, 1966) is a combination of the elastoplasticity theory and time-

dependent behavior of metals. A static yield surface is assumed in the effective stress space in this theory, 

and the stress state is allowed to cross this boundary during a loading increment which results to the 

accumulation of deformations (Perzyna, 1963, 1966). The space within the yield surface is the elastic 

region which is coincidental to the elastic field in elastoplasticity; wherein the deformations are purely 

ŜƭŀǎǘƛŎ ŀƴŘ Ŏŀƴ ōŜ ŘŜŦƛƴŜŘ ōȅ ǘƘŜ ƎŜƴŜǊŀƭƛȊŜŘ IƻƻƪŜΩǎ [ŀǿ (Figure 2.6). Beyond this boundary, the 

elastoviscoplastic region is defined in which Perzyna assumed that the strain rate tensor can be divided 

into elastic (‐) and viscoplastic (‐ ) components:   

‐  ‐ ‐   (2.6) 
 

‐   ‎Ͻ ὊϽ
ЋὫ

Ћ
  (2.7) 
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Figure 2.6Φ DǊŀǇƘƛŎŀƭ wŜǇǊŜǎŜƴǘŀǘƛƻƴ tŜǊȊȅƴŀΩǎ ¢ƘŜƻǊȅ (Kalos, 2014) 

Where is ‎ the fluidity parameter influenced by the material viscosity,  Ὂ is the viscous nucleus 

which controls the time-dependent behavior of the material, F is the overstress function which is the 

distance between the stress state and static surface, g represents the viscoplastic potential function that 

controls the direction of ‐  and incremental strains, and s is the stress tensor. It should be noted that 

the static yield surface can change its shape and position due to the accumulation of viscoplastic strains 

(hardening). This hardening may be defined by the deviatoric viscoplastic strains as shown in equation 

(2.8) or by the viscoplastic work in expression (2.9). Perzyna (1966) suggested that the hardening can be 

described by equation (2.10).  

‐ ϽὩ ȡὩ  ; where evp is the deviatoric viscoplastic strain tensor (2.8) 

 

ὡ ȡ‐ Ὠ† (2.9) 

 

Ὢ„ȟ‐
ὪӶ„

‖‐
ρ (2.10) 
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It is also worth noting that there are several constitutive models developed which extends 

tŜǊȊȅƴŀΩǎ ƻǾŜǊǎǘǊŜǎǎ ǘƘŜƻǊȅ to soil materials that can be found in literature. A brief description of these 

models are provided below: 

¶ !ŘŀŎƘƛ ŀƴŘ hƪŀƴƻΩǎ aƻŘŜƭ (Adachi and Okano, 1974) 

o This model aimed to describe the time-dependent behavior of clays, such as creep, 

stress relaxation, and strain rate, by ŜȄǘŜƴŘƛƴƎ wƻǎŎƻŜΩǎ ŎǊƛǘƛŎŀƭ ǎǘŀǘŜ ŜƴŜǊƎȅ ǘƘŜƻǊȅ 

(Roscoe and Burland, 1968) through the use of the overstress theory to define the 

rate sensitivity of the soil. However, the authors noted that the formulation was 

unsuccessful in fully describing the static deformation process of clay.     

¶ !ŘŀŎƘƛ ŀƴŘ hƪŀΩǎ aƻŘŜƭ (Adachi and Oka, 1982) 

o tŜǊȊȅƴŀΩǎ ǘƘŜƻǊȅ was combined with the classical Cam Clay model through an 

elastoviscoplastic formulation in this model. The Cam Clay criterion was used to 

account for the static yield function which resulted to the use of a strain 

hardening parameter instead of a work hardening parameter described in 

equation (2.9). As a shortcoming, the model fails to describe the undrained 

accelerating creep component, as well as the plastic component of the soil.   

¶ ½ƛŜƴƪƛŜǿƛŎȊΩǎ aƻŘŜƭ (Zienkiewicz et al., 1974, 1975) 

o This model provides insight to the elastoviscoplastic formulation and preliminary 

qualitative observations on the viscous behavior since this framework was among 

the first to ƛƴŎƻǊǇƻǊŀǘŜ tŜǊȊȅƴŀΩǎ ǘƘŜƻǊȅΦ IƻǿŜǾŜǊΣ ƛǘ is unable to accurately 

simulate the plastic and time-dependent behavior of soil due to its inability to 

define the plastic component. 
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¶ YŀǘƻƴŀΩǎ Model (Katona, 1984) 

o A time-dependent plasticity model for rocks and soils was developed based on 

tŜǊȊȅƴŀΩǎ ǿƻǊƪ and the plasticity yield function in the inviscid cap model (Sandler 

et al., 1976). The result was a viscoplastic formulation which can represent the 

time-dependent behavior of geomaterials, such as creep and ground shock. Still, 

the model was unable to accurately represent the tertiary creep component, as 

well as the accumulation of viscous tension deformation. 

¶ YŀǊǎǘǳƴŜƴΩǎ aƻŘŜƭ (Karstunen et al., 2013) 

o The overstress theory was incorporated along with an elliptical yield surface and 

²ƘŜŜƭŜǊΩǎ Ǌƻǘŀǘƛƻƴŀƭ ƘŀǊŘŜƴƛƴƎ ƭŀǿ (Wheeler et al., 2003) in this model. It 

addresses the time-dependent behavior of anisotropic clay through accounting 

for the secondary compression (creep). The shortcoming of this model is that it 

fails to simulate the rapid increase of the viscoplastic strain rate at high stresses 

near failure (tertiary creep). It is also unable to consider failure due to yielding 

without accumulation of substantial creep deformations.    

¶ 5ƛ tǊƛǎŎƻ ŀƴŘ LƳǇƻǎƛƳŀǘƻΩǎ aƻŘŜƭ (Di Prisco and Imposimato, 1996) 

o This model describes the elastoviscoplastic behavior of granular materials by 

using the overstress theory of Perzyna, which was motivated by the observed 

delayed strain response on dry, loose sand. In this formulation, the plastic strains 

were not instantaneous, and the microstructure arrangement was allowed to 

evolve over time. The experimental results were in good agreement with the 

prediction of the developed model for granular soils. 
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2.2.4 Soil Material Behavior 

The material behavior during loading is bounded within the characteristic surfaces described in 

Section 2.2.2. The space within the PYE is occupied by the viscoelastic field where the strain is described 

by the incremental elastic strain (ὨⱠ) and incremental viscous strain (ὨⱠ) components as shown in 

expression (2.11). The viscoelastoplastic region, wherein the incremental plastic strain (ὨⱠ) is present in 

addition to the elastic and viscous components in equation (2.12), exists within the SSE that is outside the 

ISE and PYE and on the boundary of the characteristic surfaces (Figure 2.7). Note that the formulas denote 

the change in strain over time in expressions (2.11) and (2.12).  

ὨⱠ  ὨⱠ ὨⱠ (2.11) 
 

ὨⱠ  ὨⱠ ὨⱠ ὨⱠ  ὨⱠ ὨⱠ  ‐ϽὨὸ (2.12) 
 

 
Figure 2.7. Graphical Representation of the Strain Field within the Characteristic Surfaces (Kalos, 2014) 
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2.2.4.1 Elastic Component 

The elastic component is defined by associating the incremental stress tensor (ὨⱭ) with the 

incremental elastic strain tensor (ὨⱠ) as given by expression (2.13).  

ὨⱭ  ╒ ḊὨⱠ (2.13) 
 

Where Ce in (2.13) is the elastic stiffness tensor defined by poroelasticity which is based on the 

stress-strain paths of soil subjected to isotropic and uniaxial loading, unloading, and reloading. The 

governing equation of poroelasticity is expressed in equation (2.14) by relating the elastic bulk modulus 

(Ke) to the recompression slope (‖) and specific volume (v). The formula tends to predict non-zero values 

along a full loading cycle which makes it a conservative approach. The elastic shear modulus (Ge) can be 

related to the elastic bulk modulus ōȅ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ ŀǎ ƛƴŘƛŎŀǘŜŘ ƛƴ expression (2.15). 

ὑ  
Ö

‖
ϽⱭ (2.14) 
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2.2.4.2 Plastic Component 

The plastic component of the strain is defined by the plastic flow rule and is described through 

expression (2.16), where P is the plastic potential tensor which controls the size of the plastic strain tensor 

and ὨΏ is the scalar quantity expressing the magnitude of the plastic strain tensor which will be further 

discussed in Section 2.2.6. Parameter P can be described by the volumetric (P) and deviatoric (tΩ) 

components of equation (2.17).  

ὨⱠ ὨΏϽ╟ (2.16) 
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╟
ρ

σ
ϽὖϽ╘ ╟ᴂ  (2.17) 

 

An associated flow rule is implemented in the formulation wherein P is set equal to the gradient 

of the PYE (Q). The gradient can be decomposed into of the volumetric (Q) and deviatoric (vΩ) 

components, similar to P, as shown in expression (2.18) to (2.20).  
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2.2.4.3 Viscous Component 

The viscous strain is composed of volumetric and deviatoric deformations which can be observed 

in standard oedometer and triaxial tests, respectively. Viscous volumetric strains (‐) tend to increase the 

strength of soil by developing the pre-consolidation condition (Kavvadas and Kalos, 2019). However, this 

causes structure degradation in highly expansive soils and some weak rocks. The evolution of ‐ is 

described by the semi-logarithmic creep formula using the specific volume (v) and secondary compression 

coefficient ‪  as illustrated in equation (2.21). The formula is valid for t > t0, where t0 is the 

reference time for the start of creep. TMS also assumes that ‐ accumulates at all stress fields by 

simultaneously laying on the SSE and PYE (Kalos, 2014).  

‐
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The viscous deviatoric component (‐) on the other hand, tend to degrade the material structure 

similar to the deformations caused by plastic strains in inviscid structured soils (Kavvadas and Kalos, 2019). 

Deviatoric strains accumulate until creep failure is achieved once high shear stress levels are applied to 

the soil specimen (Kalos, 2014). The primary and secondary deviatoric creep strains are described by the 

Singh-Mitchell formula in expressions (2.22) and (2.23). Singh-Mitchell parameter A controls the measure 

of the viscous deviatoric strains, ὥ portrays the stress intensity effect on creep rate, and m defines the 

speed of strain rate increase with time. Parameter D is the stress ratio which measures the overstress 

distance as defined in equation (2.24) and Figure 2.8. The parameter r is a material constant employed to 

achieve faster creep shear strain rates at high shear stress levels (Kavvadas and Kalos, 2019).    

‐
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Figure 2.8. Graphical Representation of the Stress States for D (Kalos, 2014) 

2.2.5 Structure Hardening Rules 

The position and shape of SSE and PYE is controlled by hardening rules (Kalos, 2014). Isotropic 

hardening law is applied to define the size of SSE, and subsequently, the PYE size through the 

proportionality ratio ˅ Φ Kinematic hardening rules define the position of these characteristic surfaces, as 

well as the slope (c) of the Critical State Cone in the stress hyperplane (Kalos, 2014).    

 

2.2.5.1 Isotropic Hardening 

The half-size a of the SSE is treated as a hardening parameter which evolves with the accumulation 

of plastic and viscous strains (Kalos, 2014). The SSE is only allowed to degrade until the ISE as mentioned 

in Section 2.2.2.2. As such, the half-size of SSE can be related to the half-size of the ISE (a*) through the 

structure ratio B as shown in expression (2.25). The parameter B is similar to the over-consolidation ratio 

in this sense (Kavvadas and Kalos, 2019).    

ὥ ὄϽὥᶻ (2.25) 
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The structure ratio undergoes gradual degradation from an initial value (B0) to a residual value 

(Bres) when the material is subjected to large strains, resulting to the complete destructuring of the soil 

(Kalos, 2014). Bres can be set to a value of 1 which indicates that SSE has degraded to the ISE, or it can have 

a value of slightly above 1 to account for any chemical, biological, or thixotropic bonding. In TMS, 

parameter B moves between B0 and Bres following a Cam-Clay evolution pattern at large irreversible strains 

(Kavvadas and Kalos, 2019). This is achieved by using the plastic (Ὠ‐) and viscous (Ὠ‐) strain increments 

to define the size of SSE as shown in the following expressions after Kavvadas and Kalos (2019). 
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Where – and – controls the volumetric and deviatoric structure degradation, respectively. 

Expression (2.27) depicts the effects of primary consolidation and the resulting plastic strains from the 

process, and equation (2.28) represents the effect of viscous volumetric strains due to secondary 

compression or creep (Kavvadas and Kalos, 2019). The half-size of the ISE (a*) can be described by the 

specific volume and the mean stress in a similar way to the Modified Cam Clay model. The parameter ὔᶻ  

in equation (2.30) is the specific volume corresponding to a mean stress of 1 kPa along the Intrinsic 
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Isotropic Compression Line (ICL) in the v ς ln(sm) space (Figure 2.9). The ICL defines the behavior of 

structureless soil under loading (Burland, 1990).  

 
Figure 2.9. Intrinsic Isotropic Compression Line (Kalos, 2014) 

 

2.2.5.2 Kinematic Hardening 

The Critical State of the soil is reached when the specimen undergoes large strains leading to the 

structureless state of the material. Due to its uniqueness, it is an important parameter in the constitutive 

model. TMS predicts unique critical states by ensuring that the soil state falls onto a unique CSL in the 

v ς ln(sm) plot which corresponds to a Critical State Cone (CSC) in the s ς sm plane (Kavvadas and Kalos, 

2019). Kinematic hardening rules are implemented to achieve this which define the translation of SSE 

along the hydrostatic axis, evolution of the location of the PYE, and the slope of the CSC in the stress 

hyperplane which subsequently affects the eccentricity of SSE.  

 

v 
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2.2.5.2.1 CSC Evolution 

The slope of the CSC, which is proportional to the MCC parameter M as given by equation (2.32), 

of a given soil material is allowed to transition between an initial and final value. The Initial-CSC represents 

high-speed strain rates while the Limit-CSC correspond to quasi-static strain rates with an order of 10-7 

(Kalos, 2014).  Failure of the specimen is achieved when the CSC passes through point E on the PYE 

wherein the stress state is set to constant (Figure 2.10). The slope of the CSC at failure does not necessarily 

coincide Limit-CSC which allows the material to fail even before reaching its weakest state. The 

degradation of the CSC inclination simulates the tertiary creep failure under drained conditions ς note 

that undrained condition is irrelevant when considering long term creep failure (Kalos and Kavvadas, 

2018). The evolution of the slope of CSC from an initial value (cin) to a lower value (clim) is described by an 

exponential decay function making use of the deviatoric plastic (Ὠ‐) and viscous strain (Ὠ‐) increments 

as shown in expression (2.33), where the material constants —  and ὥ control the degradation rates with 

plastic and viscous shear strains, respectively (Kavvadas and Kalos, 2019). Kalos (2014) noted that  —  and 

ὥ should not be used at the same time in the calculation since it is assumed that only one between the 

plastic and viscous shear strains is acting in the deterioration of parameter c. 

ὓ
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Figure 2.10. Graphical Representation of the Tertiary Creep (Kalos, 2014) 

 

2.2.5.2.2 SSE Translation 

The effect of bonding of soil particles due to isotropic compression, which is the buildup of 

tensile strength, is represented by parameter d as illustrated in Figure 2.4 (Kalos, 2014). This parameter 

degrades exponentially from an initial state (din) to a value of zero at critical state, reducing the SSE to the 

MCC bounding surface (Kavvadas and Kalos, 2019). Expression (2.34) illustrates the hardening rule on 

parameter d, after Kavvadas and Kalos (2019). 
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Parameter ‮  and ὥ controls the degradation of d with regards to plastic and viscous shear 

strains, respectively. In the model, it is desirable that the tensile strength of the soil degrades faster than 

the slope of the CSC (Section 2.2.5.2.1). To achieve this, ‮  and ὥ is set to be 1.5 to 2 times higher than 

—  and ὥ in equation (2.33).   
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2.2.5.2.3 PYE Location 

Further loading on a stress state that has reached the surface of the PYE would cause PYE to 

move along the path of evolution of the stress state (Kavvadas and Kalos, 2019). In TMS, when stress 

state (M) lying on PYE is subjected to additional stress, PYE moves towards the conjugate point (MΩύ ƻƴ 

the SSE. As such, the center point (L) of PYE moves according to the kinematic hardening equation (2.35) 

proposed by Kavvadas and Amorosi (2015). The movement of PYE accounts for the anisotropy of the 

soil element. The hardening rule defines the evolution and movement of PYE by expression (2.36). The 

first component of equation (2.36) describes the translation along the path OL (Figure 2.11) which 

accounts for the change in size of the SSE and PYE. Component Ὠ‘Ͻ♫ represents the translation along 

path MMΩ which is controlled by the scalar quantity Ὠ‘ described in expressions (2.38) to (2.40). In the 

case wherein the stress state already reaches the boundary of SSE (i.e., PYE is in contact with SSE at 

point M), then the center of the PYE can be determined by equation (2.41).   
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Ɑ╛ ρ ‚Ɑ ‚Ͻὥ ὨϽ╘ (2.41) 
 

 
Figure 2.11. Graphical Representation of PYE Movement (Kalos, 2014) 

 

2.2.6 Plastic Hardening Modulus 

Parameter ὨΏ (Section 2.2.4.2) is calculated using a scalar plastic modulus (H) which ensures that 

the strain increments between the plastic and elastic paths from a point on the PYE is continuous as shown 

in equation (2.42) which is achieved by requiring stress paths tangent to PYE to produce zero plastic strain 

increments (Kavvadas and Kalos, 2019). The factor H is determined by an interpolation formula (2.43) 

from an initial infinite value at the start of loading (Figure 2.11) to HaΩ on the surface of SSE wherein 

interpolation parameters ‏ and y control the transition rate of the plastic modulus (Kavvadas and Kalos, 

2019).  
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2.2.7 Creep Induced Slope Instability 

The accumulation of viscous strains, which represents the primary and secondary creep, is treated 

as the driving force for the development of the outline of the slip surface of the soil structure. The plastic 

deviatoric or shear strains build up along this outline which would ultimately result to the delayed failure, 

hence, achieving tertiary creep. 

The constitutive model was applied to a hypothetical isotropic slope to illustrate its capabilities in 

simulating the soil behavior under creep loading. The work of Kalos (2014) investigated a hypothetical 

model that has a slope of mild inclination which was constructed through undrained excavation (Figure 

2.12). The analysis showed that TMS could perform well in predicting delayed failure by triggering tertiary 

creep. The failure of the slope model was mobilized by a retrogressive mechanism which is illustrated by 

the development of deviatoric plastic strains (Figure 2.13).  
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The slip surface started at the toe and propagated upwards. Then sometime after, another slip 

surface formed at the crest and propagated downwards until it connected with the slip surface originating 

from the toe. The modelling analysis is discussed in detail in the dissertation of Kalos (2014). 

 

2.3 Summary and Justification of Research 

The delayed instability in CBBD2 was attributed to the creeping of the clay core and blanket as 

indicated by the analyses by Ubay (2020). The Soft Soil Creep (SSC) constitutive model was used to 

simulate creep behavior which yielded promising results. However, the analysis was limited due to the 

sequential assessment wherein the degradation of the shear strength of the soil due to creep was only 

induced prior to the calculation of the factor of safety (FS) of the state of the structure at the time. In 

other words, SSC lacks the capacity to analyze the progressive yielding of clay. As such, a more rigorous 

solution is needed to address the shortcoming of the SSC model. 

TMS is a constitutive model based on the theories of Modified Cam Clay and overstress theory by 

Perzyna (1963, 1966). It uses characteristic surfaces (SSE, PYE, and ISE) defined in the stress hyperplane 

to simulate the material degradation under loading. TMS uses 21 parameters in its formulation wherein 

9 can be set empirically and the remaining factors can be determined in the laboratory. These parameters 

are summarized in Table 2.1 and Table 2.2. 

Table 2.1. TMS Parameters to be Determined in the Laboratory (Kavvadas and Kalos, 2019) 

Parameter Laboratory Test 

c Slope of CSC in the stress hyperplane Triaxial Test 

q́
p Deviatoric destructuring variable 

Drained Triaxial Test 
(software calibration) 

v́
p Volumetric destructuring variable 

Oedometer Test 
(software calibration) 

Niso*  Intrinsic specific volume at p=1kPa 

Oedometer Test  ˁ Cam clay parameter; slope of recompression line 

 ˂ Cam clay parameter; slope of compression line 

 ̞ Standard logarithm of creep rate Creep Oedometer Test 
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Parameter Laboratory Test 

q̒
p 

Deviatoric destructuring variable for c due to plastic strain 
accumulation 

Drained Creep Triaxial 
Test 

(software calibration) a1
v Deviatoric destructuring variable for c due to creep 

A 
Singh-Mitchell parameter; strain rate at reference time (t) 
when deviator stress is zero 

Undrained Creep Tests 
Triaxial 

ὥ 
Singh-Mitchell parameter; slope of linear segment in the 
logarithmic strain rate ς shear stress plot 

m 
Singh-Mitchell parameter; slope of linear segment in the 
logarithmic of strain rate and time plot 

 

Table 2.2. Empirical TMS Parameters (Kavvadas and Kalos, 2019) 

Parameter Typical Value 

 ˄ tƻƛǎǎƻƴΩǎ Ǌŀǘƛƻ 1/3 

t0 Reference time at start of creep Arbitrary 

 ˅ Ratio of SSE and PYE ellipsoidal shapes 0.01 ς 0.05 

Bres Ratio of residual structure 1 

q
p 

Deviatoric destructuring variable for d due to plastic strain 
accumulation 

1.5 ς 2 times of ̒ q
p 

a2
v Deviatoric destructuring variable for d due to creep 1.5 ς 2 times of a1

v 

 ɻ
Constant employed in the interpolation for the PYE plastic 
modulus 

3 ς 7  

y  
Exponent employed in the interpolation for the PYE plastic 
modulus 

1 

r Singh-Mitchell parameter; modification exponent 1 

 

The research of Kalos (2014) evaluated the capabilities of the model through the analysis of a 

hypothetical slope, wherein the TMS produced promising results in simulating the tertiary creep leading 

to failure (Figure 2.12 and Figure 2.13). The slope failure had a retrogressive slip surface originating at the 

toe and crest, and then connecting somewhere in the middle of the model. It was noted that further study 

is needed regarding the real-world performance of the model. As such, a unique opportunity is available 

to implement TMS in analyzing the delayed instability observed in CBBD2. This research will assess the 

long-term slope stability of water-retaining structures and help in developing remedial measures for 

existing earth fill dams that do not satisfy long-term slope stability dam safety requirements. 
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Figure 2.12. Schematic Representation of the Hypothetical Model (Kalos, 2014) 
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Figure 2.13. Retrogressive Slope Instability Mechanism (Kalos, 2014) 
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Chapter 3 LABORATORY TESTING 

 

Laboratory tests were conducted on CBBD2 samples to determine the necessary parameters that will be 

used in the modelling and calibration of the software. Due to time constraints, the only samples tested 

aside from CBBD2 were CBBD4 samples since this dam has a critical safety factor value of 1 as determined 

by Ubay (2020). Summarized in Table 3.1 are the boreholes that were used for testing to represent the 

soil profile at various portions of the dams.    

Table 3.1. Boreholes Used to Represent the Soil Profile 

Dam Location Borehole 

CBBD2 

Foundation 
CBBD2 BH ς 5 
CBBD2 BH ς 6 

Blanket 
CBBD2 PS ς 14 
CBBD2 PS ς 13 

Core A ς A CBBD2 BH ς 1 

Core B ς B CBBD2 BH ς 7 

CBBD4 
Foundation 

CBBD4 BH ς 4A 
CBBD4 BH ς 3 

Core 
CBBD4 BH ς 1 
CBBD4 BH ς 2 

 

3.1 Deformation Behavior 

The compression (Cc) and recompression (Cr) indices, as well as the creep rate (Cae) of the clay material 

of the earth fill dams were already determined by Ubay (2020). These values can be related to the Cam 

clay parameters l, k and ̞  by the natural log of 10, respectively. Summarized in Table 3.2 are the indices 

of the earth dams considered in the study. 

Table 3.2. Summary of Deformation Properties (Ubay, 2020) 

Dam Location l k  ̞

CBBD2 

Foundation 0.12707 0.03045 0.00453 

Blanket 0.13630 0.03810 0.00504 

Core A ς A 0.11933 0.03332 0.00495 

Core B ς B 0.09272 0.03346 0.0028 

CBBD4 
Foundation 0.11794 0.03864 0.00345 

Core 0.10907 0.02494 0.00427 
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3.2 Intrinsic Characteristic 

As mentioned in Section 2.2.1, the intrinsic state of the soil can be achieved by reconstituting the soil 

sample at a water content 1.0 ς 1.5 times WL (liquid limit), and then consolidated one-dimensionally at a 

large vertical effective stress. This state is a prerequisite to determine the parameter N*iso that will be 

used in the analysis.  

The soil specimens were reconstituted by drying an ample amount and then pulverizing it until a 

powder-like consistency is achieved which would allow thorough mixing of distilled water. The resulting 

slurry was too liquid-like to form a mold and then cut to size for the consolidation ring. In this case, the 

oedometer apparatus was first set up and then the slurry was scooped into the consolidation ring until 

the designated height marked inside the ring. The sides were lightly tapped using a rubber mallet to 

minimize the air bubbles in the sample. The filter paper and porous stone was placed on top of the sample 

after that. The apparatus was then filled with distilled water and then placed in a vacuum chamber for 24 

hours to allow homogenization of the sample. The top cap was also placed on the oedometer apparatus 

to prevent the soil from escaping the consolidation ring during the 24-hour vacuum.     

 The loading schedule for the samples were 7.5, 15, 30, 60, 115, 230, and 460 N at the highest load 

factor of the oedometer setup which roughly corresponds to 25, 50, 100, 200, 400, 800, and 1600 kPa, 

respectively. Each of the loading step were applied for 24 hours accordingly. The gradual load application 

was done to prevent the samples from escaping out at the side of the consolidation ring. Although, small 

amounts still escaped during the initial load application. Multiple trials were done to address this error.  

The resulting void ratio at 1600 kPa was used to determine the specific volume (V = 1+e) at the 

corresponding load assuming full saturation of the specimen. Then, this pressure and the slope of the 

compression line as shown in Table 3.2 were used to back-calculate the specific volume at 1 kPa (Figure 
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3.1) which corresponds to the intrinsic property N*iso. Shown in Table 3.3 is the range of liquid limit of the 

samples tested by Ubay (2020) as well as the summary of the values of N*iso determined in the test.   

Table 3.3. Summary of Intrinsic Specific Volume 

Dam Location Gs WL (%) Reconstituted WC (%) N* iso 

CBBD2 

Foundation  2.71 80 ς 100 88 ς 94 2.77571 

Blanket 2.68 71 ς 93 90 ς 93 2.86116 

Core A ς A 2.74 79 ς 89  92 ς 93 2.68459 

Core B ς B 2.71 79 ς 92  84 ς 92 2.47048 

CBBD4 
Foundation 2.72 101 ς 104  102 ς 103 2.74390 

Core 2.70 90 ς 92  92 ς 95 2.49306 

 

 
Figure 3.1. Determination of N*iso 

 

3.3 Singh-Mitchell Parameters 

The Singh-Mitchell parameters were determined by undrained triaxial creep test following the 

procedure proposed by Mitchell et al. (1968) wherein identical samples were isotropically consolidated at 

a stress of 200 kPa and then subjected to a constant deviator stress of 30% and 60% of the axial load, 

respectively. The 200 kPa stress was selected to simulate a normally consolidated state based on the 

ŘŜǘŜǊƳƛƴŜŘ ǇǊŜŎƻƴǎƻƭƛŘŀǘƛƻƴ ǎǘǊŜǎǎŜǎ ƻŦ ǘƘŜ ǎǇŜŎƛƳŜƴǎ ŦǊƻƳ ¦ōŀȅΩǎ ǿƻǊƪ (2020). Also, consolidating the 

specimens to this pressure took less time as compared to consolidation at a higher stress value which fit 

v 

ln(p) 

l 

Niso*  

p = 1kPa p = 1600kPa 
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the schedule of testing for this research. The deviator stress was held constant for at least 1000 minutes 

which would allow for the observation of Singh-Mitchell parameter m which is the slope of the axial strain 

rate with respect to time. It could be observed from Figure 3.2 to Figure 3.7 that the trend of the graph 

decreases over time. This is due to the undrained condition of the test where there is no path for the pore 

pressure to escape which makes the sample reach a state wherein the deformation decreases. It should 

be noted that the soil behavior would be different under drained conditions.  

 
Figure 3.2. CBBD2 Foundation Parameter m 
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Figure 3.3. CBBD2 Blanket Parameter m 

 

 
Figure 3.4. CBBD2 Core A ς A Parameter m 
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Figure 3.5. CBBD2 Core B ς B Parameter m 

 

 
Figure 3.6. CBBD4 Foundation Parameter m 
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Figure 3.7. CBBD4 Core Parameter m 

 

Parameter A and ὥ were obtained through the resulting trendline considering different deviator 

stresses as shown in Figure 3.8 to Figure 3.13. It should be noted that some of the samples in the test 

were remolded due to the deteriorated state of the specimen upon extraction from the Shelby tube.  
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Figure 3.8. CBBD2 Foundation Parameter A and ╪ 

 

 
Figure 3.9. CBBD2 Blanket Parameter A and ╪ 
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Figure 3.10. CBBD2 Core A ς A Parameter A and ╪ 

 

 
Figure 3.11. CBBD2 Core B ς B Parameter A and ╪ 
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Figure 3.12. CBBD4 Foundation Parameter A and ╪ 

 

 
Figure 3.13. CBBD4 Core Parameter A and ╪ 
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Remolding was done by adding distilled water to pulverized soil specimen up to the existing water 

content of the sample that was determined prior. The material was allowed to homogenize for a period 

of at least 16 hours while being sealed in a container. Then, a proctor mold together with the collar was 

used since the dimensions would allow to obtain a sample with a length-to-diameter ratio of 2:1 for a 

3-inch diameter specimen. The sample was compacted in 4 layers with a compaction effort equivalent or 

close to 200 kPa. After extraction from the mold, the excess volume was trimmed until the desired 

dimensions were achieved. Summarized in Table 3.4 are the Singh-Mitchell parameters calculated.  

Table 3.4. Summary of Singh-Mitchell Parameters 

Dam Location 
A 

(%/day) 
╪ m 

CBBD2 

Foundation 0.0395 0.027273 0.644350 

Blanket 0.0398 0.031375 0.762952 

Core A ς A* 0.0447 0.022050 0.678383 

Core B ς B 0.0202 0.030146 0.749451 

CBBD4 
Foundation 0.0265 0.038003 0.635200 

Core** 0.0339 0.041623 0.747740 

*  1 sample remolded; **  both samples remolded 

3.4 Destructuring Variables  

The post-peak and residual state angle (fΩύ were determined through consolidated undrained triaxial 

test of the specimens conducted by Ubay (2020) wherein the post-peak values were evaluated at 14% - 

16% axial strain. The post-peak values correspond to the initial slope of CSC in the stress hyperplane while 

the residual strengths represent the limiting values at which the CSC degrades. The values of slope c of 

the CSC in the stress hyperplane were calculated using equations (2.31) and (2.32) and are summarized in 

Table 3.5 and Table 3.6.  

The volumetric ( v́
p) destructuring variable for the characteristic surface was determined through 

oedometer tests ŀƴŘ ǘƘŜ ǊŜǎǳƭǘǎ ŀǊŜ ŀǾŀƛƭŀōƭŜ ƛƴ ¦ōŀȅΩǎ ǿƻǊƪ όнлнлύΦ ¢ƘŜ ǇŀǊŀƳŜǘŜǊ ǾŀƭǳŜǎ ǊŀƴƎŜ ŦǊƻƳ рл 

ς 150 as indicated by Kalos (2014) and are determined through curve-fitting using ABAQUS which are 

further discussed in Chapter 4.      
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Table 3.5. Summary of CSC Slope at Post-Peak Values (Undrained Triaxial Test) 

Dam Location Post-Peak f'cs M cin 

CBBD2 

Foundation 19 0.7304 0.5964 

Blanket 21 0.8140 0.6646 

Core A ς A 19 0.7304 0.5964 

Core B ς B 18 0.6890 0.5626 

CBBD4 
Foundation 18 0.6890 0.5626 

Core 18 0.6890 0.5626 

 

Table 3.6. Summary of CSC Slope at Residual Values  

Dam Location Torsional Ring Shear Test Direct Shear Test 

  Residual f'cs M clim Residual f'cs M clim 

CBBD2 

Foundation 10 0.3686 0.3010 8 0.2919 0.2383 

Blanket 11 0.4075 0.3328 9 0.3301 0.2695 

Core A ς A 12 0.4468 0.3648 8 0.2919 0.2383 

Core B ς B 12 0.4468 0.3648 8 0.2919 0.2383 

CBBD4 
Foundation 10 0.3686 0.3010 5 0.1795 0.1466 

Core 11 0.4075 0.3328 7 0.2541 0.2074 

 

The ŘŜǾƛŀǘƻǊƛŎ όʹq
p) destructuring variable was determined through drained triaxial tests.  The tests 

were performed on undisturbed samples under an effective stress of 400 kPa to account for the sample 

disturbance due to extensive storage wherein it took around 4 weeks to reach full saturation. The strain 

rate was adjusted such that it follows the recommendation of ASTM D7181. Presented in Figure 3.14 to 

Figure 3.19 are the plots for the axial strain against the applied deviatoric stress. The deviatoric stress was 

adjusted considering the changes on the cross-section of the specimen (radial expansion due to 

compression). It could be observed from the graphs that failure was achieved around 7% to 9% axial strain 

across all the specimens with the peak deviatoric stress reaching 215 kPa to 370 kPa. Likewise, the values 

of the destructuring parameter ranges between 50 and 150. The results of the curve-fitting using the 

analysis software are further discussed in Chapter 4.      
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Figure 3.14. CBBD2 Foundation Axial Strain vs Deviatoric Stress 

 

 
Figure 3.15. CBBD2 Blanket Axial Strain vs Deviatoric Stress 
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Figure 3.16. CBBD2 Core A ς A Axial Strain vs Deviatoric Stress 

 

 
Figure 3.17. CBBD2 Core B ς B Axial Strain vs Deviatoric Stress 
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Figure 3.18. CBBD4 Foundation Axial Strain vs Deviatoric Stress 

 

 
Figure 3.19. CBBD4 Core Axial Strain vs Deviatoric Stress 
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Drained creep triaxial tests were employed in the determination of the deviatoric variable a1
v used for 

the slope destructuring of CSC due to viscous strains with a typical range of 10 ς 1000 (Kalos, 2014). The 

degradation of CSC due to plastic strains (q̒
p) shall not be explored since it shall be assumed that the 

deterioration would be solely due to viscous strains. Similarly, this parameter is determined through 

curve-fitting using ABAQUS which will be further discussed in Chapter 4. Remolded samples, similar to the 

ones described in Section 3.3, were used in the creep test. Due to the long duration of the test, only 

samples representing CBBD2 Core A ς A and B ς B were tested. Constant-force staged loading was 

implemented in the test wherein the area of application of the load was held at a constant value similar 

to the work of Ubay (2020). The specimens were isotropically consolidated at an effective stress of 200 

kPa to achieve a normally consolidated state. Since the slope of the critical state line is known, the staged 

loading was adjusted to prevent premature or undrained failure of the specimen. The target deviatoric 

stress for the creeping of the specimen was 200 kPa or at least close to the Critical State Line to minimize 

the time it would take for tertiary creeping to occur. In the formulation of TMS, it could be recalled that 

the tertiary creep is represented by the degradation of the Critical State Cone in the stress hyperplane; 

and correspondingly, the degradation of Critical State Line in the q ς p space.  

Load was added to the apparatus after there is no recorded change in volume for at least 24 hours 

considering the previous load during the staged loading. This was done to ensure the dissipation of 

porewater pressure for each loading. The loading scheme and soil behavior in terms of axial strain are 

presented in Table 3.7 and  Figure 3.20 to Figure 3.23, respectively. 

Table 3.7. Drained Creep Test Loading Scheme   

BH ς 2 (A ς A) BH ς 7 (B ς B)  

Stage Cumulative Load (kPa) Stage Cumulative Load (kPa) 

1 60 1 60 

2 100 2 100 

3 130 3 140 

4 150 4 165 

5 160 5 180 
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BH ς 2 (A ς A) BH ς 7 (B ς B)  

Stage Cumulative Load (kPa) Stage Cumulative Load (kPa) 

6 170 6 190 

7 180 7 200 

8 185 - - 

 

 
Figure 3.20. CBBD2 Core A ς A Staged Loading 
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Figure 3.21. CBBD2 Core B ς B Staged Loading 

 

 
Figure 3.22. CBBD2 Core A ς A Creep Behavior at Final Deviator Load of 185 kPa 
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Figure 3.23. CBBD2 Core B ς B Creep Behavior at Final Deviator Load of 200 kPa 

 

3.5 Summary 

The consolidation parameters determined in the research of Ubay (2020) were translated into Cam 

Clay parameters to be used in the analysis. The post-peak and residual values of the friction angle of the 

specimen were likewise transformed into Cam Clay parameter M and then related to the slope of the 

Critical State Cone in the stress hyperspace of the formulation.   

The intrinsic state of the samples was achieved through reconstitution of the soil specimen using 

water content that is 1.0 ς 1.5 times the liquid limit of the soils. The intrinsic property was then 

determined through back-calculation of the specific volume that corresponds to 1 kPa wherein the values 

are summarized in Table 3.3.  

The Singh-Mitchel parameters were determined by utilizing 2 identical specimens that were loaded 

at different constant deviator stresses for at least 1000 minutes after being isotropically consolidated at 
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the same stress level. The resulting graphs from the testing allowed the determination of the necessary 

factors. 

Oedometer and drained triaxial tests were utilized to the examine the behavior of the specimen 

under load which would allow for the determination of the volumetric and deviatoric destructuring 

variables, respectively. Drained creep test was employed to observe the creep behavior of the soil samples 

which would be used for the calculation of the destructuring variable of the Critical State Cone. It should 

be noted that due to time constraints and limited supply of specimen, only a select number of samples 

were tested, and some were remolded. The aforementioned destructuring variables were determined by 

curve-fitting using ABAQUS through simulation of the respective tests. The results of the calibration are 

further discussed in the following section.   
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Chapter 4 DESTRUCTURING VARIABLE CALIBRATION 

 

The formulation of the Time-dependent Model for Structured Soils (TMS) is written in Fortran by Kalos 

(2014). It was then incorporated to the commercial finite element software SIMULIA ABAQUS through the 

use of the User Material (UMAT) subroutine. The model geometry and necessary parameters were also 

defined in the program.    

The destructuring variables required to describe the creeping behavior of the soil were determined 

through curve-fitting of the numerical model against the recorded data during the laboratory testing 

described in Section 3.4. With the majority of the model parameters determined and held at constant 

values, the destructuring variables can be adjusted to determine what values would provide the best fit 

to the plot. 

 

4.1 Volumetric Destructuring Variable 

The volumetric ( v́
p) destructuring variables were obtained from the results of the standard 

oedometer tests conducted by Ubay (2020). The specimen was modelled in 2Dςaxisymmetric space and 

the appropriate boundary conditions were implemented to simulate the oedometer test in the program. 

At this stage, the deviatoric destructuring variable όq́
p) can be set to a value of zero, as well as the CSC 

slope destructuring variable (a1
v) since the material is not expected to reach tertiary creep. Summarized 

in Table 4.1 to Table 4.6 are the TMS parameters that were used and held constant in the simulation. 

Moreover, the hydraulic conductivity of the material was determined to be a function of void ratio, as 

shown in expression (4.1) (Das, 2010), since the void ratio changes with increasing stress levels. The 

hydraulic conductivity provided by the dam owner is in good agreement with the resulting values using 

the equation (4.1).     
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ὑ  
‎ ὅ ὥ

ρ Ὡ
 (4.1) 

 

Table 4.1. CBBD2 Foundation TMS Parameters for v́
p
 Calibration (Oedometer Simulation) 

2G/K l k cin clim B0 

0.75 0.12707 0.03045 0.5964 0.5964 1 

Bres qy
p q̒

p q
p t0 ʌ 

1 0 0 0 1 0.00453 

A ╪ m a1
v a2

v  ˅

0.000395 0.027273 0.644350 0 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 34.443 2.77571 0 1 

 

Table 4.2. CBBD2 Blanket TMS Parameters for v́
p
 Calibration (Oedometer Simulation) 

2G/K l k cin clim B0 

0.75 0.1363 0.0381 0.6646 0.6646 1 

Bres qy
p q̒

p q
p t0 ʌ 

1 0 0 0 1 0.00504 

A ╪ m a1
v a2

v  ˅

0.000398 0.031375 0.762952 0 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 40.313 2.86116 0 1 

 

Table 4.3. CBBD2 Core A ς A TMS Parameters for ́vp
 Calibration (Oedometer Simulation) 

2G/K l k cin clim B0 

0.75 0.11933 0.03332 0.5964 0.5964 1 

Bres qy
p q̒

p q
p t0 ʌ 

1 0 0 0 1 0.00495 

A ╪ m a1
v a2

v  ˅

0.000447 0.022050 0.678383 0 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 38.353 2.68459 0 1 

 

Table 4.4. CBBD2 Core B ς B TMS Parameters for ́vp
 Calibration (Oedometer Simulation) 

2G/K l k cin clim B0 

0.75 0.09272 0.03346 0.5626 0.5626 1 

Bres qy
p q̒

p q
p t0 ʌ 

1 0 0 0 1 0.0028 

A ╪ m a1
v a2

v  ˅

0.000202 0.030146 0.749451 0 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 25.685 2.47048 0 1 
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Table 4.5. CBBD4 Foundation TMS Parameters for v́
p
 Calibration (Oedometer Simulation) 

2G/K l k cin clim B0 

0.75 0.11794 0.03864 0.5626 0.5626 1 

Bres qy
p q̒

p q
p t0 ʌ 

1 0 0 0 1 0.00345 

A ╪ m a1
v a2

v  ˅

0.000265 0.038003 0.635200 0 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 16.491 2.74390 0 1 

 

Table 4.6. CBBD4 Core TMS Parameters for v́
p
 Calibration (Oedometer Simulation) 

2G/K l k cin clim B0 

0.75 0.10907 0.02494 0.5626 0.5626 1 

Bres qy
p q̒

p q
p t0 ʌ 

1 0 0 0 1 0.00427 

A ╪ m a1
v a2

v  ˅

0.000339 0.041623 0.747740 0 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 368.324 2.49306 0 1 

 

Simulation of CBBD2 Section B ς B sample was prioritized since this material experienced excessive 

shearing in the field. The simulation (Figure 4.1) revealed that the material is insensitive to different values 

of ́ v
p since there was little to no difference in the graphical behavior. As such, a value of 100 for v́

p shall 

be used for the other simulations of the remaining specimens. The oedometer simulation was in good 

agreement with the recorded data, although there is a slight difference in the trend which could be 

attributed to external factors during testing (e.g., loading difference, insufficient lubricant, etc.), or 

difference in strength parameters of the actual sample tested since the parameters were idealized based 

on several tests. It could be inferred from the trend that the tested specimen may have been more slightly 

compressible as indicated by the steeper curve. Adjusting the slope of the recompression line (k) to a 

higher value seems to provide a better fit to the consolidation curve for CBBD2 Section BςB as illustrated 

in Figure 4.2. On the other hand, significantly adjusting the l value to a lower value would result to a trend 

which deviates from the recorded data. The k values were adjusted for the other samples to obtain a 
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better fit, except for CBBD4 Foundation, as shown in Figure 4.3 to Figure 4.7  A slight adjustment to the 

compression line slope (l) was done to CBBD2 Blanket specimen to obtain a good fit of the curve (Figure 

4.4). It should be noted that a steeper slope of the compression and recompression line in the oedometer 

test would indicate a more compressible soil since less stress results to higher changes in the void ratio.       

 
Figure 4.1. CBBD2 Core B ς B Volumetric Destructuring Variable (́vp) Calibration 
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Figure 4.2. CBBD2 Core B ς B Compression and Recompression Line (l, k) Adjustment in Oedometer 

 

 
Figure 4.3. CBBD2 Foundation Oedometer Simulation 
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Figure 4.4. CBBD2 Blanket Oedometer Simulation 

 

 
Figure 4.5. CBBD2 Core A ς A Oedometer Simulation 



59 
 

 
Figure 4.6. CBBD4 Foundation Oedometer Simulation 

 

 
Figure 4.7. CBBD4 Core Oedometer Simulation 
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4.2 Deviatoric Destructuring Variable 

The deviatoric ( q́
p) destructuring variables were determined through drained triaxial test simulation 

in ABAQUS wherein the soil model was defined in 2Dςaxisymmetric space and the appropriate boundary 

conditions were applied. Also, only the top-half of the triaxial sample was modelled since it would be 

assumed that the behavior would be symmetrical with the bottom-half.  The determined values of ́v
p
 in 

the prior analyses will be used in conjunction with the other parameters described in Table 4.1 to Table 

4.6. Likewise, the CSC slope destructuring variable (a1
v) will be set to 0 since the material is not expected 

to reach tertiary creep at this stage. In other words, the material is not expected to undergo shear strength 

deterioration in the test.  

Similar from Section 4.1, CBBD2 Section BςB soil sample was first analyzed to determine the effects 

of the deviatoric destructuring variable. Based on the simulations, it could be observed that the soil is also 

insensitive to the variable ́qp as illustrated in Figure 4.8. As such, a value of 100 shall be used for the 

remaining simulations for the drained triaxial test for the remaining samples. It can be recalled from 

Expression (2.27) in Section 2.2.5.1 that v́
p
 and q́

p are factors that influence the plastic strain 

accumulation of the material. It could be inferred from the results that the strain increment is small 

enough to minimize the effect of the plastic destructuring variables. From the discussion in Section 2.2.4.2 

and Section 2.2.6, the strain increment is dependent on the state of stress in the model and the stiffness 

of the material. The applied stress on the specimen is considered as a boundary condition in the model 

which would indicate that the large confining stress resulted to the production of small strain increments 

during loading.    

Another observation was that there is a large discrepancy between the test data and the results of 

the simulation which indicates that a different soil parameter is significantly affecting analysis. First, the 

effect of the Compression (l) and Recompression (k) Lines were investigated since the stiffness response 

of the simulations is lacking when compared to the test data. The test data illustrates that the CBBD2 
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Section B-B specimen exhibited a stiff behavior at the start of the loading wherein a significant deviator 

stress was needed to achieve more than 2% axial strain value (Figure 4.8). Using the improved value of k 

from the oedometer simulation (Figure 4.2) it could be observed from Figure 4.9 that the trend of the 

simulated behavior moved slightly closer to the recorded data. This adjustment in k value seems to be 

acceptable since the resulting behavior agrees well with the oedometer simulation in Figure 4.2. Adjusting 

the value of l to a lower value from 0.09272 to 0.07 seems to further bring the simulated trend close to 

the recorded data. With these changes in the trend, it could be inferred that increasing the value of the 

slope of the recompression line (k) and decreasing the l value would result to a better fit of the graph. 

However, significantly changing l would result to a drastic change in the oedometer behavior as 

illustrated in Figure 4.2.  

 
Figure 4.8. CBBD2 Core B ς B Deviatoric Destructuring Variable (́qp) Calibration 
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Figure 4.9. CBBD2 Core B ς B Compression and Recompression Line (l, k) Adjustment ς Triaxial   

 

Next, the effect of N* iso was examined since it is likely that this parameter was significantly affected in 

the test as described in Section 3.2. Also, looking at equation (2.30), it would seem that parameter N* iso 

affects the stiffness of the soil material in the formulation. From Figure 4.10, it would seem that increasing 

the value of N* iso would result to a stiffer behavior of the soil which would bring it closer to the trend of 

the tested specimen. However, this would only be achieved after drastically increasing N*
iso which would 

be improbable considering the l value.  
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Figure 4.10. CBBD2 Core B ς B N*

iso Adjustment 

 

Lastly, the f value (subsequently the c value) as well as the d value for the cohesion was explored 

since it is possible that the material strength during testing was not at the post-peak state. Using the peak 

value of 240 ŀƴŘ ŎƻƘŜǎƛƻƴ ƻŦ оп ƪtŀ ǿƘƛŎƘ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŦǊƻƳ ¦ōŀȅΩǎ work (2020), it could be seen that 

there is a significant change in the result of the simulation which brings it closer to the recorded data as 

shown in Figure 4.11. A further increase of the friction angle to 270 while maintaining a cohesion of 34 kPa 

would result to a better fit of the graph. Moreover, changing the friction angle and cohesion values does 

not significantly affect the oedometer behavior as illustrated in Figure 4.12. As such, these properties 

were adjusted accordingly for the remaining samples to see the effect on the trend of the curve.  
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Figure 4.11. CBBD2 Core B ς B Friction Angle and Cohesion Adjustment 

 

 
Figure 4.12. CBBD2 Core B ς B Friction Angle and Cohesion Adjustment - Oedometer 
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It could be observed from Figure 4.13 to Figure 4.17 that higher values of friction angle and cohesion 

resulted to an increase in the stiffness of the material which brought it closer to the actual recorded data, 

albeit still not a perfect fit. Additionally, the trend significantly changes considering the changes in the 

friction angle alone as compared to changing the cohesion value only. It could be surmised from this 

observation that the friction angle (f) is a more critical factor in the simulation of the soil behavior. 

 
Figure 4.13. CBBD2 Foundation Drained Triaxial Simulation 
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Figure 4.14. CBBD2 Blanket Drained Triaxial Simulation 

 

 
Figure 4.15. CBBD2 Core A ς A Drained Triaxial Simulation 
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Figure 4.16. CBBD4 Foundation Drained Triaxial Simulation 

 

 
Figure 4.17. CBBD4 Core Drained Triaxial Simulation 
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It could be surmised from the results of the simulation that the initial friction angle of the tested 

samples under normally consolidated conditions were higher than the critical state value. This would 

mean that the samples were at, or at the very least, close to the peak strength values. However, it should 

be noted that the soil specimens were removed from cold storage for extended periods of time due to 

the failure of the refrigeration unit. Also, because of the long storage of the samples inside Shelby tubes, 

the soil adhered on the surface of the steel casing which proved to be a challenge during sample extraction 

wherein extensive force was used which could have affected the specimens. Nevertheless, this 

information would be used to adjust the remaining calibration to be discussed in the following section.  

 

4.3 CSC Destructuring Variable 

Remolded samples were used in the drained creep test to maximize the extracted samples from 

storage. Likewise, the triaxial specimen was modelled similar to the soil model in Section 4.2 with the 

addition of a rigid material on top of the soil where the load would be applied at a constant area. The 

friction angle was adjusted between the peak and post-peak values to obtain the best-fit  of the curve 

during staged loading. The results are presented in Figure 4.18 to Figure 4.19 wherein it could be observed 

that friction angle values of 200 and 210 were the best fit for Section B ς B and A ς A, respectively.  
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Figure 4.18. CBBD2 Section B ς B Staged Loading Simulation 

 

 
Figure 4.19. CBBD2 Section A ς A Staged Loading Simulation 
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     The destructuring variable a1
v was then determined through curve-fitting using ABAQUS. The 

specimens in the test were still experiencing secondary creep, wherein the axial strain rate is at a constant 

value, after approximately 100 days. Nonetheless, the range of a1
v can be determined to capture the 

behavior of the recorded data. It should be noted that 200 days of creeping was allotted in the simulation 

and even then, the results indicate that the sample would still be experiencing secondary creep. This 

behavior is attributed to the high initial isotropic condition in the test and simulation which induced 

consolidation to the material instead of degradation. Presented in Figure 4.20 and Figure 4.21 are the 

results wherein it could be observed that Section A ς A and B ς B have a1
v values in the range of 50 ς 100 

and 100 ς 250, respectively. The difference in a1
v
 values can be attributed to the difference in the TMS 

parameters of the specimens. Even so, the results give an idea on the a1
v value to be used in the analysis 

of the earthfill dam. 

 
Figure 4.20. CBBD2 Section B ς B Creep Simulation 
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Figure 4.21. CBBD2 Section A ς A Creep Simulation 

 

The plot of the stress path of the resulting simulation in pΩ-q space are presented in Figure 4.22 to 

Figure 4.23 for the Section B ς B sample and Figure 4.24 to Figure 4.25 for the Section A ς A specimen 

considering the different values of  a1
v. It could be observed that the addition of load in the test is 

represented by the abrupt changes in the stress path. For Section B ς B, the simulation represents the 

porewater dissipation by the direction of the curve going to the right of the plot until the next loading. It 

could be observed that at the last loading the stress path shifted directions towards the critical state line 

(CSL) which can be interpreted as the creep behavior in the simulation. Also, it could be noticed that the 

stress path dipped which indicates a decrease in both mean and deviatoric stress response of the sample. 

In the simulation of Section A ς A, it could be seen that the stress path is more continuous in nature 

compared to Section B ς B which is due to the difference in parameters of the samples. Moreover, there 

is also no apparent change in the behavior of the stress path considering different values of a1
v
 for Section 
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A ς A, unlike in Section B ς B where there is a slight change in the trend. It could be inferred from this that 

a1
v has minimal effect on the results when the range of values for comparison is small (e.g., 50 or less).  

 
Figure 4.22. CBBD2 Section B ς . {ǘǊŜǎǎ tŀǘƘ ƛƴ ǇΩ-q Space (a1

v = 100) 
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Figure 4.23. CBBD2 Section B ς . {ǘǊŜǎǎ tŀǘƘ ƛƴ ǇΩ-q Space (a1

v = 250) 

 

 
Figure 4.24. CBBD2 Section A ς ! {ǘǊŜǎǎ tŀǘƘ ƛƴ ǇΩ-q Space (a1

v = 50) 
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Figure 4.25. CBBD2 Section A ς ! {ǘǊŜǎǎ tŀǘƘ ƛƴ ǇΩ-q Space (a1

v = 100) 

 

The behavior of the creep simulation was also plotted in sm ς s. It should be noted that this plot 

ƛƭƭǳǎǘǊŀǘŜǎ ǘƘŜ ǎǘǊŜǎǎ ǇŀǘƘ ƛƴ ǘƘŜ ǘŜƴǎƻǊƛŀƭ ǎǇŀŎŜ ǿƘƛŎƘ ƛǎ ŘƛŦŦŜǊŜƴǘ ŦǊƻƳ ǘƘŜ ǇΩ-q plot which shows the 

principal stresses of the specimen. Figure 4.26 to Figure 4.27 illustrates the behavior for Section B ς B, and 

Figure 4.28 to Figure 4.29 shows the trend from the simulation for Section A ς A. The mean stress (sm) 

was determined from the stress tensor produced by the simulation. It was then plotted against the 

different components of the deviatoric stress tensor. It could be seen that the behavior considering the 

stress tensor in the y-axis (s22) is similar to that of the pΩ-q plot, although there is a slight difference in 

magnitude of values due to the transformation between the two planes. Furthermore, the size of the SSE 

has increased in the simulation rather than deteriorating. This behavior can be attributed to the 

simplifications in the parameters, such as indicating that B0 = Bres, in the determination of the a1
v value. 

Also, the isotropic confining stress applied in the model and in the test would simulate lateral compression 

in the sample which would induce strengthening.  In the earthfill dam model, it is expected that the SSE 
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would degrade with the accumulation of strains, and the state of stresses would be different given the 

geometry of the dam.  Also, B0 would have a different value than Bres to indicate the initial strength of the 

material.           

 
Figure 4.26. CBBD2 Section B ς B Stress Path in sm-s Space (a1

v = 100) 
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Figure 4.27. CBBD2 Section B ς B Stress Path in sm-s Space (a1

v = 250) 

 

 
Figure 4.28. CBBD2 Section A ς A Stress Path in sm-s Space (a1

v = 50) 
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Figure 4.29. CBBD2 Section A ς A Stress Path in sm-s Space (a1

v = 100) 

          

4.4 Summary  

The volumetric and deviatoric destructuring variables had minimal influence on the behavior of the 

soil specimen in the simulation. As such, an average value of 100 shall be used in the analysis of the 

structure. The oedometer simulations generally agreed with the laboratory values with minor deviations 

that can be attributed to external factors and small variable differences. On the other hand, the triaxial 

simulations were way off from the recorded data. With this, it was determined that other variables were 

possibly influencing the results of the simulation. Sensitivity analyses were done, and it was found that 

the initial friction angle of the specimen had the largest effect on the behavior of the simulation. Varying 

the friction angle between the post-peak and peak values resulted to a better fit of the trend with the 

actual recorded data for the triaxial test. Furthermore, this parameter would not affect the oedometer 

simulations unlike the other parameters tested. This finding could be attributed to the disturbance of the 

samples due to long durations of storage under unfavorable conditions. 
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Remolded samples were used in determining the CSC destructuring variable to maximize the 

extracted material. The results of the simulation indicated that a1
v is in the range of 50 ς 100 and 100 ς 

250 for CBBD2 Section A ς A and Section B ς B, respectively. The simulation was allotted a time of 200 

days wherein the behavior generally indicates that tertiary creep was not achieved within the defined 

time frame. The constant confining stress applied in the model and in the test simulates an isotropic 

condition wherein the principal stresses are applied in the horizontal and vertical plane. This affected the 

behavior of the sample since this condition would induce consolidation instead of deterioration.  

Nevertheless, the results of the simulation gave an idea on what values of a1
v
 to use in the earthfill 

dam analysis which will be discussed in the following chapter. It is expected that the clay shear strength 

would deteriorate due to anisotropy considering the geometry of the model wherein the clay core is tilted 

by approximately 400 from the horizontal. It could be recalled from Section 2.2.2.2 that the anisotropy of 

the material is accounted for through the movement of the PYE within the SSE using a kinematic hardening 

formula. Aside from this, it should be noted that anisotropy also affects the location of the SSE within the 

tensorial hyperspace. However, this variable is neglected in the formulation of TMS as a simplification of 

the model.          
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Chapter 5 EARTHFILL DAM NUMERICAL MODELLING 

 

A survey conducted in 2001 revealed that the crest of CBBD2 settled by 0.25m and continued to settle 

until around 2006. CBBD2 was still in working condition during a site inspection in 2014 and was reported 

to have deformed by approximately 1.5m the next day. Unfortunately, there was no instrumentation 

installed at the site to monitor the rate of displacement over that period.  An inspection in 1999 found 

that the elevation of the top portion of the clay core of CBBD4 has settled by 0.25m as well, however, the 

crest remained at the design level. With these data, a1
v can be determined to replicate the observed 

deformations of the dams. The TMS parameters to be used in the modelling are presented in Table 5.1 to 

Table 5.6. A simple Linear Elastic model was implemented for the other materials of the model, and all 

other relevant parameters were obtained from the work of Ubay (2020).  

Table 5.1. CBBD2 Foundation TMS Parameters for the Earthfill Dam Model 

2G/K l k cin clim B0 

0.75 0.12707 0.03045 0.5964 0.2383 8 

Bres v́
p Ґ ʹq

p vy
p = y q

p q̒
p = q

p t0 ʌ 

1 100 5 0 1 0.00453 

A ╪ m a1
v a2

v  ˅

0.000395 0.027273 0.644350 250 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 8.5 2.77571 0 1 

 

Table 5.2. CBBD2 Blanket TMS Parameters for the Earthfill Dam Model 

2G/K l k cin clim B0 

0.75 0.1363 0.0381 0.6646 0.2695 12 

Bres v́
p Ґ ʹq

p vy
p = y q

p q̒
p = q

p t0 ʌ 

1 100 5 0 1 0.00504 

A ╪ m a1
v a2

v  ˅

0.000398 0.031375 0.762952 250 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 12.7 2.86116 0 1 
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Table 5.3. CBBD2 Core A ς A TMS Parameters for the Earthfill Dam Model 

2G/K l k cin clim B0 

0.75 0.11933 0.03332 0.5964 0.2383 1.5 

Bres v́
p Ґ ʹq

p vy
p = y q

p q̒
p = q

p t0 ʌ 

1 100 5 0 1 0.00495 

A ╪ m a1
v a2

v  ˅

0.000447 0.022050 0.678383 50 - 100 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 1.6 2.68459 0 1 

 

Table 5.4. CBBD2 Core B ς B TMS Parameters for the Earthfill Dam Model 

2G/K l k cin clim B0 

0.75 0.09272 0.03346 0.5626 0.2383 3 

Bres v́
p Ґ ʹq

p vy
p = y q

p q̒
p = q

p t0 ʌ 

1 100 5 0 1 0.00280 

A ╪ m a1
v a2

v  ˅

0.000202 0.030146 0.749451 100 - 250 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 3.1 2.47048 0 1 

 

Table 5.5. CBBD4 Foundation TMS Parameters for the Earthfill Dam Model 

2G/K l k cin clim B0 

0.75 0.11794 0.03864 0.5626 0.1466 5 

Bres v́
p Ґ ʹq

p vy
p = y q

p q̒
p = q

p t0 ʌ 

1 100 5 0 1 0.00345 

A ╪ m a1
v a2

v  ˅

0.000265 0.038003 0.635200 250 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 5.4 2.74390 0 1 

 

Table 5.6. CBBD4 Core TMS Parameters for the Earthfill Dam Model 

2G/K l k cin clim B0 

0.75 0.10907 0.02494 0.5626 0.2074 3 

Bres v́
p Ґ ʹq

p vy
p = y q

p q̒
p = q

p t0 ʌ 

1 100 5 0 1 0.00427 

A ╪ m a1
v a2

v  ˅

0.000339 0.041623 0.747740 10 - 1000 0 0.02 

 ɻ  ɹ OCR Niso*  din r 

5 1 3 2.49306 0 1 
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The a1
v values for the clay foundation and blanket were arbitrarily set to 250 to observe the behavior of 

the material due to the lack of creep testing for the other soil samples and field data. Moreover, it would 

be assumed that most of the deformation or instability is due to the movement of the clay core. 

Furthermore, the analysis would assume that creeping would occur at the start of the operation. In other 

words, deformations resulting from staged construction would be excluded in the analysis. Simplifications 

in the geometry were also done to minimize mesh distortions that may affect the accuracy of the results.  

An 8-node plain strain elements accounting for pore pressures (CPE8P) were implemented in the meshing 

of the numerical model. The mesh shape was restricted to quadratic configuration due to the nature of 

the TMS formulation. The following steps enumerated below generally describes the analysis procedure: 

¶ Geostatic Step ς this step is implemented to establish the equilibrium in the soil model. In this 

stage, the soil stresses for different layers are applied by defining the initial effective stress values 

at the Predefined Field option of the software. The lateral pressure coefficient (K0) is defined to 

have a value of 1 for simplification. This stage should only use 1 step in the analysis and the time 

period is set to 1 day. The entire model is assumed to be saturated for a conservative analysis. 

¶  Analysis Step ς the time period set for this stage is from the start of operation (1958) to the time 

of failure (2014) which is approximately 56 years or 20,440 days. The minimum time step at this 

stage was set to 1E-6 days and the maximum was at 120 days. With this, a detailed development 

of the deformations can be captured while saving storage space.   

 

5.1 Earthfill Dam CBBD2 Section B ς B  

The 0.25m settlement of the crest was reported back in 2001 which was approximately after 43 years 

of dam operation. At the time of the incident, the upstream portion had a displacement of approximately 
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1.5m. The numerical model for CBBD2 Section B ς B is presented in Figure 5.1. The material behavior 

throughout the service life of the dam is presented in Appendix A and Appendix B.  

 
Figure 5.1. CBBD2 Section B ς B Numerical Model 

 

5.1.1 Deformation 

The result of the analysis shown in Figure 5.2 illustrates the vertical displacement that the clay 

core experienced at year 43. The dark areas represent the portions of the material which has a vertical 

displacement of 0.25m or larger. The deformation can be obtained by using an a1
v value of 220 to 265 

wherein using less value would not meet the recorded deformation at 43 years, while a larger a1
v would 

cause instability in the model. The results using a destructuring value of 265 are presented in this paper 

as a conservative approach. It should be noted that the model did not become unstable after 56 years in 

the simulation, rather, the strains kept gradually accumulating after the time of the incident. 

Nevertheless, the results of the simulation provided meaningful insight on the evolution of the 

deformation as well as the accumulation of strains.   
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Figure 5.2. CBBD2 Section B ς B Vertical Deformation at 43 Years 

 

From Figure 5.2 it could be inferred that the majority of the deformation is isolated to the clay 

core. However, this could be attributed to the different constitutive models used for the rockfill (Linear 

Elastic) and the clay core (TMS). In reality it could be assumed that the rockfill on top settled by as much 

as the settlement of the clay core. The deformation development throughout the service life of the dam 

is presented in Appendix A.1 wherein it could be observed that a vertical deformation at the clay core was 

already present as early as 28 years, although localized in a relatively small area. At year 56, half of the 

clay core has deformation equal to or larger than 0.25m. Appendix A.2 and Appendix A.3 presents the 

horizontal and total displacements, respectively. 

Figure 5.3 presents the axial strain development at Node A from Figure 5.2 wherein it could be 

observed that there are two slopes in the graph, although challenging to distinguish from one another. 

This node was selected since it is in the path of a slip surface in the clay core and produced the least 

chaotic stress path in the model. The first one, which is highlighted in red, is interpreted as the primary 

creep strain that occurred over approximately 14 years while the green one can be treated as the 

Node A 
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secondary creep strain. The result do not reflect the typical behavior of creeping wherein the primary 

creep slope is supposedly steeper compared to the secondary creep slope. However, the results of Section 

A ς A generally agrees with this observation where the distinction between the primary and secondary 

creep phases is around 14 ς 16 years after the start of operation (further details will be discussed in 

Section 5.2.1). The different behavior of the plot (Figure 5.3) can be attributed to the calibration of the 

destructuring parameter a1
v to meet the reported field deformation in 2001. It should be noted that this 

observation is limited to Node A. Varying times for primary and secondary creep was observed at different 

nodes in the clay core.   

 
Figure 5.3. CBBD2 Section B ς B Axial Strain Development at Node A 

 

 The tertiary creep strain, wherein there is a sudden increase in strain rate, was not simulated in 

the model. This indicates that the failure in the model was due to the accumulation of strains over long 

periods of time resulting to the presence of significant shear strains. The reported displacement at the 

site could be surmised as the result of the material ultimately failing due to the presence of significant 

Primary 

Secondary 
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shear strains. Unfortunately, there was no recorded data on the deformation of the crest before the 

incident to validate the results of the analysis where an approximate vertical displacement of 0.55m was 

produced (Appendix A.1).  

Shown in Figure 5.4 is the stress path at Node A in the tensorial hyperplane where it could be 

observed that the direction of the plot heads towards a value of null as time passes. In other words, the 

mean stress (sm) at Node A decreases over time. This observation can be compared to the behavior of a 

triaxial specimen being tested wherein a decrease in the stresses can be seen once the sample fails or the 

slip surface is already well-defined. This is due to the fact that the sample no longer resist the axial load 

applied by the triaxial apparatus. The same phenomenon can be said to occur in the earthfill dam model 

in which the stress decreases as the slip surface develops or becomes more prominent. The difference 

here is that the soil element in the model is under anisotropic condition which allows the stresses to reach 

a null value. Unlike in a triaxial test where there is an isotropic confining pressure which prevents the 

apparatus from obtaining a null value in the test.    

The size of SSE at this node is also seen to drastically reduce after approximately 360 days. 

Coincidentally at this time, there is also significant straining at the node by approximately 6% from Figure 

5.3. The initial size of the ISE is also shown in the plot since the size of this envelope is dependent on the 

user-defined parameter B0 which was arbitrarily set to be approximately the same as the OCR input 

variable. It can be recalled from Section 2.2.2.1 that ISE is allowed to experience hardening due to the 

changes in the state of the soil. The ISE then adjusts in the model to simulate the structureless state of 

the node wherein the half-size of the envelope is approximately 0.006 kPa which is impractical to plot in 

the graph.  
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Figure 5.4. CBBD2 Section B ς B Stress Path at Node A 

 

Based on expression (2.30), which defines the size of ISE, the component  ‖ϽÌÎ„  would 

approach a large negative value as the stress approaches a value of null. This would infinitely increase the 

size of ISE based on the formulation. However, the void ratio (and consequently, the specific volume) 

increases as the slip surface becomes more defined at that location since the soil particles are no longer 

bonded to one another. The increase in void ratio compensates for the decrease in stress which degrades 

the size of the ISE. However, due to the limitations of the model, what happens is that the soil element at 

the interface of the rockfill and clay core elongates instead of compressing and shearing. Because of this, 

the void ratio increases to a significantly large value which decreases the ISE size to a null value following 

equation (2.30). This limitation of the model could also explain why the mean stress at Node A eventually 

reaches a null value.      
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The evolution of the slope of CSC is shown as well wherein it could be seen that there is minimal 

change. The overall behavior of the different components of the graph indicates that no significant change 

in the friction angle is needed for the accumulation of considerable amounts of strain in the model.     

 

5.1.2 Strength Degradation 

It could be recalled that in the TMS formulation, the accumulation of viscous deviatoric or shear 

strains resulting from primary and secondary creep is responsible for the development of a slip surface 

within the structure. The plastic deviatoric strains would then accumulate in these areas which would 

eventually lead to the failure of the soil. Figure 5.5 illustrates the accumulated viscous deviatoric strains 

at the time of failure of the dam wherein the range of values were set between 0% - 0.03%. Warmer colors 

indicate larger strains in this case, and the gray contour would indicate values larger than 0.03%. It could 

be observed that these strains accumulated at the interface of the rockfill and clay core in the model. 

Moreover, two distinct slip surfaces in the clay core can be seen wherein the direction is indicated by the 

red arrows on the clay core (Figure 5.5). The first one (Slip Surface 1) is on the upstream side of the clay 

core which starts at the crest of the core and runs downwards along the outline of the rockfill. The second 

slip (Slip Surface 2) surface also starts at the crest of the clay core then cuts through the upper portion of 

the core until it meets the rockfill on the downstream side and runs along it which eventually terminates 

that the bottom. It could also be observed that the clay blanket in contact with the clay core is 

accumulating viscous strains in a way that indicates that it is being pushed towards the left side of the 

model (lateral spreading). The accumulation of viscous deviatoric strains over time is presented in 

Appendix A.4.  
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Figure 5.5. CBBD2 Section B ς B Viscous Deviatoric Strains at 56 Years 

 

Figure 5.6 illustrates the viscous volumetric strains for the clay blanket and clay core where the 

warmer contours indicate higher values of strain. It could be seen that the clay blanket experiences more 

viscous volumetric strains which increases its strength compared to the clay core. It could be recalled that 

viscous volumetric strains tend to increase the material stiffness. The accumulation of these strains 

through the years is presented in Appendix A.5. 
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Figure 5.6. CBBD2 Section B ς B Viscous Volumetric Strains at 56 Years 

 

Figure 5.7 shows the accumulation of plastic deviatoric or shear strains at 56 years. The range of 

values in the contour plot was set between 0% - 100%.  Warmer colors indicate larger strains, and the 

gray contour would indicate values larger than 100%. From the figure, it could be seen that excessive 

strains have developed in locations where the viscous strains accumulated (Figure 5.5), which highlights 

the two slip surfaces in the clay core. There is no significant accumulation of plastic deviatoric strains in 

the clay blanket which is in contrast with the accumulation of viscous strains as shown in Figure 5.5. This 

discrepancy can be attributed to the difference in properties of the clay core and clay blanket and the 

accumulation of viscous volumetric strains (Figure 5.6). Since the clay blanket is a relatively stronger 

material, the clay core beside it is being compressed against it which is evident from the development of 

the plastic deviatoric strains shown in Figure 5.7. The plastic volumetric strains illustrated in Figure 5.8 

develop in the same way as the deviatoric strains which further highlights the development of the slip 

surface in the structure. Presented in Appendix A.6 and Appendix A.7 are accumulation of plastic strains 

throughout the service life of the dam where it could be seen that significant straining has already 

accumulated by the time that the deformation at the crest was reported. 
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Figure 5.7. CBBD2 Section B ς B Plastic Deviatoric Strains at 56 Years 

 

 
Figure 5.8. CBBD2 Section B ς B Plastic Volumetric Strains at 56 Years 

 

Figure 5.9 shows the slope degradation of the Critical State Cone in the model which represents 

the Critical State Line in the stress hyperspace of the TMS formulation. Likewise, the warmer contours in 

the figure indicate higher values. The clay core value starts at 0.5626, which translates to a friction angle 
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(downstream) 
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(upstream) 

Slip Surface 2 

(downstream) 
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of 180, and degrades to a general value of 0.55 or 17.60. The path of the slip surface in the core decreased 

to a lower value of 0.535 or 17.20. The clay blanket generally decreased to a value of 20.30 with the 

weakest near the interface with the clay core at around 200. It could be observed that there is minimal 

change in the friction angle of the clay core considering that the initial value was at post-peak. The 

summary of changes in the friction angle is shown in Table 5.7.  

 
Figure 5.9. CBBD2 Section B ς B Slope of Critical State Cone at 56 Years 

 
Table 5.7. Friction Angle Deterioration ς Case 1 

Dam Section Material Post-Peak Value Degraded Value Change 

CBBD2 

Core A ς A 19 18.4 3.16 % 

Core B ς B 18 17.2 4.44 % 

Foundation 19 16.7 12.10 % 

Blanket 21 20.3 3.33 % 

CBBD4 
Core 18 17.6 2.22 % 

Foundation 18 15.5 13.89 % 

 

Sensitivity analysis was done using peak strength value for the clay core; however, the observed 

field displacement was not replicated even if the maximum value of a1
v of 1000 was used in the model. 

The analysis indicated a vertical displacement of the crest of the clay core of about 0.10m in 2001 which 

is significantly less than the reported displacement of 0.25m. As such, the average between the peak and 

Blanket Core 
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post-peak values was used. The a1
v value that recreated the site displacement was 540, which shows that 

the deviatoric destructuring variable scales with the initial strength parameter of the soil. The clay blanket 

parameter was not adjusted since there are no field observations for the model to be calibrated with the 

peak value. The resulting decrease in the friction angle of the clay core was larger compared to the 

previous case as shown in Table 5.8. Furthermore, the use of larger friction angle resulted to less 

displacement and less accumulation of viscous strains. However, there was noticeably more accumulation 

of plastic strains in the clay core which is due to the formulation shown in equation (2.43) where 

parameter H decreases with increasing initial friction angle. This change would increase the scalar factor 

ὨΏ as shown in expression (2.42). In turn, the plastic strain increment also increases as could be seen in 

equation (2.16). Overall, the trend of the strain accumulation was similar for the two cases considering 

different initial friction angle values.  

Table 5.8. Friction Angle Deterioration ς Case 2 

Dam Section Material Initial Value Degraded Value Change 

CBBD2 
Core A ς A 21 20.14 4.10% 

Core B ς B 21 19.11 9.00% 

CBBD4 Core 25 23.76 4.96% 

 

A simple limit equilibrium (LEM) analysis using GeoStudio which incorporates the weakened 

parameters of clay would indicate a factor of safety (FS) less than unity when considering a non-circular 

slip surface which would validate the instability in the model. A circular slip surface would yield an 

acceptable FS value of 1.847 which shows a stable slope and meets the minimum value of 1.5 set by the 

Canadian Dam Association (CDA) for long-term stability. Figure 5.10 and Figure 5.11 displays the results 

of the LEM analyses. Appendix A.8 and Appendix A.9 shows the evolution of the Critical State Cone for the 

clay core and clay blanket, respectively. Appendix B shows the behavior of the dam considering a higher 

initial strength parameter of the clay core.           
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Figure 5.10. CBBD2 Section B ς B LEM using Morgenstern-Price Method (Circular) 

 

 
Figure 5.11. CBBD2 Section B ς B LEM using Morgenstern-Price Method (Non-Circular) 
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5.2 Earthfill Dam CBBD2 Section A ς A 

Similar to Section B ς B, the destructuring variable shall be calibrated to match the observed 

deformation at year 43 as well as the delayed instability at year 56. The numerical model for Section A ς 

A is presented in Figure 5.12. The accumulation of strains and deformations of Section A ς A are presented 

in Appendix C and Appendix D.  

 
Figure 5.12. CBBD2 Section A ς A Numerical Model 

 

5.2.1 Deformation 

Figure 5.13 shows the vertical deformation of the clay core wherein the dark areas represent the 

portions of the material which has a vertical displacement of 0.25m or larger. A creep destructuring 

variable value of 65 for the clay core was used to achieve this. Also, instability in the model was achieved 

after 56 years. Similar to Section B ς B, a small local area in the clay core of Section A ς A already 

experienced vertical deformation of 0.25m in year 28 as shown in Appendix C.1. By year 56, half of the 

clay core also experienced vertical displacement of 0.25m or larger. Appendix C.2 and Appendix C.3 

illustrates the horizontal and total displacements, respectively. 
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Figure 5.13. CBBD2 Section A ς A Vertical Deformation at 43 Years 

 

  Figure 5.14 shows the axial strain evolution of Node A from Figure 5.13 wherein the primary 

creep can be clearly distinguished to last for about 15 to 16 years, which supports the observation in 

Section B ς B (Figure 5.3). From that point on, secondary creeping was observed until the end of service 

life. The strain behavior reflects the more compressible characteristic of the core material due to a steeper 

slope (l) of the compression line. Sudden failure of the dam model was not recreated in this case, rather, 

failure was achieved through solution instability in the model. The stress path and strength envelopes of 

node A in this section are shown in Figure 5.15 in which the behavior is similar to that of Section B ς B. 

The difference is that the initial ISE is larger than the SSE at 360 days which is due to lower input value of 

B0. Based on the output values, the ISE is coincidental with the SSE at 360 days as it adjusts over time to 

reach the actual structureless state of the node.   

Node A 
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Figure 5.14. CBBD2 Section A ς A Axial Strain Development at Node A 

 

 
Figure 5.15. CBBD2 Section A ς A Stress Path at Node A 
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5.2.2 Strength Degradation 

Figure 5.16 shows the accumulated viscous deviatoric strains at year 56 wherein the contours 

were limited to a range of 0% - 0.09%. Similar to Section B ς B, the strains accumulated at the interface of 

the rockfill and clay core, and two distinct slip surfaces in the can be seen. The development of strains in 

the clay blanket and foundation indicates that there is lateral movement on these locations. Figure 5.17 

shows the viscous volumetric strains wherein the clay core, blanket, and foundation have relatively similar 

values. Appendix A.4 and Appendix A.5 illustrates the evolution of the viscous deviatoric and volumetric 

strains, respectively.  

 
Figure 5.16. CBBD2 Section A ς A Viscous Deviatoric Strains at 56 Years 
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Figure 5.17. CBBD2 Section A ς A Viscous Volumetric Strains at 56 Years 

 

Figure 5.18  shows the accumulation of plastic deviatoric strains at 56 years where it could be 

observed that significant plastic strains have accumulated along the slip surface defined in Figure 5.17. 

The difference here is that the development of Slip Surface 2 started both at the top and bottom of the 

clay core at a later time which eventually connected as illustrated in Appendix C.6. This can be attributed 

to the lower destructuring variable used in the analysis which slowed the progression of Slip Surface 2. 

Furthermore, significant plastic strains were also observed to have already accumulated by the time that 

the 0.25m displacement of the crest was reported. Moreover, more strains are present in the clay blanket 

which propagated from the interface with the clay core and pushed upstream. This is attributed to the 

geometry of the model where the configuration of the clay core introduces shearing forces to the clay 

blanket.  The downstream portion of the clay foundation near the toe of the rockfill also showed 

significant strain development which indicates potential movement due to the load of the rockfill on top 

of it. Unfortunately, there is no recorded data on the lateral movement at the base of the dam to validate 

this finding. Figure 5.19 and Appendix C.7 shows the accumulation of plastic volumetric strains which 

developed in a similar pattern as the plastic deviatoric strains.   
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Figure 5.18. CBBD2 Section A ς A Plastic Deviatoric Strains at 56 Years 

 

 
Figure 5.19. CBBD2 Section A ς A Plastic Volumetric Strains at 56 Years 

 

Figure 5.20 illustrates the degradation of the slope of the Critical State Cone wherein the clay core 

degraded to a value of 18.40 and 16.70 for the clay foundation as illustrated in  
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Table 5.7. These values are found on the zones where significant viscous strains have accumulated. 

Analysis using peak value for the initial strength parameter of the clay core revealed the same trend 

observed in Section B ς B. The change in friction angle is presented in Table 5.8 and the behavior 

considering this case is illustrated in Appendix D.  

 
Figure 5.20. CBBD2 Section A ς A Slope of Critical State Cone at 56 Years 

 

The LEM analysis using the deteriorated parameters from the post-peak values showed a critical 

slope considering non-circular slip surface on the upstream side since the FS value is almost at unity. The 

downstream analyses yielded an FS value greater than unity which would indicate a stable condition, 

although it fails to meet the CDA requirement. Figure 5.21 to Figure 5.24 presents the results of the slope 

stability analyses. Illustrated in Appendix C.8 Appendix C.9 are the deterioration of the Critical State Cone 

of the different clay materials for Section A ς A. The results of the analysis indicate Section A ς A could 

have potentially destabilized as well. It just so happens that Section B ς B was the first one to excessive 

displacements at the time of the incident.      
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Figure 5.21. CBBD2 Section A ς A Upstream LEM using Morgenstern-Price Method (Circular) 

 

 
Figure 5.22. CBBD2 Section A ς A Upstream LEM using Morgenstern-Price Method (Non-Circular) 
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Figure 5.23. CBBD2 Section A ς A Downstream LEM using Morgenstern-Price Method (Circular) 

 

 
Figure 5.24. CBBD2 Section A ς A Downstream LEM using Morgenstern-Price Method (Non-Circular) 
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5.3 Earthfill Dam CBBD4 

The recorded settlement of 0.25m at the clay core in 1999 shall be used to calibrate the value of a1
v 

for CBBD4. Also, the destructuring value should result to a model which is stable until the present time 

since the structure at the site is still in operation. The numerical model for CBBD4 is shown in Figure 5.25 

and the dam structure behavior through the years are illustrated in Appendix E and Appendix F. The clay 

blanket properties that were used in this case are similar to that of CBBD2.  

 
Figure 5.25. CBBD4 Numerical Model 

   

5.3.1 Deformation 

An a1
v value in the range of 20 to 50 was determined to produce the reported vertical 

displacement in 1999, larger values would lead to an unstable model after the 2014 incident in CBBD2. 

For modelling purposes, the results using a1
v = 50 would be presented in this study. Figure 5.26 illustrates 

the deformation at year 41 (1999) which shows localized regions that have experienced vertical 

displacement larger than 0.25m. Unlike CBBD2, using an a1
v value of 50 would lead to the development 

of the vertical deformation of 0.25m as early as year 14 which is presented in Appendix E.1. Moreover, 
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deformations larger than 0.25m seems to be limited to the upper portion of the core up until the present 

time in 2024. Appendix E.2 and Appendix E.3 presents the horizontal and total displacements of the dam, 

respectively.  

 
Figure 5.26. CBBD4 Vertical Deformation at 41 Years 

 

 Figure 5.27 illustrates the axial strain accumulation at Node A from Figure 5.26 where it could be 

observed that primary creeping lasted over 16 to 17 years before reaching secondary creep rate until the 

present time in 2024. Figure 5.28 illustrates the stress path and envelope behavior at node A for CBBD4. 

Significant straining and strength deterioration is observed as early as 120 days. Generally, the strain 

behavior is similar to Section A ς A wherein the material is more compressible compared to Section B ς B. 

At the present, it is estimated that the crest of CBBD4 or at least the top portion of its clay core has settled 

by approximately 0.40m. Field measurements would be required to validate this finding.  
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Figure 5.27. CBBD4 Axial Strain Development at Node A 

 

 
Figure 5.28. CBBD4 Stress Path at Node A 
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5.3.2 Strength Degradation  

Since CBBD4 is still in operation, the results illustrate the present condition of the earthfill dam. 

Shown in Figure 5.29 is the accumulated viscous deviatoric strains at year 66 (present) where it could be 

seen that the pattern is similar to Section A ς A. The outline of the two slip surfaces is similar to the results 

in CBBD2. The left portion of the clay foundation is being pushed towards the upstream of the structure 

while the right area is being deformed towards the downstream of the dam. Figure 5.30 illustrates the 

viscous volumetric strains wherein the clay core and blanket experiences relatively larger strains 

compared to the clay foundation. Appendix E.4 and Appendix E.5 shows the development of the viscous 

deviatoric and volumetric strains, respectively. 

 
Figure 5.29. CBBD4 Viscous Deviatoric Strains at 66 Years (Present) 
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Figure 5.30. CBBD4 Viscous Volumetric Strains at 66 Years (Present) 

Significant plastic deviatoric or shear strains have also developed along the outline of the slip 

surfaces as shown in Figure 5.31. In this case, the two slip surfaces are not connected at the bottom of 

the core unlike in CBBD2. Also, Slip Surface 2 started developing both at the top and lower portion of the 

clay core until it connected at year 28 which is shown in Appendix E.6. Additionally, there is considerable 

strain that have accumulated in the clay core by 1999 when the observations of displacement were 

reported. Although, the magnitude is relatively lower compared to CBBD2. The plastic volumetric strains 

of the dam developed in a similar fashion as illustrated in Figure 5.32 and Appendix E.7.   
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Figure 5.31. CBBD4 Plastic Deviatoric Strains at 66 Years (Present) 

 

 
Figure 5.32. CBBD4 Plastic Volumetric Strains at 66 Years (Present) 

The clay core friction angle decreased to a value of around 17.60 from an initial value of 180, while 

the clay foundation friction angle regressed to a low of 15.50 as presented in Figure 5.33 and summarized 

in  
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Table 5.7. Utilizing peak strength value for the clay core would result to the same behavior as 

observed in CBBD2 where larger change in the friction angle was observed as shown in Table 5.8. Using 

the deteriorated parameters from the post-peak state in limit equilibrium analysis for the upstream 

portion of the dam, the factor of safety yielded a value close to unity for the non-circular case only. 

Illustrated in Figure 5.34 to Figure 5.37 are the results of the LEM analyses. Appendix E.8 shows the 

regression of the Critical State Cone for the clay core and foundation. Appendix E.9 presents the clay 

blanket behavior wherein it could be seen that there are less drastic changes considering that it is only 

supporting the fluid load through the years. Appendix F shows the behavior of the dam considering peak 

strength parameter as the initial state of the clay core. 

 

 
Figure 5.33. CBBD4 Slope of Critical State Cone 66 Years (Present) 
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Figure 5.34. CBBD4 Upstream LEM using Morgenstern-Price Method (Circular) 

 

 
Figure 5.35. CBBD4 Upstream LEM using Morgenstern-Price Method (Non-Circular) 
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Figure 5.36. CBBD4 Downstream LEM using Morgenstern-Price Method (Circular) 

 

 
Figure 5.37. CBBD4 Downstream LEM using Morgenstern-Price Method (Non-Circular) 
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5.4 Summary  

The reported field displacements in 1999 and 2001 were simulated considering post-peak initial 

conditions. The a1
v values used in the simulations were 265, 65, and 50 for Section B ς B, Section A ς A, 

and CBBD4, respectively. Using larger values for the destructuring factor would cause instability in the 

model at an earlier time. The clay blanket and clay foundation a1
v values were fixed to 250 due to lack of 

laboratory testing as well as field measurements which may not accurately represent the material 

behavior in the field. Nonetheless, using this fixed value provided an insight on the development of strains 

in the material. Rapid failure deformation was not simulated in the model, rather, the failure was 

interpreted as the solution non-convergence in the program. 

The destructuring variable (a1
v) values used in the earthfill dam model were in good agreement with 

the range of values obtained from the calibration when considering the initial state to be at post-peak. 

The variable scales accordingly with increasing friction angle of the material. CBBD2 Section B ς B used a 

significantly larger a1
v value compared to Section A ς A and CBBD4. This discrepancy can be attributed to 

the difference in model geometry and parameters. It is evident from Table 5.3, Table 5.4, and Table 5.6 

that the Cam clay parameter l for CBBD2 Section A ς A and CBBD4 is larger than CBBD2 Section B ς B 

which would indicate a more compressible material. Aside from this, the standard logarithm of creep rate 

( )̞, intrinsic specific volume (Niso
*), and Singh-Mitchell parameter A for CBBD2 Section A ς A and CBBD4 

are all relatively larger than the same parameters for CBBD2 Section B ς B. The combined effect of these 

parameters resulted to the inverse scaling of the destructuring variable in the model.  

Primary creeping at the clay core can be generally said to occur over a significant amount of time 

followed by secondary creeping. It should be noted that varying times for primary and secondary creep 

was observed at different locations of the clay core. This indicates that the eventual instability of the dam 

can be attributed to the accumulation of significant shear strains over long periods of time rather than 

rapid development under a short period. The incident on CBBD2 where sudden slippage was reported 
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could be the result of the material ultimately destabilizing due to the accumulation of significant strains. 

The stress path and envelope behavior at an arbitrarily selected node in the model revealed that 

significant accumulation of strain is the more likely cause of instability rather than significant strength 

deterioration. 

 The analysis determined that the crest of CBBD4 at the present, or at least the top portion of its clay 

core, is estimated to have approximately 0.40m vertical displacement. Field measurements are needed 

to validate this finding.  

Significant plastic strains developed in areas where viscous deviatoric strains have accumulated which 

outlines the slip surface in the dam. The development of the slip surfaces is similar to all sections wherein 

the first one develops on the upstream side of the clay core, while the second slip surface starts at the top 

of the core and cuts through the downstream side of the clay core both of which run along the rockfill 

interface. In CBBD2, the second slip surface connects to the first one at the bottom, while the CBBD4 slip 

surfaces are only connected at the top portion of the core. In all cases, the development of the second 

slip surface on the downstream side of the core started at the top and bottom at different times and 

eventually connected somewhere in the middle. Also, significant strains were observed to have already 

accumulated in the clay core of all the analyzed dams by the time that the field displacements were 

reported. Moreover, the nature of propagation of the strains in the clay blanket and clay foundation is 

indicative that there is potential lateral spreading on both the upstream and downstream side of the dam.  

The friction angles of the materials have deteriorated over time and are summarized in Table 5.7 for 

the initial post-peak condition where it could be observed that the values decreased by 2% to 4% for the 

clay core and blanket, and 12% to 13% for the foundation. These weakened parameters were used in limit 

equilibrium analyses and yielded factors of safety less than or close to unity when considering a non-

circular slip surface. This indicates a critical condition of impending instability or significant slope 
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movement of the dam. Table 5.8 shows the deterioration of the clay core considering stronger parameters 

which resulted to larger change in friction angle. The use of larger strength parameters resulted to an 

increase in the accumulation of plastic strains due to the formulation of the model, and the destructuring 

variable a1v scaled proportionally with the increase in strength parameter. The deteriorated values of the 

friction angle for both cases are generally larger compared to the previous analysis, albeit it is approaching 

that values used by Ubay (2020).    

CBBD4, which is still in operation, needs to be monitored closely since the LEM analysis yielded an 

unfavorable value in the upstream side of the dam, similar to the findings of Ubay. Favorable results were 

obtained considering a circular slip surface but generally did not meet the required value by CDA which is 

1.5. Nevertheless, the non-circular results provide a conservative estimate on the stability of the slope 

after it has deteriorated which is unsatisfactory. The results of the LEM analyses are presented in Table 

5.9. 

Table 5.9. Limit Equilibrium Analysis 

Dam 
Upstream Downstream CDA 

Requirement 
Remarks 

Circular Non-Circular Circular Non-Circular 

CBBD2 
Section A ς A 

1.294 1.033 1.286 1.093 1.5 Fail 

CBBD2 
Section B ς B 

1.847 0.989 - - 1.5 
Fail on Non-

Circular section 

CBBD4 1.487 1.032 1.670 1.322 1.5 

Pass only on 
Circular section 
in downstream 

analysis 
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Chapter 6 SUMMARY, CONCLUSIONS, and RECOMMENDATIONS 

 

The parameters for the Time Dependent Model for Structured Soils (TMS) were determined through 

numerous laboratory testing and calibrated using the ABAQUS software. The results enabled the analysis 

of the model for CBBD2 to assess the capability of TMS in predicting the soil behavior. The constitutive 

model was also applied to the evaluation of CBBD4 to determine the condition of the structure at the 

present time.  

TMS demonstrated its capability in simulating the material behavior that is under constant loading over 

long periods of time which provided meaningful insight on the clay material behavior. The findings of the 

analyses indicate that the interface between the rockfill and clay core are critical areas for the 

development of slip surfaces. It could also be inferred that the configuration of the clay core plays a 

significant role in the development of slip surfaces over time. In the case of CBBD2 and CBBD4, the clay 

core is inclined at a certain angle which potentially made it more susceptible to instability. 

TMS uses several variables which are needed to be determined in several laboratory testing and numerical 

calibration. Any error in the methodology in one or more of the required tests would significantly affect 

the model analysis, especially for sensitive clays. With this in mind, the Soft Soil Creep analysis of Ubay 

considering strength parameters between post-peak and residual values would give conservative results 

in the assessment of creeping earth structures. However, it is deemed that TMS would give more insights 

on the material behavior which can be used for the evaluation of existing structures and improvement of 

future construction of earth fill dams. 
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6.1 General Findings and Conclusion 

Upon completion of laboratory testing and numerical modelling, the following findings were obtained: 

1. The intrinsic specific volumes of the material were determined through modified oedometer 

tests. However, the procedure was somewhat erroneous due to the loss of material during 

loading. Nevertheless, multiple trials were conducted to make up for this error. Improvement in 

the methodology can be done wherein the oedometer ring is sealed to prevent materials from 

escaping.  

2. Drained triaxial tests were performed to determine the material behavior under such conditions. 

The resulting plot of the behavior was used as reference for the calibration of the deviatoric 

destructuring variables. Undrained creep tests were also done to determine the Sing-Mitchell 

parameters needed in TMS. Some samples were remolded using the proctor mold with the collar 

to maximize the extracted samples. Adjusting the compaction effort and then subjecting the 

trimmed samples to isotropic consolidation gave acceptable results. However, comparison with 

undisturbed sample behavior is required to validate the observation.   

3. Parameter calibrations of the volumetric and deviatoric destructuring variables in the model 

revealed that the soil material was not sensitive to the variation of the values. As such, the average 

value was used in the earthfill dam analyses.  

4. Generally, TMS was able to recreate the soil behavior in the oedometer simulations with some 

minor differences due to the discrepancy of the parameter values between the tested material 

and simulated soil using idealized variables. The tested soils were obtained from different depths 

of the same location in which the small differences in the parameters resulted to the discrepancy 

between the simulations and laboratory tests.  

5. The triaxial simulations revealed that some other parameter is significantly affecting the soil 

behavior in the calibration. Sensitivity analyses revealed that the initial friction angle value had 
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the largest influence on the results. This change in soil property can be attributed to the improper 

storage of the soil samples which made its extraction from Shelby Tubes challenging. Appropriate 

adjustments on the friction angle were done which resulted to a better fit of the curve with the 

recorded data. 

6. Drained creep test using remolded samples of CBBD2 clay cores were also conducted to calibrate 

the creep destructuring variable (a1
v) which controls the degradation of the friction angle of the 

material. The tested samples were still experiencing secondary creep straining even after 

approximately 100 days of testing. Nonetheless, the captured data was enough to determine the 

range of creep destructuring variable that can used in the earthfill dam model. 

7. The a1
v for CBBD2 Section B ς B is significantly larger compared to the other sections. This is mainly 

attributed to the difference in parameters wherein the l, ˕Σ biso
*, and Singh-Mitchell parameter 

A for CBBD2 Section A ς A and CBBD4 are relatively larger compared to CBBD2 Section B ς B. 

Moreover, the use of peak friction angle resulted to higher values of a1
v in the simulation. With 

this, it is surmised that the destructuring parameter a1
v adjusts accordingly with the effects of the 

values of the different parameters. 

8. The earthfill dam analyses were done wherein the reported deformations were used as the 

benchmark to determine the appropriate creep variable to use in the model. The a1
v
 for the clay 

blanket and foundation were set to a fixed value to determine the behavior at these areas due to 

the lack of testing for the other soil samples and lack of field data. The determined values were in 

good agreement with the results of the calibration from the creep triaxial test considering an 

initial post-peak state, and produced results which met the reported displacements at the site. 

9.  Significant plastic strains accumulated in areas where viscous strains accumulated which is how 

TMS works in the model. All sections exhibited the development of two slip surfaces on the clay 

core both of which are located at the interface of the rockfill and clay core in the upstream and 
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downstream side. Both of the slip surfaces started at the crest of the clay core and propagated 

downwards. The slip surface on the downstream side of the core (Slip Surface 2) started 

developing at the bottom after some time and eventually connected with the upper portion in 

the middle of the clay core. Slip Surface 2 also developed at a faster rate as seen in the appendices 

due to the influence of more loading on this location of the dam. 

10. The development of two slip surfaces in the clay core could potentially lead to one of the following 

scenarios for the mode of instability: a) a shallow slope movement could have occurred when 

considering the upstream slip surface alone (Slip Surface 1 Figure 5.7), b) a relatively deep-seated 

slope instability could potentially occur if significant movement would have happened along the 

downstream side of the core (Slip Surface 2 Figure 5.7), or c) the slope could have moved while 

moving along two slip surfaces. The work of Ubay (2020) supports the first scenario (a) since her 

analysis indicated shallow slope failure at the upstream side of the dam.       

11. Considerable plastic strains were observed to already have accumulated in the defined slip 

surfaces in the clay core by the time that the vertical deformations were reported. These strains 

continued to increase from that point on as illustrated in the appendices. As such, it could be 

surmised that the 0.25m displacement is a good indicator that significant straining have already 

accumulated in the clay core.  

12. The trend of strain accumulation at the clay blanket and foundation indicated that there is 

potential for lateral spreading at the base of the dam. Field measurements on the lateral 

movement at these locations are needed to calibrate the model. In the case of CBBD4, there is 

minimal strain accumulation in the clay blanket since it is only supporting the load of the water 

reservoir on top of it.    

13. Axial strain behavior at an arbitrarily selected node in the model revealed that the clay core 

material underwent primary creeping for significant amounts of time before experiencing 
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secondary creep until the end of life of CBBD2 and present time for CBBD4. This suggest that the 

eventual instability of CBBD2 was due to the accumulation of shear strains over long periods of 

time. Failure in the model was due to non-convergence of solution rather than rapid deformation.  

14. The stress path in the tensorial space of the selected node in the model shows that the direction 

of the plot heads towards a value of null as time passes. This observation is similar to the behavior 

of a triaxial specimen wherein a decrease in the stresses can be seen as the sample fails under 

loading. The anisotropy of the model potentially causes the mean stress value to reach a null value 

for soil elements along the slip surface in the clay core.    

15. Strain accumulation is illustrated through the evolution of the SSE size in which it decreases over 

time. The size of the ISE also adjusts in the model to account for the changes in stress and void 

ratio of the material. Due to the limitations of the model, the ISE decreases to a value that is 

almost null which may not accurately represent the structureless state of the material.    

16. The strength deterioration is simulated through the decrease in friction angle from an initial value. 

The initial state at post-peak and peak values were investigated for Section A ς A of CBBD2 and 

CBBD4. The post-peak and average value between peak and post-peak strength parameter for 

CBBD2 Section B ς B was analyzed. The results indicated that the destructuring variable due to 

creep scales with the initial state of the soil to a certain extent. Higher initial strength parameters 

also resulted to larger accumulation of plastic strains due to the formulation of the model. Overall, 

the trend of accumulation of strains is similar to both cases. 

17. The degraded values considering the post-peak as the initial state of the material were used in a 

limit equilibrium analysis to assess the stability of the dam. The results for all the dam sections 

generally yielded values less than the minimum required by the CDA which makes it susceptible 

to failure. The deteriorated values of the friction angle were relatively larger compared to the 

values used in the work of Ubay (2020). The results further support the observation in this study 
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that significant strength deterioration is not required for the accumulation of considerable 

amounts of strain in the material.  

18. With the current model, it is estimated that the crest of CBBD4 has experienced vertical 

displacement around 0.40m. This value needs to be validated through field measurements at the 

site.      

 

6.2 Recommendations 

The completed research can be used as reference in further study of ageing earth structures that are 

suspected to have undergone creeping. The research also indicated that there are potentially significant 

amounts of strain, as well as displacement on CBBD4. Therefore, it is critical to conduct immediate field 

measurements on the crest displacement of CBBD4 to validate the results of the analysis. Depending on 

the findings, mitigating measures on CBBD4 would be imperative to maintain its stability and prevent 

excessive movement of the structure. 

Time constraints only allowed analysis for CBBD2 and CBBD4 as the different laboratory tests and 

calibrations for the TMS parameters required significant amounts of time to accomplish. Analysis of the 

of the remaining earth fill dams must be done to assess their current conditions. The evaluation of these 

dams could provide additional understanding on the development of slip surfaces considering varying 

configurations of the clay core. Supplementary laboratory testing should also be done to refine some of 

the parameters in TMS such as the Singh-Mitchell factors which affects the viscous strain accumulation 

representing the effects of primary and secondary creep in the model. The effects of staged construction 

of the earthfill dam should also be investigated in future works. 

Field measurements are critical in the assessment of earthfill dams since it is expected to operate over 

long periods of time. The results obtained from this study using TMS illustrated that the zone near the 
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interface of the rockfill and clay core are critical areas in the development of slip surfaces. The installation 

of monitoring instruments at the crest, upstream, and downstream sides of the clay core would provide 

invaluable information on the stability of the structure. Moreover, instrumentation at the clay blanket 

and foundation both on the upstream and downstream side of the dam is also recommended to capture 

the potential lateral spreading at the base of the structure. 

The 0.25m reported displacement of the dams seem to be a good indicator of structure degradation 

as significant amounts of strain was observed to have already accumulated by this time in the model. 

Future projects should consider this observation in their long-term plans. Necessary works, which include 

increase in monitoring and immediate implementation of mitigating measures, should be done if this 

observation is made in the field.  

The assessment using TMS illustrated the nature of the accumulation of strains in the material over 

time. However, the model was unable to accurately simulate the instability in which sudden significant 

slope movement was reported to have occurred in CBBD2. Moreover, it was observed that using a 

different constitutive model along with TMS produces inaccurate behavior in the simulation. 

Nevertheless, the results of the analyses can be used to improve the formulation of TMS. Alternatively, 

other constitutive models, such as the strain softening model developed by Urmi et al. (2024), can be 

explored to simulate the excessive movement at the dam. The use of this constitutive model together 

with the results of TMS could give a deeper understanding on the creep behavior of clay and the excessive 

deformation of the material.      
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A. CBBD2 SECTION B ς B RESULTS 

(POST-PEAK FRICTION ANGLE) 
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Appendix A.1. CBBD2 Section B ς B Vertical Displacement at Various Years 

At 14 Years 

At 28 Years 

At 42 Years 

At 56 Years 
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Appendix A.2. CBBD2 Section B ς B Horizontal Displacement at Various Years 

At 14 Years 

At 28 Years 

At 42 Years 

At 56 Years 
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Appendix A.3. CBBD2 Section B ς B Total Displacement at Various Years 

 

At 14 Years 

At 28 Years 

At 42 Years 

At 56 Years 
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Appendix A.4. CBBD2 Section B ς B Viscous Deviatoric Strain Development 

At 14 Years 

At 28 Years 

At 42 Years 

At 56 Years 
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Appendix A.5. CBBD2 Section B ς B Viscous Volumetric Strain Development 

 

 

At 14 Years 

At 28 Years 

At 42 Years 

At 56 Years 
























































































