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ABSTRACT 
 
 

MEHRDAD HASSANI. Experimental and computational study of performance of 
highway embankments. (under the direction of DR. MIGUEL A. PANDO) 

 
 

Highway embankments require careful selection of the borrow material and 

construction practices.  Most highway agencies in North America specify the soil selection 

criteria based on gradation or Atterberg limits.  Furthermore, current construction practices 

also include specifications for the placement and compaction of the selected borrow 

materials.  However, embankment material selection criteria and embankment construction 

specifications were discovered to be variant among the agencies.  Some agencies use 

plasticity index requirement as the only specification regarding selection of embankment 

material.  Some other agencies specify using dry unit weight of the compacted soil in the 

form of a ratio known as relative compaction (RC), as their main construction requirement.  

Although this traditional approach has resulted for the most part in safe embankments, 

there have been unsatisfactory performances in some cases.  For example, longitudinal 

cracking and shallow slope failures have been reported for some embankments, despite the 

fact that material selection criteria and material placement criteria were met.  Review of 

the literature reveals that in the process of embankment design, for the most part, no 

information is provided regarding embankment slope stability or, embankment allowable 

settlement. 

In this dissertation, an alternative approach for the selection and placement of borrow 

soils for highway embankments has been investigated.  The alternative approach is a 

performance-based methodology where the selection and placement of the candidate 
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borrow soil must meet performance criteria for slope stability and deformation levels.  The 

study focused on five test soils from the Piedmont region of North Carolina.  For each test 

soil, extensive laboratory testing was performed to allow assessment of the aforementioned 

performance criteria.  This includes a series of analyses to assess slope stability and 

deformation levels both short-term and long-term. To investigate performance of 

embankments, soil strength parameters obtained from both total stress analysis (TSA) or 

undrained conditions and effective stress analysis (ESA) or drained conditions have been 

considered.  A set of unconsolidated-undrained (UU) triaxial tests was used to obtain total 

stress soil strength properties, and a set of consolidated-undrained (CU) triaxial tests with 

pore pressure measurements was considered to achieve effective stress soil strength 

properties.  Moreover, a set of one-dimensional creep compression tests were considered 

to study long-term deformation characteristics of embankment soil materials. Sixteen 

embankment geometric sections have been considered in total for the study.  For the 

highway embankment deformation analysis, two-dimensional plane strain conditions were 

assumed.  It is noted that the scope of this study considers only failures and settlements 

related to the highway embankment and not due to poor foundation soil conditions. 

The study found that the proposed performance-based criteria is generally a viable 

alternative to the traditional approach.  No cases showed that the TSA factor of safety was 

lower than the minimum value of 1.3.  In many of the TSA cases, FS was well above the 

minimum value.  However, in the effective stress stability analysis many cases were found 

to have FS lower than 1.3.  Observed modes of failure consisted of non-shallow mode, 

local mode, and shallow mode.  For the effective stress slope stability analysis, shallow 

failure (infinite) must be checked as there is a high likelihood for this mode of failure.  
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Some findings might give ground to the idea that soils with higher PI, such as Soil 2 (A-7-

6 class), perform slightly better under saturated conditions.  This finding may cast doubt 

on specifications set by some agencies to limit Atterberg limits of embankment material as 

a selection criterion.  This fact may also reject the specifications which abandon using A-

7 group soil as embankment material.  Providing suitable vegetation cover as well as 

drainage systems (to reduce infiltration and promote runoff, respectively) for the highway 

embankments could be useful measures in avoiding the detrimental effects of the water 

presence in the body of embankment.  There was no strong evidence indicating that the 

soils with higher PI had a higher creep rate.  The creep rate of 6 10-6 %/min may be 

introduced as a rough number for the silty soils compacted at optimum moisture content 

which were studied in this research. 
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CHAPTER 1: INTRODUCTION 
 
 

1.1 Introduction and Background 

This dissertation investigates the suitability of a performance-based design for the 

selection and placement of borrow soils for the highway embankments.  Performance of 

the embankments is mainly related to two concerns: slope stability and deformation.  Each 

of these two concerns should be reviewed under different types of material properties: 

undrained behavior conditions, and drained behavior conditions.  Moreover, it is useful to 

take into account immediate and long-term deformation characteristics.  This study also 

presents a review of state-of-practice of the embankment material selection specifications 

and embankment construction specifications. At the end of document, recommendations 

are made for material selection (based on the AASHTO soil classes) and construction 

practices.  After this short explanation about the current study, a brief background about 

highway embankments is presented in the rest of this section.   

Embankment refers to a mass of earthen material that is placed in specific layers and 

compacted for the purpose of raising the grade of a roadway (or railway) above the level 

of the existing surrounding ground surface and for providing a suitable and strong 

foundation for the upper layers of the roadway.  A typical highway section ideally consists 

of the upper road sections (i.e., pavement, base and subbase), subgrade, embankment, and 

the underlying foundation.  Figure 1.1 depicts a typical section of the highway embankment 

which shows subgrade, embankment, and foundation. Embankment height, and 

embankment side slope (horizontal step versus vertical step) are also depicted in this figure.  
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The subgrade is shown as an independent layer in this figure (not part of the embankment).  

In reality, the subgrade is a layer that is considered semi-infinite.  In other words, the 

subgrade is the same as the embankment. In practice however, many of the highway 

embankment standard specifications require that the upper few feet of an embankment be 

built at higher compaction levels and/or with material of higher quality (Hassani et al. 

2017).  For the purpose of this research, this upper section is referred to as “subgrade” and 

is considered an independent layer from the embankment. In other words, the scope of this 

study does not include pavement and subgrade. Furthermore, the foundation soil is 

assumed to be adequately compacted and competent, so that it does not influence slope 

stability or deformation performance of the highway embankment. 

 
Figure 1.1. Schematic section of a highway embankment 

Design of highway embankments involves several considerations such as 

geotechnical investigation of the foundation, geometry design, assessment and selection of 

the candidate borrow soil, and considerations for placement and construction procedures.  

It is noted that out of these factors, geotechnical investigation of the foundation is out of 

the scope of this study.  The rest of items in the mentioned list will be discussed briefly in 

the following. 

EMBANKMENT 
H v = 1 

h = S 

FOUNDATION 

SUBGRADE 
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The embankment geometry may be simply defined by the height and side slope.  

Most of the agencies consider embankments higher than 40 ft or 50 ft as high embankments 

(NCHRP 1971).  Concerns regarding high embankments are out of the scope of this 

research.  In highway embankment practice, slopes as steep as 2H:1V are common, but in 

this research, 1H:1V slope will also be considered.  Selected numerical values for the side 

slope and the height of embankments considered in this study are reviewed in upcoming 

chapters. 

Regarding selection of the borrow material, standards usually specify that the soil 

meets some qualifications, including but not limited to the soil gradation, Atterberg limits 

(PI and LL), maximum organic content, and being capable of achieving a certain minimum 

dry density in the field (Hassani et al. 2017). These specifications are reviewed in the 

literature review chapter. 

Specifications regarding the embankment construction try to address the following 

three questions: 

• How shall embankments be placed? 

• What is the acceptable range of moisture content in the field? 

• How shall embankments be built and compacted? 

In the standards for embankment construction, the first question in this list is usually 

addressed with the concept of lift thickness, the second question is dealt with by moisture 

control specifications, and the third question is addressed by means of compaction control 

specifications. However, after reviewing the literature, specifications regarding 
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embankment material selection and embankment construction were found to vary 

significantly among agencies. 

Dealing with the subject of highway embankments, failures and different 

mechanisms should be addressed as well.  Failures of the embankments can be divided into 

two main categories: deep-seated failure and shallow failure.  A deep-seated failure refers 

to a case in which the critical slip surface passes through both embankment and foundation.  

In such cases, the problem usually starts with the foundation as it is softer than the 

embankment and deforms more than the embankment under the self-weight and service 

loads.  On the other hand, if the critical slip surface passes through only the body of 

embankment, it will be categorized as a shallow failure.  According to Khan et al. (2015), 

shallow failure is a major issue for slopes constructed with high-plastic clayey soil.  It is 

reminded that the scope of this study considers only failures and settlements related to 

compacted embankment, not due to poor foundation soil conditions.   

1.2 Problem Statement and Research Objectives 

Although extensive knowledge and research is available about highway 

embankments, there are still ambiguities regarding some aspects of these structures, such 

as material selection criteria; shallow slope failures; best performance-based design 

practices; and long-term performance of these soil structures. 

Among the agencies dealing with highway embankments, there are few which set 

specifications regarding material selection. However, it can be seen that requirements on 

the Atterberg limits are more prevalent than those of related to the gradation.  

Specifications of the Atterberg limits are stated in terms of plasticity index (PI) and liquid 
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limit (LL).  Table 1.1 presents a summary of states specifying Atterberg limits as material 

selection criteria.  In fact, a trend to limit the PI (or generally Atterberg limits) of soil 

material to a maximum value can be seen among the standard specifications.  This concept 

is schematically illustrated on a Casagrande chart in Figure 1.2.  It seems this type of 

specification has caused some issues such as construction delays and cost overruns.  

However, specifying a threshold Atterberg limit is thought to be a measure for controlling 

the long-term deformation of embankment material (based on an instance stated in Samtani 

and Nowatzki 2006a).  Authenticity of this approach and further consequences of this 

specification need to be investigated. 

Table 1.1. Summary of states specifying Atterberg limits as material selection criteria 
(from Hassani et al. 2017) 

State Reference Specification 

Delaware Delaware DOT (2016) LL of borrow ≤ 40 

Louisiana Louisiana DOT (2016) 11 ≤ PI ≤ 25 

North Carolina North Carolina DOT (2012) 
PI ≤ 15 for coastal area; 

PI ≤ 25 for Piedmont and Western area 

Ohio Ohio DOT (2016) LL < 65 

Pennsylvania Pennsylvania DOT (2016) 
for soil (fine-grained portion): LL < 65; 

if 41 < LL < 65: PI ≥ LL-30 

Texas Texas DOT (2014) LL ≤ 45, PI ≤ 15 for granular material 

Washington Washington DOT (2016) 
if 12.1 ≤ P200 ≤ 35, PI ≤ 6 

if 35.1 < P200, PI = 0 
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Figure 1.2. Casagrande chart schematically showing common type of specification set by some agencies 

As it will be discussed in the literature review chapter, shallow slope failure is a 

common form of failure for the highway embankments. Figure 1.3 shows longitudinal 

cracking at North Carolina I-540.  These cracks on the surface of the embankment are 

usually accompanied by bulging of the side slope or toe, and eventually lead to a surficial 

failure.  The soil at this site is highly plastic silt with LL= 58 and PI= 21.  The longitudinal 

cracking issue happened despite the fact that the soil material met the local material 

selection standards (Hassani et al. 2017; North Carolina DOT 2000). This case will be 

reviewed in more detail in the in the literature review chapter. 

However, if the material selection criteria are fully met, minimum factor of safety 

(FS) against sliding is observed, and settlement of embankments is in the acceptable range, 

why are these failures seen commonly in the field?  This is one of the paramount questions 

this study tries to address. 
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Figure 1.3. Longitudinal cracking at NC I-540 at Davis Drive (Pilipchuk 2008) 

Specifying dry unit weight of the compacted soil seems to be almost the only design 

criterion for highway embankments set by many agencies.  This fact along with the state-

of-practice of highway embankment design procedure is addressed in the rest of this 

section. 

During the construction of embankments, field observation and quality control are 

usually performed by means of measuring dry unit weight in the field and comparing it 

with the maximum dry unit weight ( maxdγ ) that can be achieved in a standard laboratory 

compaction test.  This observation is usually performed using a parameter called relative 

compaction (RC) which is defined as the ratio of dry unit weight (or dry density if 

expressed in terms of mass per unit volume) achieved after compaction in the field to the 

maxdγ .  For instance, a minimum RC of 95% is a common construction specification 
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followed by many agencies.  The concept of relative compaction (RC) is demonstrated in 

Figure 1.4a.  Figure 1.4a also shows a compaction curve, features of the optimum point 

(that is maxdγ  and optimum moisture content [OMC]), and zero air voids line.  Needless to 

say that we are borrowing the well-known compaction concept from Ralph Proctor (Proctor 

1933). 

It is noted that the energy level which is considered as a comparison basis and is 

utilized to obtain maxdγ , is also significant since a compaction test may be performed at 

two different energy levels of Standard Proctor or Modified Proctor.  Standard Proctor and 

Modified Proctor compaction tests are respectively described by AASHTO T 99 

(AASHTO 2015a) and AASHTO T 180 (AASHTO 2015b).   

Traditional quality control of embankment construction is depicted in Figure 1.4.  

Figure 1.4a shows the basic approach for embankment compaction control.  In this figure 

are two curves and one shaded area.  The lower curve is a typical compaction curve and 

the upper curve is the dry unit weight of the soil sample assuming 100% saturation (zero 

air voids line).  The zero air voids curve is in fact an upper limit on the moisture content-

dry unit weight domain.  The shaded area is an acceptable zone based on a minimum RC 

of 95%. 

Some agencies only require that the RC must be higher than a minimum value, 

without considering specific range for placement moisture content (Figure 1.4a).  While, 

as shown in Figure 1.4b, other agencies specify a range for placement moisture content 

besides achieving a minimum RC. 
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(a) without specified placement moisture content (b) with specified placement moisture content 

Figure 1.4. Two types of specifications for compaction of highway embankments 
(adopted from Janardhanam and Pando 2015) 

We just stated that embankment construction specifications for the most part consist 

of either setting a minimum value of RC without moisture control, or setting a minimum 

value of RC along with moisture control.  In either case of the two mentioned conventional 

embankment compaction/placement quality control, no information is examined regarding 

the embankment slope stability and/or the embankment allowable settlement.  This lack of 

information might be a critical shortcoming of the current design approach. 

Addressing the stated concerns and shortcomings would require an “Experimental 

and Computational Study of Performance of Highway Embankments”1.  Based on the 

statement of the problem, the main objectives of this study may be listed as the following 

five items.  The five main objectives are addressed throughout the dissertation and might 

be referred to using the assigned numbers.  Moreover, at the end of Chapter 3 research 

 
1 Title of this dissertation 

95% of 
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tasks as well as the connection between research objectives and research tasks are 

presented. 

1. Review of the standards and literature in terms of embankment material selection 

criteria and embankment construction specifications;  

2. Investigation of the slope stability of highway embankments under the two states 

of undrained and drained;   

3. Investigation of the deformation characteristics of highway embankments under 

both undrained and drained conditions, as well as long-term deformation 

characteristics of highway embankments;  

4. Investigation of the possibility of new material selection criteria and new 

acceptance zones on moisture content-dry unit weight domain according to the 

performance-based design approach;  

5. Verification of specifications set by a number of agencies regarding Atterberg 

limits (PI and LL) and gradation as material selection criteria.  
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1.3 Organization of Dissertation 

This document consists of eight chapters and nine appendices.  In Chapter 1, an 

 introduction about highway embankments and a statement of the problem are respectively 

presented and discussed.  The literature review is represented in Chapter 2 where topics 

such as review of specifications regarding highway embankment material selection, 

specifications on highway embankment construction, case histories of road and highway 

embankment failure, specifications on highway embankment design, and creep of 

compacted soils are discussed. 

Chapter 3 presents the governing research methodology. At the end of chapter, 

extended research objectives and tasks, and their relationship with each other are presented 

as well.  Laboratory testing procedure and results are given in Chapter 4.  This includes 

results for index tests, compaction tests, unconsolidated-undrained triaxial compression 

tests, consolidated-undrained triaxial compression tests, and one-dimensional creep 

compression tests. 

In Chapters 5 and 6, slope stability analysis and deformation analysis are discussed, 

respectively.  Each chapter first explains the approach, then presents the results. Chapter 7 

presents the final acceptance cases. 

Chapter 8 brings the document to the end with the summary, conclusions, and 

 recommendations for future work.  In addition, the nine appendices at the end of the 

document provide more details and supporting information about the topics discussed in 

this research. 
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CHAPTER 2: LITERATURE REVIEW 
 
 

2.1 Introduction 

An extensive literature review has been carried out to cast light on different aspects 

of this research, namely: i) review of specifications regarding highway embankment 

material selection and embankment construction, ii) specifications regarding highway 

embankment design (slope stability and settlement), iii) case histories of road and highway 

embankment slope failures, and iv) creep of compacted soils. 

At the end of chapter, summary of literature review and identified knowledge gaps 

concludes the chapter. 

2.2 Review of Specifications for Highway Embankments 

This research study entails a proposed performance-based methodology for the 

selection and placement of borrow soils for highway construction.  Thus, it is necessary to 

review the commonly used specifications for selection, construction, and design of 

highway embankments.  Reviewing this information will also help us to find any possible 

gap or shortcoming which exists in the current standards dealing with highway 

embankments.  Therefore, this section presents a summary of the findings of a state-of-the-

practice study performed as part of a NCDOT funded project that was the basis of this 

doctoral research.  A synopsis of the state-of-the-practice study by Hassani et al. (2017) is 

presented in Appendix A.  In addition, this section also presents specifications related to 

the design of highway embankments, including specifications regarding minimum factor 

of safety for slope stability, and specifications regarding settlement of the highway 
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embankments. The following subsections will present the key lessons related to the 

specifications regarding material selection, specifications regarding embankment 

placement and construction, and specifications regarding embankment design. 

2.2.1 Summary of Specifications Regarding Material Selection 

Reviewed components regarding material selection include material 

gradation/classification, and Atterberg limits.  The readers are referred to the Appendix A 

for detailed information about this topic. 

2.2.1.1 Requirements on Material Gradation 

Only a few of the agencies have minor requirements set for material gradation. These 

include Colorado, Ohio, Rhode Island, South Carolina and Utah. In all cases, these 

requirements are very general; for instance, South Carolina (South Carolina DOT 2007) 

specifies that A-7 group soil shall not be used.  Figure 2.1 shows states imposing 

requirements on gradation.  
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Figure 2.1. States imposing requirements on gradation as material selection criterion 

(from Hassani et al. 2017) 

2.2.1.2 Requirements on Material Atterberg Limits 

Seven states including Delaware, Louisiana, North Carolina, Ohio, Pennsylvania, 

Texas and Washington have specifications on the Atterberg limits required for the material 

used in embankments.  Figure 2.2 shows states imposing requirements for Atterberg limits.  

Among these states we can mention North Carolina: current specifications require that the 
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plasticity index stay below 15% for coastal area, and below 25% for Piedmont and Western 

areas.   

Figure 2.2. States imposing requirements on Atterberg limits as borrow material 

selection criteria 

(from Hassani et al. 2017) 

 

Table 2.1 summarizes information for U.S. states which use Atterberg limits as 

embankment material selection criteria.  
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Figure 2.2. States imposing requirements on Atterberg limits as borrow material selection criteria 

(from Hassani et al. 2017) 

 
Table 2.1. Summary of states specifying Atterberg limits as material selection criteria 

(from Hassani et al. 2017) 

State Reference Specification 

Delaware Delaware DOT (2016) LL of borrow ≤ 40 

Iowa Iowa DOT (2015) PI > 10, for select cohesive soils 

Louisiana Louisiana DOT (2016) 11 ≤ PI ≤ 25 

North Carolina North Carolina DOT (2012) 
PI ≤ 15 for coastal area; 

PI ≤ 25 for Piedmont and Western area 

Ohio Ohio DOT (2016) LL < 65 

Pennsylvania Pennsylvania DOT (2016) 
for soil (fine-grained portion): LL < 65; 

if 41 < LL < 65, PI ≥ LL-30 

Texas Texas DOT (2014) LL ≤ 45, PI ≤ 15 for granular material 

Washington Washington DOT (2016) 
if 12.1 ≤ P200 ≤ 35, PI ≤ 6 

if 35.1 < P200, PI = 0 
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Moreover, in a document by Samtani and Nowatzki (2006a) which provides 

guidelines regarding material selection for structural backfill for bridge abutments, the 

authors specify limiting the PI of the structural backfill to 10%.  The PI is limited to this 

value to control the long-term deformations. 

2.2.2 Summary of Specifications Regarding Construction 

In this section a review of the specifications and requirements set by different 

agencies regarding highway embankment construction is presented. Reviewed components 

regarding construction include any requirements on minimum field dry unit weight and 

relative compaction (RC), moisture control, and lift thickness.  The synopsis presented in 

Appendix A will include detailed information about this topic. 

2.2.2.1 Requirements on Minimum Field Dry Unit Weight and Relative Compaction 

Nine states (Colorado, Delaware, Georgia, Indiana, Maryland, Michigan, Ohio, 

Pennsylvania and South Carolina) have specifications limiting the minimum dry unit 

weight of material placed in highway embankment.  Reader is referred to Appendix A for 

detailed information.   

The majority of states require achieving a minimum relative compaction specified 

with respect to a laboratory standard compaction test, such as Standard Proctor (AASHTO 

T 99) or Modified Proctor (AASHTO T 180).   

Of all the fifty states reviewed, thirty-three (33) states somehow state that maximum 

laboratory dry unit weight ( maxdγ ) shall be obtained in accordance with AASHTO T 99, 

that is Standard Proctor energy.  Twenty three (23) of these states necessitate reaching 
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exactly the minimum relative compaction of 95%, while others range from minimum RC 

of 90% to 102%.  FHWA [FHWA (2006)] and AASHTO [AASHTO (2012)] also require 

compacting embankments to RC ≥ 95% while maxdγ  obtained at standard energy level.  

This fact may justify the high number of states sticking to AASHTO T 99.  Table 2.2 

summarizes compaction energy level distribution among states and Figure 2.3 shows 

compaction energy level specifications by each state across the U.S. 

Table 2.2. Summary of compaction energy required by states (from Hassani et al. 2017) 

Energy Level Number of States 

Standard Proctor 33 

Modified Proctor 8 

Standard/Modified Proctor 5 

roller controlled 2 

not mentioned 2 
 

 
Figure 2.3. Compaction energy specifications by state (from Hassani et al. 2017) 

2.2.2.2 Requirements on Moisture Content Control 
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Twenty seven (27) states have specified some kind of criteria as the moisture content 

control. These requirements are in most of cases as an acceptable range for placement 

moisture content. The requirements differ based on the material gradation, Atterberg limits 

of material, moisture content of material itself, and level or energy of compaction.  Ten 

(10) states have specified acceptable moisture content in the range of ±2% of optimum 

moisture content.   

2.2.2.3 Requirements on Lift Thickness 

A lift thickness of 8” in loose state is required by 31 states, while two of the agencies 

require same 8” lift thickness but measured after compaction. Majority of the states 

consider lift thickness in loose state.  It is noted that maximum accepted lift thickness is 

12”, while the minimum is 4” loose measurement in Washington that is for the top 2 feet 

of embankment.  Lift thickness specifications requirement is summarized and illustrated in 

Figure 2.4. 
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Figure 2.4. Variation of lift thickness specifications by state (from Hassani et al. 2017) 

2.2.3 Review of Specifications Regarding Highway Embankment Design 

2.2.3.1 Minimum Factor of Safety for Slope Stability 

Traditional factors of safety for embankment at the end-of-construction condition are 

1.3 to 1.5 (NCHRP 1989). For the purpose of this research project FS=1.3 is selected as 

the minimum FS for both TSA and ESA conditions. 
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2.2.3.2 Settlement of Highway Embankments 

In the technical literature dealing with highway embankments one can observe that 

large portion of the available literature focuses on the settlement of embankment 

foundation and ignores settlement of the embankment itself. 

The amount of settlement which is an immediate response to the embankment 

loading is termed initial settlement. This settlement is compensated during embankment 

construction, that is when next layers of fill are placed, the embankment is brought up to 

the design grade level. Thus, initial settlement does not affect the final embankment 

elevation (Ladd and Foott 1977). 

Soriano (2013) states that for high embankments founded on firm ground (hard soils 

or rocks), long-term settlements and deformations can also cause some problems. This can 

happen due to creep deformations of the fill material of the embankment. 

If post-construction settlements are uniform and are in the order of 0.3 to 0.6 m (1 to 

2 ft) during the economic life of a roadway, and occur slowly over a period of time, and do 

not occur next to a pile-supported structure, they are considered acceptable. If post-

construction settlement occurs over a long period of time, it provides the possibility of 

repair of any pavement distress caused by embankment settlement. The repair could also 

happen when the pavement is resurfaced. Although rigid pavements have performed well 

after 0.3 to 0.6 m (1 to 2 ft) of uniform settlement, flexible pavements are usually selected 

where there is question whether the post-construction settlements are uniform or not. 

However, some U.S. states utilize a flexible pavement when predicted settlements exceed 

150 mm (6 in.) (NCHRP 1975; Stark et al. 2004). 
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Virginia manual of instructions states that total vertical settlement of embankment 

fill and underlying native soil shall be less than 2 inches over the initial 20-years, and less 

than 1 inch over the initial 20-years within 100 ft of bridge abutments (Virginia DOT 2014). 

North Carolina DOT (2012) defines the rut as “a surface depression in the wheel 

path(s) or at the edge of pavement”. Rutting comes from a pavement deformation in any of 

the pavement layers or in the subgrade, usually caused by consolidation or lateral 

movement of the materials due to traffic loads. Movement in the mix in hot weather or 

inadequate compaction during construction is the main cause of rutting. It also reports 

rutting of 1 inch deep or greater as a severe rut. 

Soriano (2013) reports on the geotechnical investigation of the construction of some 

embankments for the A24 motorway in north of Portugal. Vertical displacements after 22 

months of observation have been very small, less than 0.1% of the embankment heights, 

that means “allowing to forecast a good performance in the future”. 

At the end of this section some points about the settlement of highway bridge 

approaches are presented. These studies at least imply that in other sections of an 

embankment (which is the subject of the current research project) the settlement can be in 

the same order or a little more than following values.  

NCHRP (1990) suggests a differential settlement of 13 mm (0.5 inch) is likely to 

require maintenance in highway bridge approaches.  
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When approach slabs are not used, many scholars [e.g., Zaman et al. 1995; Stark et 

al. 1995; Long et al. 1998] suggest the allowable differential settlements at the 

embankment-structure interface to be between 12 and 75mm (0.5 - 3 in.). 

Samtani and Nowatzki (2006b) report that according to NCHRP (1983) differential 

vertical movements of 2 to 4 inches (50 to 100 mm), depending on span length, appear to 

be acceptable, assuming that approach slabs or other provisions are made to minimize the 

effects of any differential movements between abutments and approach embankments. 

Finally, summary of some of the provided information is presented in Table 2.3. It is 

noted that the value of one inch (1 in.) is selected as the allowable non-uniform settlement 

for highway embankments in this research. 
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Table 2.3. Summary of the literature review on allowable settlement for highway embankments 

Reference 
Reported/Allowable 

settlement 
Description 

NCHRP (1975) 
0.3 to 0.6 m (1 to 2 ft) 

allowable uniform settlements, but not next to a pile-
supported structure; 

150 mm (6 in) 
in this case flexible pavement is selected by some U.S. 

states; 

NAVFAC (1986) 

0.1-0.2% of H in 3 to 
4 years 

0.3-0.6% of H in 15 
to 20 years 

range of secondary compression as a source of 
embankment settlement; 

significant only in high embankments; 
larger values in each range belong to fine-grained 

plastic soils; 

Virginia DOT (2014) 

50 mm (2 in) 
total vertical settlement; 

embankment fill and underlying native soil; 
over the initial 20 years; 

25 mm (1 in) 

total vertical settlement; 
embankment fill and underlying native soil; 

over the initial 20 years; 
within 100 ft of bridge abutments; 

Khan et al. (2015) 

3.8% of H 
in a control section which indicated failure; 

total vertical settlement; 

0.5-1.4% of H 
in reinforced sections; 

total vertical settlement; 
indicated good performance; 

Soriano (2013)  
0.1% of H 

within 22 months after construction which allows to 
forecast a good performance in future; 

0.5-1.0% of H 
some recommended side slopes; 

during the first 5-10 years of operation; 

North Carolina DOT 
(2012) * 

25 mm (1 in) considered severe rut in the pavement; 

NCHRP (1990) * 13 mm (0.5 inch) differential settlement for highway bridge approaches; 

Zaman et al. 1995; 
Stark et al. 1995; 
Long et al. 1998 * 

12-75 mm (0.5-3 in) 
at embankment-structure interface; 
when approach slabs are not used; 

*  Some of the cases mentioned in this table are not directly related to allowable settlement for highway 
embankments, but they can be used as a guide in this regard.  
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2.3 Case Histories of Road and Highway Embankment Failure 

2.3.1 Introduction and Discussion of Embankment Failure Case Histories 

The main purpose of this section is to present a summary of case histories of 

embankment failures in which the failure surface involves only the highway embankment.  

Shallow slope failure is a major issue for embankment slopes; particularly for embankment 

constructed with high plastic clayey soils (Khan et al. 2015). 

Review of the literature yielded several case histories of shallow slope failures of 

highway embankments which will be discussed in the following sections.  As mentioned 

before, these reported slope failure case histories are only for failures through the highway 

embankment and do not involve any other factors or issues outside the scope of this study, 

such as issues associated with the embankment foundation. 

The third case history in  Haywood County, North Carolina is skipped for the 

purpose of this section as it was mostly triggered due to the acidic runoff from bedrock and 

other issues related to the foundation of embankment.  The studied failures are depicted on 

the map of Atterberg limits requirements and compaction requirements, respectively. It is 

noted that these maps were introduced in the sections that reviewed specifications of the 

highway embankments. 

In fact, we are trying to find any possible relationship between failures and imposed 

requirements by the states. This effort is presented in Figure 2.5 and Figure 2.6. However, 

it seems reviewing this information does not let us make a strong conclusion about any 

possible pattern among failures.  Of course, in most of the cases failures happen in fields 

where use Standard Proctor energy as field quality control, but since high percentage (33 
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out of 50 = 66%) of U.S. states already use standard energy as compaction quality control, 

we cannot necessarily attribute shallow failures to the locations where use Standard 

Proctor.  The identified case histories are finally summarized in Table 2.4. 

 
Figure 2.5. Failure cases on the map of Atterberg limits requirements 



 

27 

 
Figure 2.6. Failure cases on the map of compaction requirements 

The identified case histories are summarized in Table 2.4.  As indicated in this table, 

the three following reasons may be counted as the main sources of the issue of shallow 

slope failures. Heavy rainfall events, poor compaction of shoulders of the road in the 

vicinity of utility cuts,  acidic runoff and instability associated with graphitic-sulfidic 

bedrock.  It is noted that out of these three identified reasons, the heavy rainfall events have 

the largest share as the triggering factor. 

Table 2.4 summarizes most important and paramount facts about the case histories.  

Figure 2.7 (a) and (b) also show distribution of case histories of shallow slope failures 

presented in this chapter with respect to embankment height and embankment side slope, 

respectively. The unit for embankment height is feet and the unit for embankment side 

slope is degrees in these figures.  It can be seen that a big portion of reported failures have 

occurred in embankments higher than 35 ft, and embankments having side slopes between 
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20  (2.7H:1V) and 30  (1.7H:1V).  The following subsections will present a more detailed 

discussion for each case history listed in Table 2.4. 

  
(a) shallow slope failure distribution with 

embankment height (feet) 
(b) shallow slope failure distribution with 

embankment side slope (degrees) 

Figure 2.7. Statistics of case studies of highway embankment shallow slope failure 
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2.3.2 Longitudinal cracking on I-540 at Davis Drive, North Carolina, Inside Shoulder 

This case history occurred at the northbound of Interstate I-540 where a ramp leaves 

toward the NC-147 expressway.  The cracking happened at the highest point of the ramp 

from I-540 to NC-147 on the inside shoulder, just after the ramp crosses over the Davis 

Drive. Longitudinal cracking was observed in 2008.  Height of the embankment is about 

16.8 m (55 ft) with a side slope of 2H:1V (Santee 2019).  No problem was seen after the 

cracks were filled with dirt. 

According to the local reports (Pilipchuk 2008), this crack was caused by presence 

of moisture and collapse of embankment soil due to strength loss after cycles of wetting 

and drying.  Site soil is attributed to be similar to the Test Soil 2 from Lee county of the 

current research, a highly plastic silt with LL= 58 and PI= 21, which satisfies local material 

selection criteria.  Although this failure is known to be due to the presence of water, this 

case may provide motivation to undertake a review over material selection specifications.  

Figure 2.8 shows the longitudinal cracking on I-540 at Davis Drive, North Carolina. 
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Figure 2.8. Longitudinal cracking on NC I-540 at Davis Drive (Pilipchuk 2008) 

2.3.3 Embankment Failure on I-540 at Davis Drive, North Carolina, Outside Shoulder 

Reported by the local authorities (Santee 2019), on November 2018 a failure 

happened on the same place as previous case history, except it was on the outside shoulder 

of the ramp. The geometry of embankment is also the same.  Failure measured about 250 

feet long and about 140 feet wide (the slope length). It was 2.1 m to 3.0 m (7-10 ft) deep 

at worst location.  During the failure, lots of material slid down the slope by gravity and 

help from rainwater.  This failure is depicted in Figure 2.9. 

The failure occurred around Thanksgiving 2018, after an intense rain event.  It is 

noted that Fall 2018 was a very wet period for the region.  The failure was repaired during 

the Spring and Summer 2019 by rock plating. 
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Figure 2.9. Failure at outside shoulder of the ramp from I-540 northbound to NC-147 

(source: Google Earth) 

2.3.4 Debris Flow Failure in Haywood County, North Carolina 

In August of 2006 debris flow initiated as an embankment failure on a development 

road at elevation 4580 ft near the northwest-facing slopes of Eaglenest Ridge in Haywood 

County, North Carolina.  This location is about 2 miles southeast of Maggie Valley and 

about 500 feet southwest from the end of Summit Drive.  The mountain track is 90 ft wide 

at its widest point. If there was a house at the location where the debris is deposited, it 

would be destroyed. According to a report by the North Carolina Geological Survey 

(NCGS 2006), the debris flow was probably triggered because of the heavy rains associated 

with the remnants of Tropical Storm Ernesto. Field contractors reported 6.5 inches of rain 

during a 12-hour period prior to the debris flow. The report lists the possible factors leading 

to the embankment failure as: woody debris and graphitic-sulfidic bedrock fragments in 

the embankment; a steep embankment slope placed on a steep natural slope overlying a 

steeply inclined, weathered bedrock surface; and, a possible seepage zone beneath the 

embankment (NCGS 2006).  Some tension cracks of this incident are shown in Figure 2.10. 
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The bedrock beneath embankment is a graphitic-sulfidic bedrock which seems has 

been excavated by blasting to construct the road prism. It should be noted that the graphitic-

sulfidic bedrock is one of the problematic rock types well-known as prone to acid runoff 

and instability in embankments (Bryant et al. 2003; Schaeffer and Clawson 1996; Wooten 

and Latham 2004).  Moreover, acidic runoff can decrease the natural pH of stream waters 

and kill aquatic life. 

NCGS geologic and geotechnical experts also had some recommendations to prevent 

further slope failures and acid runoff in the development area. They proposed two solutions 

which both neutralize the acidic runoff and improve the stability of the embankment: 

reconstructing the embankment in compacted lifts treated with lime and limestone; and 

encapsulating the acidic material in lime and limestone. Of course, it is difficult to establish 

vegetation on an embankment constructed with graphitic-sulfidic rock material, and most 

probably vegetation alone will not prevent future slope failures (NCGS 2006). 

 
Figure 2.10. View of cracks in embankment, Haywood County, North Carolina 

(source: NCGS 2006) 
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At the end of reference related to this case history, other examples of the graphitic-

sulfidic problematic bedrocks are provided from the same reference (NCGS 2006).  In May 

2003, Swain County had heavy rains followed by six damaging debris flows, of which five 

originated in embankments that contained sulfidic rock. 

2.3.5 Most Common Type of Road Embankment Failure in Western North Carolina 

According to a report by Appalachian Landslide Consultants which was prepared for 

the Jackson County Planning Department (Appalachian Landslide Consultants 2013), the 

most common type of road embankment failure seen in western North Carolina is slope 

failures from the shoulders of the road, as Figure 2.11 illustrates. These are the areas often 

compacted improperly; sometimes utilities are buried in the outside shoulders and refilled 

without enough compaction. In such cases, uncompacted soil provides a pathway for water 

to flow along the utilities or between the more compacted soil of the roadbed and the less 

compacted soil of the shoulder. 

 
Figure 2.11. Embankment failure from the shoulder of roadway (Appalachian Landslide Consultants 2013) 
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2.3.6 Embankment Failures in Maryland Reported by Aydilek and Ramanathan 
(2013) 

Aydilek and Ramanathan (2013) reported 48 slope failures in several highway 

embankments in Maryland. These slope failure cases occurred between 2008 and 2012. 

They reported that in Maryland which was their study area, majority of these failures took 

place in slope angles between 20  (2.7H:1V) and 30  (1.7H:1V).  They also reviewed 

statistics of failures versus height of embankment and discovered that majority of failures 

happened in embankments which had elevations between 30m-90m.  Detailed information 

regarding this study is summarized in Table 2.5. They further noted that among 48 slope 

failures in highway embankments, 90% were surficial erosion failures, and 80% occurred 

during or after rainfall.  In this study, 50% of slope failures were on slopes with sand 

formations, and 39% of slope failures occurred on slopes with gravel formations.  

However, it should be noted that using highly plastic soils as embankment material have 

been generally accepted as a factor conducive to slope instability (Popescu 1994; Popescu 

2002; Aydilek and Ramanathan 2013). 

Table 2.5. Summary of information reported by Aydilek and Ramanathan (2013) 

Item Reported value 

total number of failures  48 

slope angle (degrees) 

< 10 10 
10 – 20 15 
20 – 30 22 
30 – 40 1 

embankment height 
(meters) 

< 10 6 
10 – 30 11 
30 – 90 27 
90 – 270 4 

failure mechanism surficial failure 90% 

lithology or soil type 
sand formations 50% 

gravel formations 39% 

triggering factor rainfall 80% 
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2.3.7 Embankment Failure on U.S. Highway 287, Texas 

Khan et al. (2015) reported a slope failure of an embankment located on the 

southbound slope of U.S. Highway 287 near Midlothian, Texas. This failure which 

occurred in September 2010 primarily involved surficial slope movements and a cracked 

shoulder due to rainfall events.  Figure 2.12 shows an illustration of the cracked shoulder.  

The studied slope consisted of 3H:1V fill slope with a height of 9.15 m (30 ft).  The 

local Eagle Ford formation is composed of residual soils, clay, and weathered shale. 

Dominant mineral of the soil is montmorillonite which has shrink/swell characteristics. 

Slope soil was categorized as high-plastic clayey soil (CH), with liquid limit (LL) and 

plasticity index (PI) of the topsoil ranging between 48-79 and 25-51, respectively. 

The researchers constructed three recycled plastic pin (RPP) reinforced sections as 

long as 15.25 m (50 ft) and left two sections unreinforced as control sections.  In this study, 

it was discovered that instrumented equipment started moving after a rainfall. Moreover, it 

was seen that control sections had significantly greater settlement (total settlement) at the 

crest than the reinforced sections. The maximum settlement was 35 cm (3.8% of H) in one 

of the control sections while reinforced sections had maximum and minimum settlements 

of 13 cm (1.4% of H) and 5 cm (0.5% of H), respectively. 

The failure mechanism could be explained as follows. The highly plastic clay soil 

having montmorillonite, makes the soil highly susceptible to swelling and shrinkage during 

wetting and drying cycles. Wright (2005) states that fully softened strengths (which is 

lower than peak strength) may eventually develop in high-plastic clays, generally in field 

condition, after exposure to the wetting/drying cycles and provide the governing strength 
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for first-time slides in both excavated and fill slopes. Moreover, it is well known that the 

cohesion of soil almost disappears in the fully softened state (Wright 2005; Duncan et al. 

2014). The wetting and drying cycles may have caused the near-surface soil to soften, 

resulting in the movement of the slope and causing shoulder cracks. The cracks may have 

provided an easy path for water to intrude into the slope, which eventually saturated the 

soil near the crest during rainfall. 

 
Figure 2.12. Surficial movement and cracked shoulder due to rainfall on U.S. Highway 287, Texas 

[source: Khan et al. 2015] 
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2.3.8 Embankment Failure on I-70 Emma Field, Missouri 

The I70-Emma field case history which was reported by Parra et al. (2003) is located 

on U.S. Interstate 70 approximately 65 miles west of Columbia, Missouri.  As shown in 

Figure 2.13, the embankment had experienced recurring surficial slides in four areas of the 

embankment denoted as S1, S2, S3, and S4.  Slide areas are also shown in a photograph in 

Figure 2.14.   

Slide areas S1 and S2 were selected for a reinforcement recycled plastic pin (RPP) 

plan, and slide areas S3 and S4 were left unreinforced as control sections.  Reinforcement 

for slides S1 and S2 was installed during November and December 1999.  During spring 

of 2001, the site experienced higher than normal rainfall.  Both control slides (S3 and S4) 

failed in late Spring of 2001, while only small movements were observed in the stabilized 

sections.   

The slope is an approximately 6.8 m (22 ft) high embankment with 2.5H:1V side 

slopes (Parra et al. 2003).  The embankment soil is composed of mixed lean and fat clays 

with scattered cobbles and construction rubble. It is noted that depth of the early sliding 

masses (before stabilization plan) was ranging from approximately 0.9 m (3 ft) to 1.5 m (5 

ft). 

The continuously screened piezometers and tensiometers (equipment which monitor 

soil suction) also indicated that increased pore water pressures were observed during 

Spring 2001, that is when control slides failed. The observed movements from 

instrumented equipment correspond closely with the rainfall pattern at the site. 
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Figure 2.13. Plan view of I-70 Emma field recurring surficial failures (from Parra et al. 2003) 

 
Figure 2.14. South side of embankment at I-70 Emma field showing slide areas S1 (left), S2 (center), and 

S3 (right) (from Loehr and Bowders 2007) 
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2.3.9 Embankment Failure on I-435 Kansas City Field, Missouri 

Embankment Failure on the I-435 Kansas City site has been studies by a number of 

researchers (Parra et al. 2003; Loehr and Bowders 2007; Loehr et al. 2007).  This case 

history which occurred in 2001 is located at the intersection of Interstate 435 and Wornall 

Road in southern Kansas City, Missouri near the Missouri-Kansas border. The 

embankment is approximately 9.6 m (31.5 ft) high with side slopes of 2.2H:1V.  Failed 

embankment is shown in Figure 2.15.  

The embankment is a zoned-fill embankment consisting of a 1.0 m (3 ft.) to 1.5 m (5 

ft) surficial layer of mixed lean to fat clay with soft to medium consistency (CL), overlying 

a stiffer compacted clay shale (CH).  Results of the Atterberg limits tests indicate soils 

from the surficial layer had liquid limits (LL) ranging from 38 to 51 and plasticity indices 

(PI) from 16 to 34. The underlying compacted shale layer had LL ranging from 29 to 76 

and PI from 12 to 51. 

This case history was selected for a stabilization project using recycled plastic pin 

(RPP); however, before that the embankment had experienced at least two surficial slides 

along the interface between the upper clay and the lower compacted shale.  The most recent 

slide took out a large amount of the ornamental vegetation as well as 4-6 inches of 

gardening mulch which were part of an older neighborhood beautification project. 

Maximum bending moments in the reinforcing members closely correlate with the 

movements in the slope. Maximum bending moments increased between April and July 

2002 during a period of above average rainfall in the area. 
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Figure 2.15. Recent slide at I-435 Wornall Road site, June 20, 2001 (Loehr and Bowders 2007) 

2.3.10 Excavated Slope Failure on US-36 Stewartsville, Missouri 

This slope failure case study is located over the US-36 highway approximately two 

miles west of the city of Stewartsville.  This site was selected for a stabilization project 

using recycled plastic pin (RPP).  Installation of reinforcing members was performed 

during the period of April 30 to May 7, 2002.  This case study has been reported by Loehr 

et al. (2007) and Loehr and Bowders (2007). 

This case study is an excavated slope rather than an embankment fill; and is 

approximately 8.8 m (29 ft) high with an inclination of 2.2H:1V.  The stratigraphy of the 

slope which resembles the I-435 Kansas City site, consists of a surficial layer of soft to 

medium clay (most of the surficial samples classified as CL) overlying a stiff to hard fat 

clay (CL or CH).  Laboratory testing on samples taken from this site showed that Atterberg 

limits for the surficial soils varied substantially. Liquid limits (LL) for the surficial soils 

ranged from 33 to 69 and plastic limits (PL) varied from 16 to 26; plasticity indices (PI) 
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for these soils ranged from 7 to 44. Atterberg limits for the deeper soils were more 

consistent, with LL ranging from 41 to 55, PL ranging from 16 to 21, and PI ranging from 

21 to 34. 

As a common phenomenon for all reinforced slopes of this type, it was observed that 

as precipitation increased in early 2004, both lateral displacement and mobilized bending 

moment of reinforcing members increased. 

 
Figure 2.16. Photograph of US-36 Stewartsville site taken after the slide (from Loehr and Bowders 2007) 

2.3.11 Embankment Failure on I-35E Near Mockingbird Lane in Dallas, Texas 

This case history reported by Hossain et al. (2017) is located along I-35E 

(Northbound) just before the Mockingbird lane overpass in Dallas, Texas.  Investigation of 

this site started in February 2014. 
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Results of few disturbed/undisturbed samples obtained from soil boring indicated 

that the soil type was high-plasticity clayey soil (posing above line A), with LL ranging 

from 50 to 70, and PI mainly around 30.   

As illustrated in Figure 2.17 (a) a crack occurred over the shoulder on I-35E due to 

surficial movement of the slope. The crack propagated up to 42 ft over the shoulder toward 

the inside of highway and continued to the edge of bridge abutment.  In addition, bulging 

and settlement were both observed on the slope of embankment (Figure 2.17 b). 

The resistivity field test was performed to help the researchers estimate depth of the 

failed zone.  The depth of failure due to the surficial soil movement was speculated to be 

as much as 2.1 m (7 ft) according to the presence of a high-resistivity zone at same depth.  

It is noted that resistivity of soil depends on the soil type, moisture conditions and void 

ratio of the soil. Also, it is noted that due to slope movement, the soil in the failed zone 

becomes looser, which means higher void ratio and higher resistivity. In contrast, presence 

of moisture results in low resistivity of the soil (Hossain et al. 2017). 
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(a) shoulder crack and surficial movement (b) schematic of failure 

Figure 2.17. Mockingbird slope failure (Hossain et al. 2017) 

It is noted that high-plasticity clays normally experience softening of shear strength 

within the first few years after construction due to their shrinkage and swelling behavior. 

Moreover, the small shrinkage cracks may act as a conduit for even more rainwater 

intrusion and possible saturation of the topsoil of the slope, which may result in the failure 

of slope. 
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2.3.12 Embankment Failure on SH-183, Fort Worth, Texas 

This case history which was reported by Hossain et al. (2017) is located along SH 

(state highway) 183, east of the exit ramp from eastbound SH-183 to northbound SH-360, 

in the north-east corner of Tarrant county, Fort Worth, Texas.   

Soil samples taken from site were classified as low- to high- plasticity clay, with LL 

ranging from 40 to 60, and PI ranging from 20 to 30.  Surficial failure and bulging were 

observed near the crest of slope as depicted in Figure 2.18.  Soil resistivity measured using 

geophysical investigations showed that the tension crack extended up to 3.0 m (10 ft) in 

depth. 

 
Figure 2.18. Failure of the SH-183 slope (Hossain et al. 2017)  
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2.4 Creep of Compacted Soils 

For the purposes of this research, creep refers to deformation of the soil under 

constant load. Creep of saturated clays has been studied extensively as part of consolidation 

behavior of clays.  However, it is important to point out that creep in those cases refer to 

secondary consolidation of a saturated soil that has first undergone a one-dimensional 

consolidation process. 

But in the case of compacted soils an important difference is that the soil is not 

saturated as shown schematically in Figure 2.19.  It can be seen in this figure that, field 

compacted soils typically fall within a specified acceptance zone (shown as a green 

rectangle in Figure 2.19; embankment soil is placed with a moisture content within 4% of 

optimum moisture content (OMC) and usually compacted up to a RC of 95%.  All points 

in this acceptance zone will have a degree of saturation less than 100%. 

 
Figure 2.19. Schematic acceptable field compaction zone 
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Literature review carried out for this section revealed that geotechnical literature is 

very sparse in terms of creep of unsaturated compacted soils; however, result of this effort 

is presented as following. 

Toriyama (1972) experimented creep characteristics of wet-of-optimum compacted 

soils under undrained conditions using triaxial apparatus. Confining pressure of these tests 

were 1 kg/cm2 ( ≈ 100 kPa). Soil samples in his study probably were not saturated. 

According to this study, relationship between creep strain (ε ) and log  t  can be classified 

into four groups: single straight line, two straight line, a curved line and a straight line, and 

creep failure. He also found that the rate of creep- / log  d d tε , is greater for heavily 

cohesive soil than that of for sandy clay. 

Creep stress ratio is defined as 1 3 1 3( ) / ( )c fσ σ σ σ− −  in this study, but since the 

English script was not available, access to exact definition of parameters was impossible. 

However, 1 3( )cσ σ−  seems to be creep deviator stress and 1 3( ) fσ σ−  seems to be deviator 

stress at failure. Creep strain and creep stress ratio are not linearly related, but relationship 

between logε  and creep stress ratio is approximately linear. 

The FHWA Soil an Foundations Reference Manual-Volume I (Samtani and 

Nowatzki 2006a) has a section that recommends using soils with plasticity index lower 

than 10 to minimize the long-term deformation of compacted backfill soils. It is pointed 

out that structural backfill is the material zone that intermediates embankment general 

section and bridge abutment. It is also recommended to use a layer of structural backfill as 

thick as 1.5 m (5 ft) beneath abutments on spread footings. 
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Pagen and Jagannath (1968) studied as-compacted state of four soils using linear 

viscoelastic strength moduli. Compaction method was drop hammer in this study. The 

amount of compaction energy and molding moisture content were variant. They used 

unconfined constant-load creep tests carried out via triaxial cell equipped with two 

transducers: axial deformation transducer and radial deformation transducer. 

The constant-load creep tests loading procedure consisted of initial loading and 

unloading, each cycle of 5 minutes duration, load magnitude was also equal to a desired 

particular load. Main loading stage that was used to obtain mechanical properties consisted 

of 15 minutes duration under load, and 15 minutes in the unload state. Stress levels utilized 

were relatively low compared to the unconfined compressive strength of soil.  

In these tests the elastic creep modulus, Ec, is defined as the constant creep stress 

divided by the time dependent axial strain at a given time. A sample of the creep modulus 

values versus moisture content which is for clayey sand is shown in Figure 2.20a.  This 

figure illustrates that there is an optimum moisture content to reach the highest creep 

modulus. This optimum corresponds to the most desirable state of the compacted soil, that 

is OMC. 
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(a) creep modulus vs moisture content for drop 
hammer compaction 

(b) creep modulus vs compaction energy at optimum 
dry density state 

Figure 2.20. Creep modulus vs moisture content and compaction energy 
(from Pagen and Jagannath 1968) 

Their results also showed that maximum dry unit weight and unconfined 

compressive strength (at optimum dry density) increase by compaction energy. These two 

relationships are almost linear if compaction energy is plotted in logarithm scale.  But the 

account for variations of creep modulus (Ec) versus compaction energy is slightly different.  

As shown in Figure 2.20b for the case of three natural soils, 40 blows is the optimum 

compaction energy. This indicates existence of “over-compaction” for higher energies as 

they result in samples with lower creep modulus. 

Chen (2010) performed one-dimensional compression tests to investigate the 

settlement characteristics of kaolinite/sand and bentonite/sand specimens. Vertical 

pressures up to 1300 kPa were used in this study. Soil specimen was selected from the 

middle of Proctor specimen by trimming compacted Proctor specimen. A load-increment 



 

51 

ratio of unity was adopted until each specimen was loaded in stages to a maximum of 1300 

kPa. The total loading duration for each load step was selected to be 20 minutes. 

In this study it was found that a large amount of compression occurred within the 

first minute of loading, and only very little compression followed in subsequent minutes. 

Yoshimi (1958) attributed this initial rapid compression to the following factors: extremely 

rapid dissipation of excess pore air pressure, and the initial compression of the pore air and 

soil skeleton. 

According to this study, time-compression behavior for specimens compacted at 

moisture contents other than optimum moisture content were found to be generally similar 

to that of specimens compacted at the optimum moisture content.  Also, the test results 

clearly showed that the compressibility of the compacted specimens was greatly affected 

by the compactive energy; the soil compressibility decreased as the compactive effort 

increased, with the lowest compressibility being observed for specimens that were 

compacted at the Modified Proctor energy level. 

For all Low Energy Proctor and Standard Proctor specimens having 50% clay 

content, “critical pressure” behavior was observed.  This behavior can be characterized by 

a sudden increase in deformation that occurs when the applied pressure passes beyond a 

certain value. The observed critical pressure was around 300 kPa which is more or less in 

the order of reported critical pressures by other researchers (Gradwell and Birrell 1954; 

Vargas 1953; Sowers 1963).  This behavior was attributed to the fabric of these soil 

specimens in this study.  According to Shafiee et al. (2008) the fabric of the 50% clay/sand 

mixtures are composed of clay as the main body with sand floating in the clay matrix. In 



 

52 

the low consolidation pressure range, clay particles which are initially randomly oriented 

produced a high resistance to deformation (low compressibility). As the consolidation 

pressure increased, the strains that occurred under loading resulted in higher degree of 

particle orientation which itself led to a lower resistance to deformation, or in other words  

higher compressibility (a concept also supported by Seed and Chan 1959). 

For the lower clay content mixtures, the compression behavior was mainly controlled 

by the interaction that occurred between the sand grains, that is for the mixtures having 

lower clay content, sand grains were the dominant phase in terms of soil structure. As a 

result, there was no obvious sudden increase in compressibility behavior of mixtures that 

had a lower clay percentage. 

According to this research, kaolinite/sand mixtures exhibited almost the same 

general trends in terms of compressibility behavior as the bentonite/sand mixtures. As the 

sand content in soil mixture increased, compressibility was observed to decrease. However, 

at higher levels of compactive energy, the decrease in compressibility became relatively 

insignificant. At the Modified Proctor energy level, samples with varying sand content 

exhibited almost the same degree of compressibility. Moreover, the effect of compactive 

energy itself is as follows: compactive effort had a significant influence on the observed 

compressibility. At the same clay/sand mix proportion, the soil became less compressible 

as the compactive effort increased. Finally, the effect of molding moisture content was 

observed as follows: with increasing moisture content there is a trend of increase in 

compressibility; however, this effect is more pronounced in samples with higher clay 

content. 
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At the end of this section, Table 2.6 summarizes significant findings of the presented 

studies. 

Table 2.6. Summary of the literature related to creep of compacted soils 

Reference Details of study Significant findings 

Toriyama (1972) 
wet-of-optimum compacted 
specimens; confining 
pressure of 100 kPa;  

could classified 4 groups for relationship between creep 
strain and log t; greater creep rate for heavily cohesive soil 
compared to sandy clay; 

Samtani and 
Nowatzki (2006a) 

refer to text for definition of 
structural backfill 

to minimize the long-term deformation of compacted 
backfill soils, use soils with PI lower than 10;  
use a layer of structural backfill as thick as 1.5m (5ft) 
beneath abutments on spread footings 

Pagen and 
Jagannath (1968) 

compacted specimens; 
unconfined constant-load 
creep tests via triaxial cell; 
loading and unloading were 
each 15 minutes under low 
stress levels;  

 
there is an optimum moisture content to reach the highest 
creep modulus which corresponds to the OMC of 
compaction curve; 
existence of over-compaction for higher energies as they 
result in samples with lower creep modulus 

Chen (2010) 

compacted kaolinite/sand 
and bentonite/sand 
specimens; 
A load-increment ratio of 
unity was adopted until each 
specimen was loaded in 
stages (each with 20 minutes 
duration) to a maximum of 
1300 kPa; 

a large amount of compression occurred within the first 
minute of loading; the soil compressibility decreased as the 
compactive effort increased;  
for Low Energy Proctor and Standard Proctor specimens 
having 50% clay content, “critical pressure” behavior was 
observed;  
for the mixtures having lower clay content, sand grains 
were the dominant phase in terms of soil structure;  
as the sand content in soil mixture increased, 
compressibility was observed to decrease;  
with increasing moisture content there is a trend of increase 
in compressibility 
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2.5 Summary of Literature Review and Identified Knowledge Gaps 

At the end of literature review chapter, important facts about the highway 

embankments that were discovered from the literature, as well as identified knowledge 

gaps are presented.  The current research study tries to cast light on some of these gaps.  

Relationship of gaps to the particular research objectives is also mentioned; of course, for 

some of the cases further research is needed. 

• Embankment material selection criteria and embankment construction 

specifications may vary considerably from state to state in the U.S (related to the 

Objective No. 1). 

• The use of PI as material selection criteria for embankments is limited to a few 

states.  In most of the cases, there is a trend in specifying a threshold for the PI 

of usable material. In the first place, authenticity of this approach needs to be 

investigated. In the second place, the possibility of unwanted long-term 

deformations should be investigated when material with PI greater than 10 is used 

(related to the Objectives No. 1 and 5). 

• Traditional field compaction acceptance criteria based on the RC does not 

provide any information regarding embankment slope stability and/or 

embankment allowable settlement (related to the Objectives No. 2 and 3, also 

recommended for future work). 

• Slope stability failure through highway embankment alone is not very common.  

Few cases of failures through embankment, involved shallow or surficial failures 

and usually induced by heavy rainfall (related to the Objective No. 2). 

• Reviewing case history failures which are recently dominated by shallow failure, 

does not allow us to make any strong conclusion. Most of the failures happen in 

cases where use Standard Proctor energy as field quality control, but since high 

percentage of U.S. states (66%) already use standard energy, we cannot 
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necessarily attribute shallow failures to the locations that use Standard Proctor 

(related to the Objective No. 1). 

• Behavior of the instrumented reinforcing members show that failures occur after 

heavy rainfalls and recorded movements also increase after heavy rainfalls.  This 

will direct us to the study and compare of the behavior of soil samples before 

saturation versus after saturation (related to the Objectives No. 2 and 3, also 

recommended for future work). 

• Wetting and drying cycles may cause the top layers of soil to soften, crack and 

finally loose strength and fail.  Failure cases are usually thought to be in or close 

to the saturated state.  Thus, investigation of the behavior of saturated samples 

seems to be a necessary research task (related to the Objectives No. 2 and 3, also 

recommended for future work). 

• Geotechnical literature is very sparse in terms of allowable settlement for the 

highway embankments.  However, after intensive research the value of one inch 

(1 in.) is selected as the allowable non-uniform deformation/settlement for 

highway embankments in this research (related to the Objectives No. 3, 4 and 5). 

• Review of literature related to the long-term deformation or creep of unsaturated 

compacted soils revealed that there are not as many references related to this 

topic. Most of the literature deal with creep of saturated soil samples, or 

compressibility of soil specimens (related to the Objectives No. 3, also 

recommended for future work). 

In the following chapters this research is described and relevant results is presented 

to help address the knowledge gaps. 
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CHAPTER 3: RESEARCH METHODOLOGY 
 
 

3.1 Introduction 

The engineering performance of highway embankments is primarily tied to two 

design considerations: slope stability and deformation (NCHRP 1971). The first design 

consideration is usually verified by means of limit equilibrium slope stability analyses and 

maintaining a minimum factor of safety for stability of all possible critical failure 

mechanisms. The second design consideration requires that the embankment deformations 

fall below an allowable tolerance referred to as allowable settlement for highway 

embankments. The specific requirements for achieving these two design considerations 

depend on several factors, including the following: embankment height, embankment side 

slope, material used for construction, construction specifications, actual as-built 

conditions, foundation conditions and other factors such as drainage control measures, 

vegetation cover on side slopes, climatic conditions, traffic loading, etc. Under the 

assumption that the foundation conditions are adequate enough to not influence the above 

performance design criteria, this research focuses on the embankment material, 

construction specifications, and geometry of the embankment. 

This chapter describes the general research methodology followed in this doctoral 

research. Also, the chapter presents project research tasks and their connection to the 

research objectives introduced in Chapter 1. 

  



 

57 

3.2 General Research Methodology 

As mentioned earlier, the performance of highway embankments is primarily 

associated with two design considerations: slope stability and deformation.  In order to 

meet these two performance criteria, the engineering properties of the compacted candidate 

soils need to be evaluated as a function of anticipated placement conditions. 

As discussed in Chapter 2, the engineering properties of a compacted soil depend on 

the characteristics of the soil itself (e.g., gradation, plasticity, soil classification), as well as 

the placement and compaction conditions such as moisture content and dry unit weight. As 

discussed in the literature review chapter, the engineering properties of the compacted soil 

of a highway embankment vary depending on the placement moisture content and the as-

compacted dry unit weight. Therefore, it is common to specify these two variables in the 

construction contract specifications.  These specifications are often presented in the form 

of an acceptance region on a dry unit weight versus moisture content space, like the one 

shown schematically in Figure 3.1. For a given embankment geometry and soil material, 

each of these performance criteria should be satisfied. 

The slope stability performance criterion requires certain engineering properties. The 

acceptance zone based on slope stability, is shown as a quadrilateral region in Figure 3.1.  

Similarly, the design consideration of acceptable embankment deformations (short-term 

and long-term) requires another set of engineering properties that is shown schematically 

as a different region in Figure 3.1.   

The methodology of this research consists of providing guidance on how to propose 

these two acceptance regions which are required for meeting the two performance criteria. 
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The intersection of these two regions defines the final acceptance region on the dry unit 

weight versus moisture content space that complies with both performance criteria.  This 

zone is labeled as Overall Acceptance Zone in Figure 3.1. 

 
Figure 3.1. Schematic general research methodology; proposed acceptable zone for superimposing criteria 

based on slope stability criterion and deformation criterion 
(modified after Janardhanam and Pando 2015) 

The schematic presented in Figure 3.1 shows the general methodology followed in 

this research. The methodology will be applied to several test soils that are representative 

of NCDOT field projects in the Piedmont region. The research methodology flowchart is 

shown in Figure 3.2. This flowchart shows sample selection and laboratory testing as the 

first two tasks. The laboratory testing program involves obtaining relevant engineering 

properties for samples compacted at different molding moisture contents and compactive 

energies. An example of this laboratory testing program is schematically depicted in Figure 

3.3 that shows fifteen points on the dry unit weight versus moisture content space. For each 

of these fifteen compaction conditions, engineering properties are experimentally defined, 
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and analyses relevant to slope stability and deformation are performed to define the final 

acceptance zone. 

 
 

Figure 3.2. Organization flowchart of research 

The flowchart of Figure 3.2 also shows the tasks related to slope stability analyses 

and deformation analyses. For each of these performance criteria, the engineering 

properties and analyses should be carried out in terms of total stress analysis (TSA) 

parameters and effective stress analysis (ESA) parameters. 
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Figure 3.3. Schematic illustration of 15-points method; and saturated soil samples 

As shown in Figure 3.2, the next main task is to define the highway embankment 

geometry. In practice, this task is based on design requirements such as geometric design 

of road and flood considerations, and usually the specifications stated by AASHTO (1984) 

is followed. For this research, a total of sixteen embankment geometries are considered. A 

typical embankment geometry considered in this study is shown in Figure 3.4. 

Embankment geometries considered for this research are listed in Table 3.1. It is important 

to note that all analyses for this study assume competent foundation conditions for the 

embankment. Specifically, the foundation is assumed to be infinitely rigid. 

 

Saturated samples 
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Figure 3.4. Typical embankment section geometry 

Table 3.1. Different side slopes and heights considered for embankment geometries 

Side slope Height (ft./m) 

1H:1V 10 / 3.00 

2H:1V 20 / 6.10 

3H:1V 30 / 9.10 

4H:1V 40 / 12.20 

 

Following the definition of the highway embankment geometry, and the candidate 

soil with its corresponding engineering properties, the research flowchart shows analyses 

that are required for the verification of the two performance criteria. One set of analyses 

corresponds to the slope stability performance criterion, and the other set corresponds to 

the deformation performance criterion. 

The slope stability analyses are performed for the sixteen geometries and five test 

soils, using the engineering properties for total stress analysis (TSA) and for effective stress 

analysis (ESA). The TSA corresponds to short-term conditions that are based on total stress 

properties. The ESA, on the other hand, corresponds to long-term conditions and requires 

the use of engineering properties that are based on the effective stresses. More details on 

these two sets of engineering properties (i.e., TSA and ESA) are provided in Chapter 4.  

h= S 
EMBANKMENT v=1 H 

External load 

S 
1 
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Similarly, deformation analyses were performed using stress-strain analyses with 

input properties based on both TSA and ESA parameters. The ESA corresponds to the 

effective stress deformation properties that represent the embankments under sufficient 

rainfall infiltration to remove any apparent cohesion associated with suction in the 

unsaturated compacted soil. This performance criterion also involves evaluation of 

embankment deformations due to creep. 

The superimposition of the two performance criteria, that is slope stability criterion 

and deformation criterion is the final stage of the research flowchart shown in Figure 3.2. 

This can be done by overlapping the two individual acceptance zones, as shown in Figure 

3.1 which is a topic discussed in Chapter 7. 

3.2.1 Embankment Loading 

We need to define embankment loading as one of the design parameters. By 

embankment loading we mean the external load that we need to consider on top of 

embankment to represent the effect of any external loads after the embankment is brought 

up to the grade level and built.   

According to NCHRP (1971) the design load used to investigate the stability and 

deformation of an embankment is the weight of the overlying embankment and pavement 

materials. Traffic loads does not seriously affect embankments except for the upper few 

feet. 

NCHRP report (NCHRP 2004) which deals with geofoam applications in highway 

embankments has used a uniform surcharge equal to 21.5 kPa (450 lb/ft2) to model 
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pavement system. To model traffic surcharge, it has also taken values from AASHTO 

(2002) which is Standard Specifications for Highway Bridges. Based on the AASHTO 

recommendation of using 0.67 m (2 ft) of an 18.9 kN/m3 (120 lb/ft3) soil layer at the top of 

embankment to represent traffic load, traffic surcharge is 12.6 kPa (263 lb-ft2). Therefore, 

the total surcharge representing pavement and traffic would be 21.5 kPa plus 12.6 kPa or 

34.1 kPa, which could be rounded up to 35 kPa (730 lb/ft2). 

The value of 35 kPa will be applied as a uniformly distributed load on top of the 

embankment for both slope stability and deformation analyses in this research. 

3.3 Research Tasks 

Based on the presented research objectives, and the methodology described in the 

previous section, a total of nine tasks are defined to perform this study. These nine tasks 

are listed in Table 3.2. 

Table 3.2. Required tasks to accomplish research objectives 
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Having the required tasks presented, Table 3.3 summarizes the connection between 

research objectives and research tasks. 

Table 3.3. Connection between research objectives and defined tasks 

 
 

3.4 Summary 

The main methodology used for this dissertation is presented in this chapter. This 

study’s main contribution is evaluating material selection and material placement based on 

a performance-based design framework. For this study, two performance criteria of slope 

stability and deformation are considered. 
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CHAPTER 4: LABORATORY TESTING PROGRAM 
 
 

4.1 Introduction 

This chapter describes the test soils and the methods used in the laboratory testing 

program designed and performed as part of this doctoral study. The chapter presents the 

following main sections: 

• Description of test soils; 

• Compaction test results; 

• Unconsolidated-Undrained (UU) triaxial tests; 

• Consolidated-Undrained (CU) triaxial tests; 

• One-dimensional creep compression tests; 

• Summary. 

Additional details regarding the laboratory testing program are presented in 

Appendices B through D with their content summarized as following. 

Table 4.1. Summary of appendices related to the laboratory testing program 

Appendix Description 

B 
Failure lines for Unconsolidated-Undrained triaxial 

compression tests 

C 
Failure lines for Consolidated-Undrained triaxial 

compression tests 

D Calibration of oedometers 
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4.2 Description of Test Soils 

Five test soils from across the Piedmont region of North Carolina were selected for 

this research. These test soils were picked from NCDOT highway embankment projects 

that were active at the time of sampling. Figure 4.1 shows the location of the five test soils 

studied in this research project. 

 
Figure 4.1. Location of Piedmont test soil samples 

Upon sampling, we visually examined the five test soils and performed a series of 

index and classification tests on them. Results of the index tests are summarized in Table 

4.2. All procedures performed were in general accordance with the corresponding ASTM 

standards. 
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Table 4.2. Index properties of test soils 

Property Soil 1 Soil 2 Soil 3 Soil 4 Soil 5 ASTM No. 

 NC County Forsyth Lee Randolph Rowan Mecklenburg - 

Classification 
USCS SM MH ML ML ML D2487 

AASHTO A-4 (0) A-7-6 (28) A-4 (1) A-5 (7) A-5 (5) D3282 

G
ra

da
tio

n 

Gravel % 5.9 0.0 0.6 1.0 1.6 

D422 

Sand % 56.3 1.7 13.9 23.2 28.8 

Fine % 37.8 98.3 85.5 75.8 69.6 

Clay % 11.3 41.1 7.2 3.7 7.5 

D50 (μm) 148.7 3.5 19.7 20.7 24.0 

D10 (μm) 1.2 0.2 2.4 3.8 2.4 

Cu
 * 189.3 33.6 12.5 7.6 16.9 

Cc
 * 5.1 0.5 1.1 1.2 1.4 

A
tte

rb
er

g 
Li

m
its

 (%
) LL 30 58 32 48 42 

D4318 PL 28 37 35 42 37 

PI 2 21 NP * 6 5 

specific gravity GS 2.75 2.80 2.71 2.74 2.80 D854 

* NP= non-plastic, Cu= coefficient of uniformity, Cc= coefficient of curvature 
 

Representative grain size distribution curves for each test soil are shown in Figure 

4.2. These curves include combination of results from sieve analyses and hydrometer test. 

 

 
ASTM (2003)-ASTM (2007)-ASTM (2010)-ASTM (2011)-ASTM (2011b)-ASTM (2011c)-ASTM 
(2012a)-ASTM (2012b)-ASTM (2014)-ASTM (2009)- ASTM 2009-- 
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Figure 4.2. Representative gradation curves for test soils 

The Atterberg plasticity limits obtained for the test soils are presented in Figure 4.3. 

This figure shows the Casagrande plasticity chart. Test Soils 1, 4, and 5 fall in a region 

corresponding to the low plastic silts (ML). Test Soil 2 falls in the region of high plastic 

silts (MH). As noted in Table 4.2, Test Soil 3 was found to be a non-plastic soil. 

 

 
Figure 4.3. Plasticity of test soils on Casagrande chart 

NOTE: Test Soil 3 
is nonplastic 
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Based on the visual-manual inspections (ASTM D2488) and index test results, the 

following general descriptions could be presented for each test soil: 

Test soil 1 (Forsyth county): a light brown silty sand with little clay and few gravel, with 

plasticity index (PI) as little as 2%. This test soil classified as a SM and an A-4 (0) in the 

unified soil classification system (USCS) and AASHTO classification system, 

respectively. A representative photo of this test soil is shown in Figure 4.4a. 

Test soil 2 (Lee county): an orange high plastic silt with some clay and trace of sand, with 

PI equal to 21%. This test soil classified as a MH and an A-7-6 (28) in the unified soil 

classification system (USCS) and AASHTO classification system, respectively. A 

representative photo of this test soil is shown in Figure 4.4b. 

Test soil 3 (Randolph county): a brownish yellow non-plastic silt with few clay and little 

gravel and a fluffy structure. This test soil classified as a ML and an A-4 (1) in the unified 

soil classification system (USCS) and AASHTO classification system, respectively. A 

representative photo of this test soil is shown in Figure 4.4c. 

Test soil 4 (Rowan county): an orange low plastic silt with trace of clay and little sand. 

This test soil with PI equal to 6 classified as a ML and an A-5 (7) in the unified soil 

classification system (USCS) and AASHTO classification system, respectively. A 

representative photo of this test soil is shown in Figure 4.4d. 

Test soil 5 (Mecklenburg county): a yellow low plastic silt with few clay and some sand. 

This test soil with plasticity index (PI) as little as 5%, classified as a ML and an A-5 (5) in 
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the unified soil classification system (USCS) and AASHTO classification system, 

respectively. A representative photo of this test soil is shown in Figure 4.4e. 

 
 

(a) Test Soil 1 (Forsyth) (b) Test Soil 2 (Lee) 

  
(c) Test Soil 3 (Randolph) (d) Test Soil 4 (Rowan) 

 
(e) Test Soil 5 (Mecklenburg) 

Figure 4.4. Representative photos of research test soils  
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4.3 Compaction Tests Results 

This section presents the compaction test results for the five test soils. For each test 

soil, compaction tests have been carried out at three energy levels, namely Standard Proctor 

(ASTM D698), Intermediate Proctor, and Modified Proctor (ASTM D1557).  

The compaction tests were performed in general accordance with procedures 

outlined in the ASTM D698 (Standard Proctor) and ASTM D1557 (Modified Proctor). The 

tests corresponding to the intermediate energy level were performed using the small 

compaction mold (with 4 inch inside diameter), the 10 lb rammer with falling height of 18 

inch (large rammer) with 3 layers and 23 blows per layer. A summary of the relevant 

information for each compaction test is presented in Table 4.3. Figure 4.5 depicts 

representative photos of a compaction test showing the key components such as mold, 

rammer, and other accessories. 

Table 4.3. Summary information for compaction tests 

Test series ASTM Mold Rammer 
weight (lb) 

Rammer 
drop (in) 

No. of 
layers 

No. of blows 
per layer 

Compaction energy 
(KN.m/m3) 

Standard 
Proctor 

D698 4 inch 5.5 12 3 25 600 

Intermediate 
Energy 

N/A 4 inch 10 18 3 23 1500 

Modified 
Proctor 

D1557 4 inch 10 18 5 25 2700 
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(a) Spatula and tray (b) Straightedge 

  
(c) Compaction mold with collar (d) Small and large compaction rammers 

 
(e) Full compaction mold 

Figure 4.5. Photos of tools used for compaction tests 

In addition to the compaction curve, for each test soil a summary table is presented 

which lists optimum moisture content (OMC) and maximum dry unit weight obtained for 

each compaction curve. The results for each test soil are presented in the following 

subsections. 
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4.3.1 Compaction Test Results for Test Soil 1 

The compaction test results for Test Soil 1 are presented in Figure 4.6 and Table 4.4. 

 
Figure 4.6. Compaction curves for Test Soil 1 at three energy levels 

Table 4.4. Summary of compaction test results for Test Soil 1 

Test series 
Compaction 

energy (KN.m/m3) 
Optimum moisture 

content (%) 
Maximum dry unit 

weight (KN/m3) 

Modified Proctor 2700 12.3 18.7 

Intermediate Energy 1500 13.9 17.8 

Standard Proctor 600 16.3 16.9 

 

For Test Soil 1 the peaks of the three compaction curves are approximately located 

near the line of 75% saturation.  
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4.3.2 Compaction Test Results for Test Soil 2 

The compaction test results for Test Soil 1 are presented in Figure 4.7 and Table 4.5. 

 
Figure 4.7. Compaction curves for Test Soil 2 at three energy levels 

Table 4.5. Summary of compaction test results for Test Soil 2 

Test series 
Compaction 

energy (KN.m/m3) 
Optimum moisture 

content (%) 
Maximum dry unit 

weight (KN/m3) 

Modified Proctor 2700 16.3 17.6 

Intermediate Energy 1500 18.0 16.7 

Standard Proctor 600 20.0 15.4 

 

It is noted that for Test Soil 2, the peaks of the three compaction curves are located 

within the lines of 70% saturation and 90% saturation. 
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4.3.3 Compaction Test Results for Test Soil 3 

The compaction test results for Test Soil 1 are presented in Figure 4.8 and Table 4.6.  

 
Figure 4.8. Compaction curves for Test Soil 3 at three energy levels 

Table 4.6. Summary of compaction test results for Test Soil 3 

Test series 
Compaction 

energy (KN.m/m3) 
Optimum moisture 

content (%) 
Maximum dry unit 

weight (KN/m3) 

Modified Proctor 2700 14.9 16.8 

Intermediate Energy 1500 16.1 16.0 

Standard Proctor 600 20.0 15.1 

 

For Test Soil 3, the peaks of the three compaction curves are approximately located 

near the line of 70% saturation. 
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4.3.4 Compaction Test Results for Test Soil 4 

The compaction test results for Test Soil 1 are presented in Figure 4.9 and Table 4.7. 

 
Figure 4.9. Compaction curves for Test soil 4 at three energy levels 

Table 4.7. Summary of compaction test results for Test Soil 4 

Test series 
Compaction 

energy (KN.m/m3) 
Optimum moisture 

content (%) 
Maximum dry unit 

weight (KN/m3) 

Modified Proctor 2700 18.0 15.1 

Intermediate Energy 1500 22.7 14.1 

Standard Proctor 600 25.2 12.7 

 

For Test Soil 4, the peaks of the three compaction curves are located between the 

lines of 60% saturation and 70% saturation. 
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4.3.5 Compaction Test Results for Test Soil 5 

The compaction test results for Test Soil 1 are presented in Figure 4.10 and Table 

4.8. 

 
Figure 4.10. Compaction curves for Test Soil 5 at three energy levels 

Table 4.8. Summary of compaction test results for Test Soil 5 

Test Series 
Compaction 

energy (KN.m/m3) 
Optimum moisture 

content (%) 
Maximum dry unit 

weight (KN/m3) 

Modified Proctor 2700 14.0 17.2 

Intermediate Energy 1500 15.6 16.5 

Standard Proctor 600 19.0 15.2 

 

For Test Soil 5, the peaks of the three compaction curves are located between the 

lines of 60% saturation and 70% saturation, with peaks being very close to the line of 65% 

saturation.  
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4.4 Unconsolidated-Undrained Triaxial Compression Tests 

4.4.1 Introduction 

In order to obtain engineering properties of the compacted soils and to assess the 

influence of compaction moisture and dry density, a series of UU triaxial tests were 

performed on the samples prepared at optimum, dry-of-optimum, and wet-of-optimum 

moisture contents, and compacted at the three energy levels described before. This 

methodology is often referred to as the 15-points method where 5 points for each of the 

three levels of compactive energies are tested to assess engineering properties that capture 

a wide range of different anticipated field conditions in terms of placement moisture 

content and as-compacted dry unit weight. The following subsections describe the test 

procedures and then present the preliminary results for the five test soils. 

4.4.2 Procedure 

Triaxial compression tests under unconsolidated undrained conditions were 

performed on compacted samples. The triaxial samples were obtained by pushing thin-

walled shelby tubes into the compaction molds where the different test soils were 

compacted using different compaction energies (three levels) and different moisture 

contents as per the 15-points method described above. The sample preparation procedure 

is shown in the photos provided in Figure 4.11. The inside diameter of shelby tubes was 

35.6 mm (1.4 inch) and the wall diameter was 1.3 mm (0.05 inch). The pushing end was 

beveled to facilitate the process of pushing. After pushing the tubes, the samples were 

carefully extruded and initial dimension and weight recorded. The initial moisture content 
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was also measured using the trimmings. To avoid changes in the initial moisture content 

of sample, soil samples were sealed using plastic wraps. 

  
(a) compaction mold (b) Shelby tubes 

 
      

(c) pushing tubes into the soil sample (d) end of pushing 

Figure 4.11. Sample preparation for triaxial testing 

After sample preparation, the sample is mounted on the pedestal of triaxial device. 

The UU triaxial tests were performed in general accordance with the ASTM D2850. The 

triaxial device used for the UU triaxial tests was a Geocomp device which consists of a 8.9 

kN (2000 lb) LoadTrac-II reaction frame and two FlowTrac-II systems to control volume 

and pressure, as shown in Figure 4.12. For more information regarding the triaxial device 

used, reader is referred to the user manuals of Geocomp company [Geocomp Corporation 
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2011a; Geocomp Corporation 2011b; Geocomp Corporation 2014]. The triaxial chamber 

used was adapted to fit a sample pedestal and top cap of 35.6 mm (1.4 inch) to match the 

diameter of the sample obtained from the shelby tubes described above. Before installation 

of the sample into the triaxial chamber, filter papers were used on bottom and top of the 

sample in contact of the soil specimen. Porous stones were used on bottom and top of the 

sample in contact with the filter papers. It is noted that porous stones were used in dry 

condition. 

 
Figure 4.12. LoadTrac-II / FlowTrac-II systems for triaxial tests 

(modified after Geocomp Corporation 2011a) 

The UU triaxial tests were performed at an axial strain rate of 1%/minute and for 

confining cell pressures of 25, 50, and 100 kPa. It is noted that for each compaction 

condition on the moisture content - dry unit weight space, three particular specimens were 

LoadTrac-II load frame 

FlowTrac-II for 
cell pressure 

FlowTrac-II for 
sample pressure 
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prepared to allow three UU triaxial tests to be performed at confining cell pressures ( ) 

of 25 kPa, 50 kPa and 100 kPa. 

Using the Geocomp triaxial systems, the first stage of each UU triaxial test is the 

initialization phase where the sample was subjected to a very low cell pressure (10 kPa) to 

confirm no leakage or sensor errors. After the initialization stage, cell pressure was applied 

at a rate of 1 kPa/second with no sample drainage allowed to ensure that unconsolidated 

conditions are satisfied. Following cell pressure application, the sample was sheared under 

undrained conditions at the constant rate of strain mentioned above. The sample was 

sheared until a maximum axial strain of 15% or until a well-defined peak deviator stress 

was observed. The selection of 15% as a limiting value for axial strain has been used by 

many researchers (Seed and Chan 1959; Seed et al. 1960; ASTM D2850). The final sample 

conditions, i.e. failure type and failure mode, were recorded for each test and the final 

moisture content was also measured. The test matrix of all UU triaxial tests performed is 

reported in Table 4.9 through Table 4.13 corresponding to Test Soil 1 through Test Soil 5, 

respectively.  
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Table 4.9. Summary information of UU triaxial testing matrix for Test Soil 1 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Standard Proctor 
S1-UU1 

17.4 
(OMC + 1.1) 

 25 
S1-UU2 16.5 50 
S1-UU3  100 

Standard Proctor 
S1-UU4 

15.6 
(OMC - 0.7) 

 25 
S1-UU5 17.5 50 
S1-UU6  100 

Standard Proctor 
S1-UU7 

13.0 
(OMC – 3.3) 

 25 
S1-UU8 17.4 50 
S1-UU9  100 

Standard Proctor 
S1-UU10 

18.9 
(OMC + 2.6) 

 25 
S1-UU11 16.5 50 
S1-UU12  100 

Standard Proctor 
S1-UU13 

13.2 
(OMC – 3.1) 

 25 
S1-UU14 15.9 50 
S1-UU15  100 

Standard Proctor 
S1-UU16 

10.5 
(OMC – 5.8) 

 25 
S1-UU17 15.3 50 
S1-UU18  100 

Intermediate Energy 
S1-UU19 

9.8 
(OMC – 4.1) 

 25 
50 
100 

S1-UU20 16.6 
S1-UU21  

Intermediate Energy 
S1-UU22 

7.7 
(OMC – 6.2) 

 25 
50 
100 

S1-UU23 16.1 
S1-UU24  

Modified Proctor 
 

S1-UU25 
9.3 

(OMC – 3.0) 

 25 
50 
100 

S1-UU26 17.5 
S1-UU27  

Modified Proctor 
 

S1-UU28 
7.1 

(OMC – 5.2) 

 25 
50 
100 

S1-UU29 17.0 
S1-UU30  

Modified Proctor 
 

S1-UU31 
12.1 

(OMC - 0.2) 

 25 
50 
100 

S1-UU32 18.2 
S1-UU33  

Modified Proctor 
 

S1-UU34 
14.5 

(OMC + 2.2) 

 25 
50 
100 

S1-UU35 17.8 
S1-UU36  
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Table 4.10. Summary information of UU triaxial testing matrix for Test Soil 2 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Standard Proctor 
S2-UU10 

30.2 
(OMC + 10.2) 14.5 

25 
S2-UU11 50 
S2-UU12 100 

Standard Proctor 
S2-UU16 

25.1 
(OMC + 5.1) 15.5 

25 
50 
100 

S2-UU17 
S2-UU18 

Standard Proctor 
S2-UU19 

20.9 
(OMC + 0.9) 15.9 

25 
S2-UU20 50 
S2-UU21 100 

Standard Proctor 
S2-UU25 

12.5 
(OMC – 7.5) 15.4 

25 
S2-UU26 50 
S2-UU27 100 

Standard Proctor 
S2-UU50 

16.4 
(OMC – 3.6) 16.9 

25 
S2-UU51 50 
S2-UU52 100 

Intermediate Energy 
S2-UU28 

15.2 
(OMC – 2.8) 17.4 

25 
S2-UU29 50 
S2-UU30 100 

Intermediate Energy 
S2-UU31 

21.1 
(OMC + 3.1) 16.8 

25 
S2-UU32 50 
S2-UU33 100 

Intermediate Energy 
S2-UU34 

17.3 
(OMC – 0.7) 17.5 

25 
S2-UU35 50 
S2-UU36 100 

Intermediate Energy 
S2-UU37 

12.6 
(OMC – 5.4) 17.2 

25 
S2-UU38 50 
S2-UU39 100 

Modified Proctor 
S2-UU4 

24.6 
(OMC + 8.3) 15.7 

25 
S2-UU5 50 
S2-UU6 100 

Modified Proctor 
S2-UU7 

31.2 
(OMC + 14.9) 14.4 

25 
S2-UU8 50 
S2-UU9 100 

Modified Proctor 
S2-UU22 

19.4 
(OMC + 3.1) 17.2 

25 
S2-UU23 50 
S2-UU24 100 
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Table 4.10. Summary information of UU triaxial testing matrix for Test Soil 2 (continued) 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Modified Proctor 
S2-UU47 

16.1 
(OMC - 0.2) 17.8 

25 
S2-UU48 50 
S2-UU49 100 

Modified Proctor 
S2-UU53 

13.6 
(OMC – 2.7) 18.4 

25 
S2-UU54 50 
S2-UU55 100 
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Table 4.11. Summary information of UU triaxial testing matrix for Test Soil 3 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Standard Proctor 
S3-UU1 

20.7 
(OMC + 0.7) 15.5 

25 
S3-UU2 50 
S3-UU3 100 

Standard Proctor 
 

S3-UU4 
21.6 

(OMC + 1.6) 15.3 
25 

S3-UU5 50 
S3-UU6 100 

Standard Proctor 
 

S3-UU7 
22.3 

(OMC + 2.3) 15.3 
25 

S3-UU8 50 
S3-UU9 100 

Standard Proctor 
 

S3-UU10 
15.9 

(OMC - 4.1) 15.4 
25 

S3-UU11 50 
S3-UU12 100 

Standard Proctor 
 

S3-UU13 
14.8 

(OMC - 5.2) 15.2 
25 

S3-UU14 50 
S3-UU15 100 

Intermediate Energy 
S3-UU22 

14.5 
(OMC – 1.6) 16.5 

25 
50 
100 

S3-UU23 
S3-UU24 

Intermediate Energy 
S3-UU25 

15.8 
(OMC – 0.3) 16.5 

25 
50 
100 

S3-UU26 
S3-UU27 

Intermediate Energy 
S3-UU31 17.8 

(OMC + 1.7) 16.3 
25 

S3-UU33 100 

Intermediate Energy 
S3-UU37 

20.2 
(OMC + 4.1) 15.7 

25 
S3-UU38 50 
S3-UU39 100 

Modified Proctor 
S3-UU16 

12.5 
(OMC – 2.4) 16.7 

25 
S3-UU17 50 
S3-UU18 100 

Modified Proctor 
S3-UU19 

15.3 
(OMC + 0.4) 16.4 

25 
S3-UU20 50 
S3-UU21 100 

Modified Proctor 
S3-UU28 15.4 

(OMC + 0.5) 16.8 
25 
100 S3-UU30 

Modified Proctor 
S3-UU34 

19.6 
(OMC + 4.7) 16.1 

25 
S3-UU35 50 
S3-UU36 100 
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Table 4.12. Summary information of UU triaxial testing matrix for Test Soil 4 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Standard Proctor 
S4-UU1 

44.5 
(OMC + 19.3) 

 25 
S4-UU2 11.4 50 
S4-UU3  100 

Standard Proctor 
S4-UU4 

22.1 
(OMC – 3.0) 

 25 
S4-UU5 13.1 50 
S4-UU6  100 

Standard Proctor 
S4-UU10 

20.1 
(OMC – 5.1) 

 25 
S4-UU11 13.3 50 
S4-UU12  100 

Standard Proctor 
S4-UU19 

29.7 
(OMC + 4.5) 

 25 
S4-UU20 13.3 50 
S4-UU21  100 

Standard Proctor 
S4-UU28 

14.5 
(OMC - 10.7) 

 25 
S4-UU29 13.6 50 
S4-UU30  100 

Intermediate Energy 
S4-UU13 

22.3 
(OMC - 0.4) 

 25 
S4-UU14 14.6 50 
S4-UU15  100 

Intermediate Energy 
S4-UU22 

27.7 
(OMC + 5.0) 

 25 
S4-UU23 14.3 50 
S4-UU24  100 

Intermediate Energy 
S4-UU31 

15.8 
(OMC – 6.9) 

 25 
S4-UU32 14.9 50 
S4-UU33  100 

Intermediate Energy 
S4-UU37 

12.5 
(OMC - 10.2) 

 25 
S4-UU38 14.9 50 
S4-UU39  100 

Modified Proctor 
S4-UU7 

20.0 
(OMC + 2.0) 

 25 
S4-UU8 15.1 50 
S4-UU9  100 

Modified Proctor 
S4-UU16 

22.6 
(OMC + 4.6) 

 25 
S4-UU17 15.3 50 
S4-UU18  100 

Modified Proctor 
S4-UU25 

27.8 
(OMC + 9.8) 

  
S4-UU26 14.4  
S4-UU27   
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Table 4.12. Summary information of UU triaxial testing matrix for Test Soil 4 (continued) 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Modified Proctor 
S4-UU34 

14.9 
(OMC - 3.1) 

 25 
S4-UU35 15.7 50 
S4-UU36  100 

Modified Proctor 
S4-UU40 

12.5 
(OMC - 5.5) 

 25 
S4-UU41 15.4 50 
S4-UU42  100 
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Table 4.13. Summary information of UU triaxial testing matrix for Test Soil 5 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Standard Proctor 
S5-UU1 

18.0 
(OMC - 1.0) 

 25 
S5-UU2 15.9 50 
S5-UU3  100 

Standard Proctor 
S5-UU4 

20.8 
(OMC + 1.8) 

 25 
S5-UU5 15.5 50 
S5-UU6  100 

Standard Proctor 
S5-UU7 

15.9 
(OMC – 3.1) 

 25 
S5-UU8 15.9 50 
S5-UU9  100 

Standard Proctor 
S5-UU19 

22.9 
(OMC + 3.9) 

 25 
S5-UU20 15.6 60 
S5-UU21  100 

Standard Proctor 
S5-UU22 

13.7 
(OMC – 5.3) 

 25 
S5-UU23 15.8 50 
S5-UU24  100 

Standard Proctor 
S5-UU37 

14.4 
(OMC – 4.6) 

 25 
S5-UU38 14.8 60 
S5-UU39  150 

Standard Proctor 
S5-UU40 

10.8 
(OMC – 8.2) 

 25 
S5-UU41 14.4 60 
S5-UU42  100 

Intermediate Energy 
S5-UU10 

14.5 
(OMC - 1.1) 

 25 
S5-UU11 16.7 50 
S5-UU12  100 

Intermediate Energy 
S5-UU13 16.8 

(OMC + 1.2) 17 
25 

S5-UU15 100 

Intermediate Energy 
S5-UU16 

20.1 
(OMC + 4.5) 

 25 
S5-UU17 16.5 60 
S5-UU18  100 

Intermediate Energy 
S5-UU25 11.3 

(OMC - 4.3) 17.2 
25 
100 S5-UU27 

Intermediate Energy 
S5-UU28 

9.4 
(OMC – 6.2) 

 25 
50 
100 

S5-UU29 16.8 
S5-UU30  
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Table 4.13. Summary information of UU triaxial testing matrix for Test Soil 5 (continued) 

Molding compactive 
energy 

Test No. Final w (%) Final   
(kN/m3) cellσ  (kPa) 

Low Energy 
S5-UU31 

18.8 
(OMC – 0.2) 

 25 
S5-UU32 15.5 65 
S5-UU33  100 

Low Energy 
S5-UU34 

16.6 
(OMC – 2.4) 

 25 
S5-UU35 15.5 65 
S5-UU36  100 

 

4.4.3 Results of UU Triaxial Tests 

This section and subsections present a summary of the results for the UU triaxial 

tests performed on the five test soils. The results include a summary table and three plots 

of shear strength parameters (total stress friction angle UUφ , total stress cohesion CUU, and 

elasticity modulus EUU) for each test soil. It is noted that the plots of elasticity modulus 

belong to the median UU triaxial test with confining pressure equal to 50cell kPaσ = . 

Additional details associated with results of UU triaxial tests can be found in Appendix B.  

4.4.3.1 Results of UU Triaxial Tests for Test Soil 1 

For Test Soil 1, Figure 4.13 shows total stress friction angle, Figure 4.14 depicts total 

stress cohesion, and Figure 4.15 illustrates modulus of elasticity. 
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Table 4.14. Summary information of UU triaxial tests carried out on Test Soil 1 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) U UE (MPa) 

S1-UU1 17.3 25 15.3   2.9 

S1-UU2 16.6 50 17.3 22.6 74.7 3.8 

S1-UU3 18.2 100 16.9   4.0 

S1-UU4 15.6 25 17.4   8.9 

S1-UU5 15.7 50 17.5 34.0 72.8 9.3 

S1-UU6 15.6 100 17.8   12.3 

S1-UU7 13.0 25 17.1   9.3 

S1-UU8 12.7 50 17.6 39.3 69.4 13.8 

S1-UU9 13.4 100 17.5   17.8 

S1-UU10 19.5 25 16.1   1.1 

S1-UU11 18.5 50 16.7 26.7 35.0 2.1 

S1-UU12 18.8 100 16.6   2.2 

S1-UU13 13.4 25 16.0   11.8 

S1-UU14 13.8 50 15.9 32.8 53.3 12.0 

S1-UU15 12.3 100 15.8   12.3 

S1-UU16 10.7 25 15.2   14.5 

S1-UU17 10.2 50 15.2 34.5 46.6 15.6 

S1-UU18 10.6 100 15.5   16.2 

S1-UU19 9.9 25 
50 
100 

16.9   17.0 

S1-UU20 9.7 16.4 34.1 88.9 19.8 

S1-UU21 9.8 16.4   21.6 

S1-UU22 7.9 25 15.9   14.3 

S1-UU23 7.5 50 16.3 44.9 47.5 19.4 

S1-UU24 7.8 100 16.1   22.5 

S1-UU25 9.0 25 17.4   27.5 

S1-UU26 9.4 50 17.5 41.7 152.1 32.2 

S1-UU27 9.4 100 17.6   37.1 

S1-UU28 7.0 25 17.0   26.4 

S1-UU29 7.3 50 17.0 43.9 117.7 27.4 

S1-UU30 6.9 100 17.1   36.4 

S1-UU31 12.2 25 18.3   22.1 

S1-UU32 12.0 50 18.3 34.1 163.0 27.4 

S1-UU33 12.1 100 18.0   32.1 

S1-UU34 14.8 25 17.6   7.5 

S1-UU35 14.8 50 17.8 42.0 54.4 9.5 

S1-UU36 13.9 100 18.1   16.5 
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Figure 4.13. Total stress friction angle, 

U Uφ (degrees) obtained from UU triaxial tests on Test Soil 1 

 

 
Figure 4.14. Total stress cohesion, 

U UC  (kPa) obtained from UU triaxial tests on Test Soil 1 
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Figure 4.15. Elasticity modulus U UE  (MPa) at 50  cell kP aσ =  obtained from UU triaxial tests on Test 

Soil 1 

4.4.3.2 Results of UU Triaxial Tests for Test Soil 2 

In this section, results of UU triaxial tests carried out on Test Soil 2 (soil sample from 

Lee County) is presented. The summary table is presented in Table 4.15. After the summary 

table, three plots have been provided in Figure 4.16, Figure 4.17, and Figure 4.18 which 

represent total stress friction angle ( UUφ ), total stress cohesion (CUU), and modulus of 

elasticity (EUU), respectively. 
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Table 4.15. Summary information of UU triaxial tests carried out on Test Soil 2 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) U UE (MPa) 

S2-UU4 25.4 25 15.6   4.8 

S2-UU5 24.0 50 15.9 35.0 79.0 5.9 

S2-UU6 24.5 100 15.7   7.1 

S2-UU7 31.7 25 14.8   1.3 

S2-UU8 31.0 50 14.3 15.0 45.5 1.5 

S2-UU9 30.9 100 14.2   1.7 

S2-UU10 31.0 25 14.4   2.0 

S2-UU11 29.6 50 14.7 18.0 61.6 2.9 

S2-UU12 30.1 100 14.6   3.0 

S2-UU16 25.5 25 15.4   7.0 

S2-UU17 25.1 50 15.6 28.6 98.3 9.4 

S2-UU18 24.8 100 15.6   12.8 

S2-UU19 21.0 25 15.8   22.8 

S2-UU20 20.8 50 15.9 41.1 89.9 23.0 

S2-UU21 20.8 100 16.1   23.2 

S2-UU22 20.0 25 17.0   23.7 

S2-UU23 19.5 50 17.2 49.1 143.4 26.6 

S2-UU24 18.9 100 17.4   32.6 

S2-UU25 12.4 25 
50 
100 

15.4   22.9 

S2-UU26 12.6 15.6 38.8 89.3 27.8 

S2-UU27 12.6 15.2   33.7 

S2-UU28 15.4 25 
50 
100 

17.5   35.7 

S2-UU29 15.0 17.3 51.4 118.6 37.1 

S2-UU30 15.1 17.5   50.6 

S2-UU31 21.2 25 16.8   13.5 

S2-UU32 21.3 50 16.7 32.2 174.0 15.4 

S2-UU33 20.7 100 16.9   17.5 

S2-UU34 17.4 25 17.5   28.8 

S2-UU35 17.5 50 17.4 36.4 253.9 40.2 

S2-UU36 17.1 100 17.5   45.3 

S2-UU37 12.9 25 17.2   50.1 

S2-UU38 12.6 50 17.2 40.8 243.5 59.0 

S2-UU39 12.4 100 17.2   69.5 

S2-UU47 16.1 25 17.8   34.7 

S2-UU48 16.3 50 18.0 39.2 275.7 38.5 

S2-UU49 15.9 100 17.7   51.3 
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Table 4.15. Summary information of UU triaxial tests carried out on Test Soil 2 (continued) 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) U UE (MPa) 

S2-UU50 16.3 25 16.9   40.5 

S2-UU51 16.4 50 16.8 34.5 195.9 42.1 

S2-UU52 16.4 100 16.9   44.4 

S2-UU53 13.4 25 18.3   48.8 

S2-UU54 13.6 50 18.5 45.2 326.4 57.3 

S2-UU55 13.6 100 18.4   71.7 
 
 

 
Figure 4.16. Total stress friction angle, 

U Uφ (degrees) obtained from UU triaxial tests on Test Soil 2 
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Figure 4.17. Total stress cohesion, 

U UC  (kPa) obtained from UU triaxial tests on Test Soil 2 

 
Figure 4.18. Elasticity modulus U UE  (MPa) at 50  cell kPaσ =  obtained from UU triaxial tests on Test Soil 

2 
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4.4.3.3 Results of UU Triaxial Tests for Test Soil 3 

In this section, results of UU triaxial tests carried out on Test Soil 3 (soil sample from 

Randolph County) is presented. The summary table is presented in Table 4.16. After the 

summary table, three plots have been provided in Figure 4.19, Figure 4.20, and Figure 4.21 

which represent total stress friction angle ( UUφ ), total stress cohesion (CUU), and modulus 

of elasticity (EUU), respectively. 

 
 
  



 

97 

Table 4.16. Summary information of UU triaxial tests carried out on Test Soil 3 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) U UE (MPa) 

S3-UU1 22.4 25 15.4   5.6 

S3-UU2 19.7 50 15.6 34.5 56.8 7.1 

S3-UU3 20.0 100 15.6   9.4 

S3-UU4 21.4 25 15.4   4.8 

S3-UU5 21.5 50 15.2 33.6 55.0 6.1 

S3-UU6 21.8 100 15.3   8.5 

S3-UU7 22.2 25 15.3   4.2 

S3-UU8 22.7 50 15.3 30.5 65.1 5.5 

S3-UU9 22.1 100 15.4   7.2 

S3-UU10 16.2 25 15.5   7.2 

S3-UU11 15.7 50 15.5 32.0 74.2 8.7 

S3-UU12 15.9 100 15.3   11.3 

S3-UU13 15.6 25 15.2   7.0 

S3-UU14 14.5 50 15.3 30.8 65.2 9.6 

S3-UU15 14.2 100 15.2   19.6 

S3-UU16 12.6 25 16.3   10.7 

S3-UU17 12.4 50 16.9 31.1 136.0 11.7 

S3-UU18 12.7 100 16.9   12.7 

S3-UU19 15.8 25 
50 
100 

16.4   7.2 

S3-UU20 15.3 16.1 39.6 67.1 9.0 

S3-UU21 14.7 16.8   11.3 

S3-UU22 14.6 25 
50 
100 

16.4   8.2 

S3-UU23 16.8 16.5 36.2 89.5 8.9 

S3-UU24 14.4 16.6   12.2 

S3-UU25 15.7 25 16.4   7.3 

S3-UU26 16.0 50 16.4 37.3 73.0 7.9 

S3-UU27 15.7 100 16.5   12.3 

S3-UU28 15.5 25 16.8 
31.9 104.9 

6.5 

S3-UU30 15.2 100 16.7 9.0 

S3-UU31 17.2 25 16.5 
32.3 90.5 

6.6 

S3-UU33 18.4 100 16.2 9.8 

S3-UU34 19.7 25 16.0   3.1 

S3-UU35 19.5 50 16.2 32.5 79.3 4.0 

S3-UU36 19.5 100 16.2   5.0 

S3-UU37 20.2 25 15.7   3.0 

S3-UU38 19.9 50 15.7 30.3 74.2 4.1 

S3-UU39 20.6 100 15.8   5.1 
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Figure 4.19. Total stress friction angle, 

U Uφ (degrees) obtained from UU triaxial tests on Test Soil 3 

 
Figure 4.20. Total stress cohesion, 

U UC  (kPa) obtained from UU triaxial tests on Test Soil 3 
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Figure 4.21. Elasticity modulus U UE  (MPa) at 50  cell kPaσ =  obtained from UU triaxial tests on Test Soil 

3 

4.4.3.4 Results of UU Triaxial Tests for Test Soil 4 

In this section, results of UU triaxial tests carried out on Test Soil 4 (soil sample from 

Rowan County) is presented. The summary table is presented in Table 4.17. After the 

summary table, three plots have been provided in Figure 4.22, Figure 4.23, and Figure 4.24 

which represent total stress friction angle ( UUφ ), total stress cohesion (CUU), and modulus 

of elasticity (EUU), respectively. 
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Table 4.17. Summary information of UU triaxial tests carried out on Test Soil 4 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) UUE (MPa) 

S4-UU1 44.4 25 11.4   1.1 

S4-UU2 45.4 50 11.3 26.1 26.5 1.7 

S4-UU3 43.7 100 11.6   2.5 

S4-UU4 22.2 25 12.9   8.6 

S4-UU5 21.9 50 13.1 34.2 68.5 11.5 

S4-UU6 22.4 100 13.2   13.9 

S4-UU7 20.0 25 15.1   13.6 

S4-UU8 19.8 50 15.1 36.5 136.7 15.4 

S4-UU9 20.2 100 15.2   17.3 

S4-UU10 20.4 25 13.3   8.3 

S4-UU11 19.9 50 13.1 32.7 79.3 11.8 

S4-UU12 20.0 100 13.4   14.5 

S4-UU13 22.5 25 14.6 
32.8 120.6 

11.8 

S4-UU14 22.2 50 14.5 12.8 

S4-UU15 22.2 100 14.8 15.4 

S4-UU16 22.2 25 15.4   10.8 

S4-UU17 22.6 50 15.3 24.5 202.9 12.9 

S4-UU18 23.0 100 15.3   14.0 

S4-UU19 29.7 25 
50 
100 

13.3   6.8 

S4-UU20 30.4 13.3 30.1 74.3 8.9 

S4-UU21 29.1 13.4   11.9 

S4-UU22 27.0 25 
50 
100 

14.4   5.9 

S4-UU23 27.5 14.4 23.1 134.1 7.0 

S4-UU24 28.5 14.1   7.9 

S4-UU25 27.8 25 14.3   3.6 

S4-UU26 27.8 50 14.3 26.9 106.2 4.1 

S4-UU27 27.7 100 14.4   5.1 

S4-UU28 14.9 25 13.5   12.4 

S4-UU29 14.5 50 13.5 33.5 92.5 13.6 

S4-UU30 14.0 100 13.7   18.1 

S4-UU31 15.8 25 14.9   17.4 

S4-UU32 15.9 50 14.7 31.8 153.4 18.9 

S4-UU33 15.8 100 15.0   19.8 

S4-UU34 15.1 25 15.7   19.9 

S4-UU35 14.7 50 15.7 41.6 138.1 21.0 

S4-UU36 14.8 100 15.6   22.3 
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Table 4.17. Summary information of UU triaxial tests carried out on Test Soil 4 (continued) 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) UUE (MPa) 

S4-UU37 12.7 25 14.7   16.9 

S4-UU38 12.5 50 15.0 37.9 138.2 19.2 

S4-UU39 12.3 100 15.0   22.2 

S4-UU40 12.2 25 15.4   12.4 

S4-UU41 12.5 50 15.3 51.4 67.3 21.4 

S4-UU42 12.8 100 15.5   23.0 
 
 

 
Figure 4.22. Total stress friction angle, 

U Uφ (degrees) obtained from UU triaxial tests on Test Soil 4 
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Figure 4.23. Total stress cohesion, 

U UC  (kPa) obtained from UU triaxial tests on Test Soil 4 

 
Figure 4.24. Elasticity modulus U UE  (MPa) at 50  cell kPaσ =  obtained from UU triaxial tests on Test Soil 

4 
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4.4.3.5 Results of UU Triaxial Tests for Test Soil 5 

In this section, results of UU triaxial tests carried out on Test Soil 5 (soil sample from 

Mecklenburg County) will be presented. The summary table is presented in Table 4.18. 

After the summary table, three plots have been provided in Figure 4.25, Figure 4.26, and 

Figure 4.27 which represent total stress friction angle ( UUφ ), total stress cohesion (CUU), 

and modulus of elasticity (EUU), respectively. 
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Table 4.18. Summary information of UU triaxial tests carried out on Test Soil 5 

Test No. Final w (%) cellσ  (kPa) Final dγ  
(kN/m3) 

 (deg)UUφ  U UC (kPa) UUE (MPa) 

S5-UU1 18.2 25 16.0   9.3 

S5-UU2 18.1 50 15.9 25.9 93.5 9.7 

S5-UU3 17.8 100 15.8   11.6 

S5-UU4 21.1 25 15.4   6.1 

S5-UU5 20.4 50 15.8 29.0 62.0 8.1 

S5-UU6 21.0 100 15.4   9.6 

S5-UU7 16.3 25 16.0   9.8 

S5-UU8 15.5 50 15.9 30.2 95.1 14.1 

S5-UU9 15.8 100 16.0   15.8 

S5-UU10 14.6 25 16.7   13.3 

S5-UU11 14.6 50 16.7 23.0 148.8 14.2 

S5-UU12 14.4 100 16.7   15.1 

S5-UU13 16.6 25 16.9 
34.4 93.8 

7.9 

S5-UU15 17.0 100 17.0 13.1 

S5-UU16 20.3 25 16.4   6.0 

S5-UU17 20.2 60 16.5 28.7 74.8 7.3 

S5-UU18 19.9 100 16.6   9.2 

S5-UU19 22.8 25 
60 
100 

15.6   4.7 

S5-UU20 23.2 15.6 22.0 85.4 6.0 

S5-UU21 22.7 15.7   7.2 

S5-UU22 13.6 25 
50 
100 

15.8   12.1 

S5-UU23 13.7 16.0 32.5 83.2 13.5 

S5-UU24 13.7 15.7   14.2 

S5-UU25 11.5 25 17.3 
29.5 157.8 

12.9 

S5-UU27 11.2 100 17.0 18.5 

S5-UU28 9.3 25 16.3   12.0 

S5-UU29 9.4 50 16.8 42.8 90.6 16.1 

S5-UU30 9.5 100 17.3   20.5 

S5-UU31 18.5 25 15.6   8.6 

S5-UU32 18.9 65 15.5 27.5 79.2 9.4 

S5-UU33 19.1 100 15.5   10.2 

S5-UU34 16.2 25 15.6   8.6 

S5-UU35 16.8 65 15.4 25.7 85.6 9.7 

S5-UU36 16.7 100 15.5   11.0 

S5-UU37 14.4 25 14.7   9.4 

S5-UU38 14.2 60 15.0 29.1 60.3 10.3 

S5-UU39 14.5 150 14.8   12.2 

S5-UU40 10.4 25 14.4   10.3 

S5-UU41 10.3 60 14.4 23.5 76.3 11.9 

S5-UU42 11.7 100 14.4   13.0 
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Figure 4.25. Total stress friction angle, 

U Uφ (degrees) obtained from UU triaxial tests on Test Soil 5 

 
Figure 4.26. Total stress cohesion, 

U UC  (kPa) obtained from UU triaxial tests on Test Soil 5 
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Figure 4.27. Elasticity modulus U UE  (MPa) at 50  cell kPaσ = obtained from UU triaxial tests on Test Soil 

5 
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4.5 Consolidated-Undrained Triaxial Compression Tests 

4.5.1 Introduction 

UU triaxial tests will help to obtain engineering properties of each test soil across the 

moisture content - dry unit weight space, but not on the saturation line.  However, the 

literature review revealed that one of the dominant types of highway embankment failures 

is the failure after heavy rainfalls. To study the test soils under this condition, UU triaxial 

tests will no longer be helpful, as the soil samples are not saturated in these tests. To 

estimate engineering properties of saturated samples, Consolidated-Undrained triaxial tests 

have been considered. 

4.5.2 Procedure 

For the CU triaxial tests, preparation of the specimen and sampling followed exactly 

the procedure explained for the UU triaxial tests. However, performing the CU triaxial test 

is different than the UU triaxial test in many aspects. Similar to the UU triaxial, the CU 

triaxial tests started with an initialization phase where the sample was subjected to a very 

low cell pressure to confirm no leakage or sensor errors. After the initialization phase, the 

sample went through a saturation phase. The CU triaxial tests were performed in general 

accordance with the standard test method ASTM D4767. 
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Saturation of sample took place by means of increasing cell pressure, then increasing 

sample pressure (herein called back-pressure) and checking the B-value parameter 

(Skempton pore pressure coefficient B - Skempton 1954). The pore pressure coefficient B 

can be simply determined by the equation 3valueB u σ= ∆ ∆ , where u∆  is increase in sample 

pore pressure due to an increase in cell pressure equal to 3σ∆  at each step of the saturation 

phase. During the saturation phase, effective consolidation pressure (difference between 

cell pressure and sample pressure) was kept as low as possible. It is also noted that sample 

pressure was controlled by the FlowTrac-II pump for sample pressure shown in Figure 

4.12. 

After a high value of B parameter was achieved, consolidation phase started. 

Effective consolidation pressure ( Cσ ′ ) was equal to 25 kPa, 50 kPa, and 100 kPa for the 

three consecutive samples. To simulate field conditions which are inspired by shallow 

slope failures, low effective consolidation pressures have been used in the consolidation 

phase.  

Following the consolidation phase, the sample was sheared under undrained 

conditions. The sample was sheared until a maximum axial strain of 15% or until a well-

defined peak deviator stress was observed. 

For the purpose of this research, failure criterion of generated pore pressure during 

shear stage equal to zero ( 0u = ) is adopted. According to different researchers, this failure 

criterion is decent for the following reasons: this criterion results in consistent values of 

undrained strength ratio with little scatter in the results (Brandon et al. 2006). Also, using 
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this criterion ensures that reliance is not placed on strength that results from negative 

changes in pore pressure (Torrey 1982). 

It is noted that, for each date point, three specimens have been prepared which are 

compacted at same energy level, and have same moisture content and dry unit weight. 

Effective consolidation pressure ( Cσ ′ ) was equal to 25 kPa, 50 kPa, and 100 kPa for the 

three consecutive samples. Effective stress paths and failure lines associated with the CU 

triaxial tests have been presented in Appendix C at the end of document. 

4.5.3 Results of CU Triaxial Tests 

Results of CU triaxial tests are presented in this section. Table 4.19 summarizes 

essential information associated with the CU triaxial tests. Regarding strength properties 

(friction angle and cohesion) represented in this table, it is noted that failure criterion of 

generated pore pressure during shear phase equal to zero (u=0) has been used.  

Values of cohesion are also listed in this table. In some few cases where analysis of 

CU triaxial tests resulted in trivial cohesion value, they are reported zero in this table.  

It can be seen that cohesion values are relatively small and negligible, hence one 

might decide to totally ignore the cohesion component in the effective stress slope stability 

analysis. It is noted that effective stress slope stability analysis task which will be presented 

in upcoming chapters, uses CU triaxial tests results as input.  However in this research, 

cohesion component was not neglected for the slope stability purpose, that is, shear strength 

parameters used for effective stress analyses are as presented in the Table 4.19. 
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Behavior of the samples in CU triaxial tests was quite interesting. A graph on the 

moisture content-dry unit weight space is used to show position of the points during the 

course of CU triaxial test. This type of graph is shown for all test soils respectively in 

Figure 4.28 through Figure 4.32. This graph actually shows how samples move toward 

saturation line during the CU triaxial test. Original compaction curves at three energy levels 

are depicted on this graph as well. Also on this graph value/values of the effective friction 

angle is written which might be useful for practical purposes, such as slope stability 

analysis. 

Downward move of the points on this type of graph which can be seen for all soil 

samples, is an indication of swelling. It is reminded that dry unit weight is defined as weight 

of soil solids (ws) over total volume of sample. Having ws constant for a sample during a 

CU triaxial test, implies that total volume must have increased, due to saturation process. 

This is a common behavior reported by researchers working with clay/silt soil samples 

(VandenBerge et al. 2014). It is also noted that to calculate specimen cross-sectional area 

after consolidation, Method B of ASTM D4767 has been used. It is further noted that 

equation presented in Method A of this standard never resulted in consistent results. 

At the end of this chapter a table is presented which summarizes essential information 

of particular CU triaxial tests that were carried out in this research. 
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Figure 4.28. Effective stress friction angle, ϕ' obtained from CU triaxial tests - Soil 1 

 
Figure 4.29. Effective stress friction angle, ϕ' obtained from CU triaxial tests - Soil 2 
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Figure 4.30. Effective stress friction angle, ϕ' obtained from CU triaxial tests - Soil 3 

 
Figure 4.31. Effective stress friction angle, ϕ' obtained from CU triaxial tests - Soil 4 
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Figure 4.32. Effective stress friction angle, ϕ' obtained from CU triaxial tests - Soil 5 

4.5.4 Discussion of CU Triaxial Results versus UU Triaxial Results 

It seems effective stress friction angles are same or slightly lower than those of 

obtained from the total stress analysis.  But cohesion terms obtained from the effective 

stress analysis are noticeably lower than those of from the total stress analysis.  Figure 4.33 

illustrates differences between effective stress and total stress parameters.  This may be 

due to a concept know as apparent cohesion in the geotechnical literature (Carter and 

Bentley 1991; Briaud 2013).  In an unsaturated soil specimen with occluded air phase, 

strong suction exists among water molecules which holds soil particles tightly close to each 

other. As soil specimen becomes saturated, suction disappears and as a result, cohesion and 

FS associated with that decrease dramatically. 
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This phenomenon may lead us to think about the need for new type of analyses.  For 

this new analysis, we may decide to ignore the cohesion obtained in a UU triaxial test (CUU 

in Figure 4.33), resulting in a new Mohr-Coulomb failure envelope that might be used for 

slope stability analysis.  This type of analysis which is called modified total stress analysis 

will be discussed and reviewed in Chapter 5, Section 5.3.3. 

However, as mentioned in Introduction of this chapter one of the dominant types of 

highway embankment failures is the failure after heavy rainfalls.  Hence, to study behavior 

of saturated soil samples, engineering properties obtained from ESA failure line/envelope 

(shown in Figure 4.33) will be used. 

 
Figure 4.33. TSA failure line vs ESA failure line 
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4.6 One-Dimensional Creep Compression Tests 

4.6.1 Introduction 

Besides slope stability and immediate deformation, we could mention another 

criterion which must be addressed when talking about the performance of highway 

embankments.  This concern is the long-term deformation or “creep” of highway 

embankment.  For the purposes of this research, creep refers to the long-term deformation 

of soil under a constant load.  Creep of saturated clays has been studied extensively as part 

of the consolidation behavior of clays.  However, it is important to point out that in those 

cases, creep refers to the secondary consolidation of a saturated soil that has first undergone 

a one-dimensional consolidation phase. 

Besides the need to investigate possibility of unacceptable long-term deformation 

related to soils with high plasticity index, we are also interested to look into the creep 

characteristics of compacted soils; features such as strain rate and effect of moisture 

content. Such items has been studied by the “one-dimensional creep compression tests” 

program. Procedure and initial results of these tests are presented in this chapter, further 

interpretation of results will be presented in Chapter 6. 

4.6.2 Properties of Utilized Soils 

Two of the test soils already described in this chapter, Test Soil 2 (from Lee county) 

and Test Soil 5 (from Mecklenburg county) have been selected for one-dimensional creep 

compression tests. Detailed index properties of these soil samples were already presented 

in Table 4.2.  The two soil samples selected for testing program of this section, are actually 

the ones with highest PI (Test Soil 2), and lowest PI (Test Soil 5) among the test soils. 
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4.6.3 Creep Tests Testing Matrix 

A total of 8 tests have been considered to study the creep characteristics of the 

embankment soils. As stated earlier, Test Soil 2 from Lee County and Test Soil 5 from 

Mecklenburg County across North Carolina have been selected. Three vertical stresses (σV) 

of 50 kPa, 100 kPa, and 200 kPa have been chosen. This matrix consists of a set of six 

creep tests, three on each of the test soils, in addition of 2 tests to study the effect of 

moisture content.  To study the effect of moisture content, one test on wet-of-optimum side 

and another one on dry-of-optimum side of Lee test soil have been considered. Table 4.20 

summarizes the testing matrix for this section. 

Table 4.20. Testing matrix for creep tests 

Test No. Test Soil ID Compaction conditions σV (kPa) 

Test 1 Test Soil 2 Standard Proctor - OMC 50 

Test 2 Test Soil 2 Standard Proctor - OMC 100 

Test 3 Test Soil 2 Standard Proctor - OMC 200 

Test 4 Test Soil 5 Standard Proctor - OMC 50 

Test 5 Test Soil 5 Standard Proctor - OMC 100 

Test 6 Test Soil 5 Standard Proctor - OMC 200 

Test 7 Test Soil 2 Standard Proctor - OMC+3% 100 

Test 8 Test Soil 2 Standard Proctor - OMC-5% 100 

 

4.6.4 Creep Tests Procedure 

To investigate long-term settlement characteristics of embankment soils, a series of 

one-dimensional (1D) compression tests using traditional consolidation devices (also 

called as oedometer) has been designated. 
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After breaking clogs and sample preparation (Figure 4.34 a) compaction tests were 

performed at energy level equal to Standard Proctor with molding moisture contents close 

to the optimum moisture content (OMC).  Figure 4.34 depicts consecutive steps needed to 

perform a creep test.  To obtain oedometer specimen, consolidation ring (the solid ring) 

was pushed into the compacted soil sample.  Unit weight of obtained specimens was 

monitored and compared with unit weight of the soil inside the compaction mold.  Then, 

solid ring was trimmed off from the soil outside the ring and finial trimming was performed 

(Figure 4.34 c) to reach the oedometer specimen (Figure 4.34 d).  After having the 

oedometer specimen ready, two filter papers were placed on top and bottom of specimen.  

It is noted that filter papers were brought to the same moisture content of the soil specimen.  

Porous stones are components which provide a continuous flow of fluid or gas through the 

specimen; thus, it was decided to use solid steel discs on top and bottom filter paper instead 

of the porous stones which are used in the conventional consolidation tests. The non-porous 

steel disc will help specimen obtain its molding moisture content throughout the long test 

period, and also will help the vertical stress to transform uniformly across the specimen 

surface. Solid ring along with filter papers, steel disc and loading pad (Figure 4.34 e) are 

now placed inside the consolidometer cell. 

One-dimensional creep tests discussed in this section, are in essence very long tests. 

To keep the moisture content of soil specimen constant throughout the test, the 

consolidometer was placed inside a plastic bag with a piece of moist sponge (Figure 4.34 

f).  It was seen by try and error that these measures are satisfactory. 
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(a) sample preparation, breaking clogs, adding 
water to reach designated moisture 

(b) compaction test and pushing the solid ring 

 

 

(c) trimming off soil outside the oedometer ring (d) oedometer specimen 

 

 

(e) placing filter papers on top and bottom, steel 
disc and loading pad on top of the specimen 

(f) oedometer creep test setup 

Figure 4.34. Illustration of different steps needed to perform a creep test (one-dimensional compression) 
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During the testing process, it was observed that consistency of the dial gauges which 

were used to measure the deformation of soil specimens has paramount influence. For 

deformation measurement, Mitutoyo dial gauges with 0.0001 inch precision were utilized. 

It is also noted that, to know the exact loading arm factor, each of the oedometer frames 

were calibrated in advance. The load factor for oedometers is traditionally acknowledged 

to be equal to 10. Details of calibration process for the oedometers will be presented in 

Appendix D. 

Figure 4.35 shows dry unit weight of compaction mold specimen versus dry unit 

weight of the oedometer specimen.  This plot may be used as an indication to estimate 

disturbance level due to sampling process. 

 
Figure 4.35. Disturbance level due to sampling process 

It is noted that one creep test may take as long as one month; hence, importance of a 

measure to maintain moisture content of the soil specimen cannot be overemphasized.  
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Using a sponge inside a bag to maintain moisture content of the specimen was observed to 

be a very effective measure. If the sponge had not been used, or if the sponge did not have 

enough moisture, the specimens would have ended up with a very low moisture content. It 

is noted that the sponge must be kept at a moisture content which is much higher than that 

of for the soil specimen; a moisture content around 100% seemed satisfactory. Figure 4.36 

shows variation of moisture content of the test specimens during test period, that is 

moisture content at the end of creep test versus moisture content after sampling process.  It 

can be seen that these two values are very close to each other for the 8 creep tests presented 

in this chapter. 

 
Figure 4.36. Variation of moisture content of all creep test specimens throughout the test 

4.6.5 Results of Creep Tests 

In this section,  results related to the deformation of creep tests will be presented.  To 

hold a consistency among all results, deformation of specimens has been presented in the 

form of vertical strain. Vertical strain is presented versus time in three different forms of: 
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natural time, logarithm of time, and square root of time, after that specifications of the 

graphs will be discussed. 

According to the ASTM standard test method for one-dimensional consolidation 

properties of soils (ASTM D2435), the measured axial deformations shall be corrected for 

apparatus compressibility whenever the equipment deformation exceeds 0.1% of the initial 

specimen height or when using filter paper screens.  The older version of this standard is 

slightly different in terms of need for calibration correction; as it states that if the 

determined calibration exceeds 5% of the measured vertical deformation or if filter paper 

disks are used in the test, measured vertical deformation must be corrected. 

Considering any of the two cases, it was observed that for the creep tests performed 

for this research, the measured vertical deformation needed correction. To perform 

calibration tests, the consolidometer was assembled in a similar way for the creep tests, 

except a hard steel disk replacing the soil specimen.  Filter papers were placed on top and 

bottom of the hard steel disk.  Filter papers were moistened to the same degree that they 

were supposed to present in the actual deformation tests. 

Figure 4.37 shows the result of calibration tests for three stress levels used in the 

creep tests, that is 50 kPa, 100 kPa, and 200 kPa.  The amount of calibration correction due 

to filter papers was seen to be as large as 35% of the uncorrected deformation of soil 

specimens; thus, confirming the need to perform the calibration correction.  In addition, 

the amount of calibration correction almost did not alter after one week of constant loading.  

It was decided to use power functions as the fitting curve to calculate the amount of 
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calibration beyond the testing period of one week. Figure 4.37 also shows the power fitting 

curves. 

 
Figure 4.37. Calibration tests results for three stress levels 

Figure 4.38 shows vertical strain versus time in natural form. It can be seen that the 

curves generally consist of two main parts: initial sharp settlement due to immediate 

response to external loading, followed by a linear section representative of creep 

deformation.  As creep (of any material such as soil, or concrete) is a long-term process, it 

is usually measured in terms of rate of deformation over time. Hence, the slope of this 

linear section may be introduced as creep rate ( ), which has the unit of percent over time. 

Creep rate of the tests performed in this section will be discussed later. 

The initial part of these curves is related to the compressibility of soil specimens.  It 

is noted that, compressibility characteristics of soil specimens was observed to be highly 

influenced by sampling method and dry unit weight.  The author would like to add that, to 
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find the position of the start point of the curves, a set of strain-hardening tests under similar 

conditions but with constant rate of strain, was utilized. The rate of application of vertical 

strain was different and the start point was selected such that it produces a strain rate equal 

to the actual creep test. However, compressibility characteristics of soil specimens is out 

of scope of this research. 

 
Figure 4.38. Vertical strain versus time 

It should be noted that having moisture content of the specimen constant throughout 

the test is a paramount factor; based on few tests, it was observed that if the moisture 

content of sample is not kept constant (that is, if it decreases with time), creep rate would 

be much different (higher) from the actual results.  Of course, these tests were considered 

failed and are not reported in this section. 

Figure 4.39 displays vertical strain versus logarithm of time.  In this scale, results 

show a curvature after spending a portion of time (usually more than one week). This 
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behavior is similar to the curvature found in the consolidation curve (void ratio vs log of 

pressure), which is an indication of the pre-consolidation pressure. 

In the square root of time curves, similar to the natural time curves, behavior of 

samples may be characterized by two phases: initial sharp settlement due to immediate 

response to external loading, followed by a linear section representative of the creep 

deformation. Figure 4.40 shows deformation results versus square root of time. 

 
Figure 4.39. Vertical strain versus log of time 
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Figure 4.40. Vertical strain versus square root of time 

4.7 Summary 

Soil samples from across the Piedmont area of North Carolina have been selected for 

the purpose of this research. This chapter starts with description and index testing results 

of the five test soils, then proceeds with the procedure and results pertaining to compaction 

tests, UU triaxial tests, and CU triaxial tests. Information regarding procedure and initial 

results for the creep compression tests conclude the chapter. 

For the UU triaxial tests, rate of the axial strain was equal to 1%/minute. Failure 

criterion of maximum deviator stress or limiting axial strain of 15%, whichever occurred 

first was utilized. For the CU triaxial tests, failure criterion of generated pore pressure 

during shear stage equal to zero has been adopted. Effective stress friction angles are same 

or slightly lower than those of obtained from the total stress analysis. However, cohesion 
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terms obtained from effective stress analysis are noticeably lower than those of from total 

stress analysis. 
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CHAPTER 5: SLOPE STABILITY ANALYSIS 
 
 

5.1 Introduction 

This chapter consists of two main sections: a description of the approach used for the 

slope stability analyses, and  results of the slope stability analyses. Slope stability analyses 

performed in this research have been carried out for the shear strength parameters obtained 

from total stresses and effective stresses. For the total stress analyses (TSA) the strength 

parameters were based on the UU triaxial test results, while for the effective stress analyses 

(ESA) the strength parameters were based on the CU triaxial test results.  In addition, a 

third type of analyses called modified total stress analyses (TSA,m) have been considered 

which is based on total stress parameters with neglecting cohesion term.  It is noted that 

slope stability is one of the two performance criteria of the proposed design approach for 

highway embankments, a topic already discussed in Chapter 3. 

5.2 Approach Used for Slope Stability Analyses 

The slope stability analyses were carried out using 2D limit equilibrium method 

based on different methods and procedures. This section describes the general strategies 

used for the slope stability evaluation of the different embankment geometries built with 

different test soils having different placement conditions in terms of placement moisture 

content and compacted dry unit weight. 

It is reminded that the scope considers only failures and settlements related to the 

compacted embankment and not due to poor foundation soil conditions.   
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To start the slope stability analysis task, one could come up with the idea to input the 

data into the software and get factors of safety.  However, concepts such as critical slip 

surface, investigation of minimum factor of safety, and mode of failure have received 

special attention in this research.  For this purpose, first a section called “investigation of 

critical slip surface over the embankment crest” has been studied and significant findings 

will be presented here.  This section is intended to explain and justify the method used for 

the slope stability analyses.   

Embankment sections/geometries were introduced in Chapter 3 where research 

methodology was presented.  Sixteen (16) sections are considered in total for both slope 

stability analysis task and deformation analysis task.  These sections were listed in Table 

3.1.  Also, external loading on embankment was discussed in Chapter 3.   

Slide software (Rocscience, SLIDE version 2018 8.018) has been used to perform 

slope stability analysis task.  It is noted that results of the Slide software have been cross-

checked with factor of safety charts (Taylor 1948), as well as another commercial software 

called GeoStudio-SLOPE/W (Geoslope 2021a). 

For the slope stability analyses, five methods of ordinary/Fellenius, Bishop 

simplified, Janbu corrected, Spencer and Morgenstern-Price were considered. Setting aside 

the old method of ordinary/Fellenius which gives unreasonably low factors of safety, 

Spencer method, on average, gives the minimum among the other four and hence will be 

used. FS from Morgenstern-Price method is in most of the cases equal to or very slightly 

more than that of from Spencer’s. 
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It is also noted that increasing number of slices which indicates a more accurate 

analysis, usually tends to slightly increase the value of FS. Number of slices was set equal 

to 100 in most of the cases, unless the analysis time was unreasonably long which forced 

us to decrease number of slices to 50. 

5.2.1 Investigation of Critical Slip Surface over the Embankment Crest 

Values of factor of safety need to be investigated and compared for all geometries as 

well as all data points. To maintain a consistency among all failure cases, one may decide 

to consider a constant slip surface for all geometries and all material properties.  For 

example, we could come up with the idea that all slip surfaces start from a point 5 ft beyond 

the embankment head (crest) and exit from the toe of embankment.  But this would be only 

an assumption; in reality, we need to investigate the location over the crest of embankment 

where the minimum FS will take place.  To further investigate the most appropriate slip 

surface, a task entitled as “investigation of critical slip surface over the embankment crest” 

were defined which is discussed in this section very concisely. 

To investigate the minimum FS over the crest of embankment, intervals of 5 ft were 

selected as the offset distance from the edge of crest (i.e. 5ft, 10ft, 15ft, 20ft, and so on 

from the edge of crest).  Predefined slip surfaces were considered such that the start point 

of each individual slip surface is embankment toe and exit point locates on the crest with 

the designated offset distance from the edge of crest.  However, this type of analysis is 

called offset analysis in this study. 
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Alternatively, the well-known critical slip surface search based on the “grid and 

radius” search was also performed.  Conclusion of the “offset analysis” effort may be stated 

as following. 

The factor of safety obtained from the “grid and radius” search method was always 

lower than that of obtained from the “offset analysis”.  Consequently, for each individual 

geometry and material property, running a global search using the “grid and radius” method 

seems to be a necessary and even satisfactory step.  However, special attention have been 

given to the geometry of the critical slip surface itself and different modes of failure have 

been defined based on this fact, which will be discussed later in this chapter. 

5.2.2 Infinite or Shallow Slope Stability Analysis 

Addressing the methodology for slope stability analysis, special caution must be 

exercised toward “infinite slope stability”, meaning that FS for the shallow failure should 

also be investigated. This important task has been carried out; in any case where the FS 

from the shallow failure was lower than that of from the grid and radius search, the one 

from shallow failure has been reported. Therefore, for example for any of the 192 cases 

that was run on Test Soil 1, the minimum FS is being reported. 

Figure 5.1 shows the typical geometry of an infinite slope. The required equation to 

calculate FS for infinite slope stability is proven to be as Equation (5.1). 

(5.1)
tan

. .sin .cos tanm

CFS
z

φ
γ β β β

= +  
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where C and φ  are cohesion and friction angle of soil, z is the depth of failure, mγ  is the 

moist unit weight of soil and β  is the slope angle. It is noted that z should not be confused 

with H, height of embankment, and also z is much smaller than L, length of the shallow 

slope failure. It is also noted that in case the soil material of a slope is saturated due to a 

heavy rainfall for example, effective stress strength parameters ( C ′  and φ′ ) may be 

entered into this equation. 

 
Figure 5.1. Infinite slope stability analysis (adopted from Duncan et al. 2014) 

As mentioned in the literature review chapter, the depth of the shallow slope failure 

varies with soil type and slope geometry, but generally ranges between 0.9 and 2 m (3-7 

ft) (Loehr et al. 2007; Briaud 2013). For the purpose of calculations done for shallow slope 

failure, Z is assumed equal to 1.5m (≈5ft) which seems to be a conservative choice 

(relatively high Z) as higher values of Z results in lower FS. 
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5.2.3 Modes of Failure 

Different modes of failure which were encountered during slope stability analysis 

effort of this research will be explained in this section.   

Observed modes of failure could be categorized into the following three cases: non-

shallow, local, and shallow (same as infinite).  Non-shallow failure has a critical slip 

surface which goes through all the embankment slope and is the result of a global grid 

search (grid and radius search).  We avoid calling this mode of failure “global”, as global 

is a terminology usually referring to a critical slip surface which includes embankment and 

foundation.  As stated earlier in this chapter, this critical slip surface (non-shallow) starts 

more or less from the embankment toe and cut the embankment crest at a distance from 

edge.  Local failure also is a result of global grid search (grid and radius search), but in this 

case the critical slip surface does not include all the embankment slope.  Finally, shallow 

or infinite mode refers to the result of using Equation (5.1) with Z being 1.5m.  Figure 5.2 

schematically illustrates non-shallow slip surface and local slip surface.  Shallow slip 

surface/failure was already depicted in Figure 5.1. 

 
 
 
 
 
 
 

Figure 5.2. Schematic display of non-shallow slip surface and local slip surface 

  

local slip surface 

EMBANKMENT 
non-shallow slip surface 
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5.3 Results of Slope Stability Analyses 

Results of the slope stability analyses will be presented in this section.  Results 

pertaining to the slope stability analyses using total stress parameters, effective stress 

parameters, and modified total stress parameters have been presented in separately 

sections. 

5.3.1 Total Stress Slope Stability Analysis Using UU Triaxial Parameters 

Extensive number of tries/runs are needed for each of the analysis types using either 

total stress parameters, effective stress parameters, and modified total stress parameters.  

For example, total number of analyses done for Test Soil 1 at total stress state was 192.  It 

is noted that total number of analyses performed for all test soils at total stress state, that is 

using UU triaxial parameters was equal to 1072. 

Among all the 1072 cases, no cases showed TSA factor of safety lower than the 

minimum value of 1.3.  In many of these cases, the FS was well above the minimum value.  

To represent an example of such analyses, values of FS along with accepted zone are 

depicted in Figure 5.3.  The figure belongs to Test Soil 1 and for one embankment 

geometry, that is H=40ft and side slope of 2H:1V.  Since the high factors of safety from 

TSA are not critical, and to save on the volume of this document, detailed information 

regarding TSA factor of safety is skipped in the dissertation. 
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Figure 5.3. Acceptance zone based on total stress slope stability analysis - Test Soil 1 

(numbers refer to factor of safety) 

The non-shallow failure mode was observed to be the dominant one for the total 

stress analysis.  It is noted that in all the 1072 cases that were run for five test soils using 

TSA parameters, in only one case the infinite slope (shallow) failure was yielding a FS 

lower than that of from global/non-shallow failure (grid and radius search).  Of course, 

even for this case both type of factor of safeties were higher than the minimum. This shows 

that, “for the total stress analysis, shallow failure is never dominant”. This indicates that 

embankments made with these soil samples are stable right after compaction operation, 

even if the minimum compactive energy level, that is Standard Proctor is employed. 
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5.3.2 Effective Stress Slope Stability Analysis Using CU Triaxial Parameters 

It is noted that combination of four embankment heights and four side slopes results 

in 16 embankment sections as listed in Table 3.1.  To perform effective stress slope stability 

analysis, specifications of each data point on figures of the type of Figure 4.29 (points on 

saturation line) have been attributed to the embankment sections and then effective stress 

FS has been obtained. 

Results of the stability analysis based on ESA parameters were different from those 

of obtained using TSA parameters, as in the effective stress stability analyses many cases 

were found to have FS lower than 1.3. 

Strength parameters from CU triaxial tests may be mainly characterized by lower 

cohesion term compared with those of from UU triaxial tests (the concept shown in Figure 

4.33). It was seen that as cohesion of soil material decreases, mode of failure shifts from a 

deep slip surface encompassing all the embankment slope (non-shallow slip surface) to a 

shallow, small and local one (local slip surface).  In addition, for the effective stress 

analysis many cases were seen where shallow (infinite) failure was the dominant mode of 

failure. 

These facts may lead us to the following statements: “assuming saturation of the 

highway embankments soil material is possible through their service life, stability (based 

on ESA parameters) may be crucial”.  Moreover, “for the effective stress slope stability 

analysis, shallow failure (infinite) must be checked as there is a high likelihood for this 

mode of failure”. 
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In addition, it is noted that height of embankment does not play a considerable role 

in the FS.  This might be due of the fact that for the effective stress stability analysis, mode 

of failure is dominated by the local failure. 

Because of the importance and different nature of the FS values associated with 

effective stress parameters, tables providing detailed information have been presented in 

Appendix E.  It is noted that last column of these tables list mode of failure observed for 

each specific case.  However, Table 5.1 also summarizes important information regarding 

effective stress slope stability analysis for each test soil in a descriptive way. 

Table 5.1. Description of acceptable zones/cases based on effective stress slope stability analysis criterion 

Soil sample Summary points 

Test Soil 1 
(PI=2) 

AASHTO class: A-4 (0) 

- Even if final dry unit weight* is relatively low, numerical values of the FS for 
all embankment sections are higher than 1.3.  
- However, side slope of 1H:1V cannot be recommended.  
- Non-shallow failure is still the dominant mode of failure.  

Test Soil 2 
(PI=21) 

AASHTO class: A-7-6 
(28) 

- Side slope of 1H:1V is not recommended.  
- A high final unit weight/dry unit weight might assure an ESA FS even more 
than 1.3.  

Test Soil 3 
(PI=NP) 

AASHTO class: A-4 (1) 

- Side slope 1H:1V shall not be used.  
- Side slope 2H:1V can be tricky and is not recommended.  
- The cohesion term has nearly vanished, and the local failure is almost the 
dominant mode of failure. 
- Many cases of shallow slope failure were dominant. 

Test Soil 4 
(PI=6) 

AASHTO class: A-5 (7) 

- Side slope 1H:1V seems to be the only problematic section, as other sections 
yield a FS higher than 1.3 even if the final dry unit weight is not very high. 

Test Soil 5 
(PI=5) 

AASHTO class: A-5 (5) 

- Side slope 1H:1V shall not be used. 
- Side slope 2H:1V is not very reliable. 
- The cohesion term has nearly vanished, and the local failure is almost the 
dominant mode of failure. 
- If the embankment compacted with low compactive energy levels such as 
standard energy, it will fail under rain-induced conditions. 
- This test soil has the most cases of instability among all. 

*  Final dry unit weight refers to after saturation and before shear stage, which is applicable to rain-induced 
conditions. 
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Finally, it is noted that providing suitable vegetation cover (to reduce infiltration and 

promote runoff) as well as drainage measures for the highway embankments could be 

useful in avoiding the detrimental effects of presence of water in the body of embankment.  

Moreover, the behavior (e.g., shear strength, volumetric behavior, stiffness) of 

embankment soils may be improved using artificial and biological cementation techniques 

(e.g., Clough et al. 1981; Nafisi et al. 2019). 

5.3.3 Modified Total Stress Slope Stability Analysis Using UU Triaxial Parameters 
with Neglecting Cohesion 

The discussion in Section 4.5.4 of Chapter 4 cast light on the concept of “apparent 

cohesion”.  It was stated that as the soil specimen becomes saturated, suction disappears 

and as a result, cohesion and the FS associated with it decrease dramatically.  The decrease 

in shear strength of fine-grained soils due to either intensive rainfalls or cycles of wetting 

and drying has been reported by many researchers (Skempton 1984; Day and Axten 1989; 

Tohari et al. 2007; Hassani et al. 2019; Nobahar et al. 2020).  This phenomenon may direct 

us to define a new set of analyses based on total stress results but without relying on the 

cohesion term. 

This type of analysis is called  modified total stress (TSA,m) slope stability analysis 

in this study and will be presented in this section.  The concept which is shown in Figure 

5.4 consists of using same friction angle from the UU triaxial test with neglecting cohesion 

term. 
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Figure 5.4. Illustration of the concept used for modified total stress analysis 

In the remaining of this section, findings related to the modified total stress analysis 

will be presented.   

For the TSA,m lots of cases with FS lower than the minimum of 1.3 were 

encountered.  This fact indicates importance of such an analysis specially for sides of 

embankment where the soil is subject to drop of strength due to rainwater infiltration.   

Also, values of FS associated with the TSA,m were found to be lower than those of 

from TSA; this was obviously expected due to lack of the cohesion term in the TSA,m 

versus the TSA. 
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“Local slip surface” was the dominant mode of failure observed for all the modified 

total stress analysis cases.  That is, the local mode yielded a lower FS than even that of 

obtained for the infinite slope stability analysis resulted from Equation (5.1) with setting 

cohesion equal to zero. 

Values of factor of safety against sliding associated with the modified total stress 

analysis were found to be very close to (yet lower than) those of related to the 

infinite/shallow slope stability analysis based on the TSA,m results.  This proximity was 

almost expected after gaining knowledge on the fact that mode of failure shifts from the 

non-shallow slip surface to the local slip surface with decreasing cohesion of soil material.   

After running analyses for different soil properties and different embankment 

geometries, acceptance zones based on the modified total stress slope stability analysis may 

be plotted on the dry unit weight versus moisture content space.  For brevity purposes, this 

type of figures is presented for all test soils but only for one embankment geometry, that is 

H=40ft and side slope of 2H:1V 1.  Acceptance zones are presented in Figure 5.5 through 

Figure 5.9 for the five test soils. 

Correlation of the accepted zones based on the modified total stress (TSA,m) slope 

stability analysis with other performance criterion, that is deformation will be discussed in 

Chapter 7. 

 

 
1 Same strategy for representation of results will be followed throughout this document. 
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Figure 5.5. Acceptance zone based on modified total stress slope stability analysis - Test Soil 1 

(numbers refer to factor of safety) 

 
Figure 5.6. Acceptance zone based on modified total stress slope stability analysis - Test Soil 2 
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Figure 5.7. Acceptance zone based on modified total stress slope stability analysis - Test Soil 3 

 
Figure 5.8. Acceptance zone based on modified total stress slope stability analysis - Test Soil 4 
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Figure 5.9. Acceptance zone based on modified total stress slope stability analysis - Test Soil 5 

Due to the large volume of data, a descriptive table is presented at the end of this 

section to summarize important information regarding modified total stress slope stability 

analysis for each test soil.  This information can be found in Table 5.2. 
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Table 5.2. Description of acceptable zones/cases based on modified total stress slope stability analyses 
criterion 

Soil sample Summary points 

Test Soil 1 
(PI=2) 

AASHTO class: A-4 (0) 

- Side slope 1H:1V shall not be used regardless of embankment height, 
compactive energy and MC. 
- Side slope 2H:1V shall receive special caution (could fall on the border) if 
test soil is prepared at close to optimum or wet-of-optimum MC for all 
compactive energy levels. 
- Points compacted at standard energy with optimum and wet-of-optimum MC 
are not acceptable, unless for side slope of 4H:1V. 

Test Soil 2 
(PI=21) 

AASHTO class: A-7-6 
(28) 

- Side slope 1H:1V shall not be used regardless of embankment height, 
compactive energy and MC. 
- Side slope 2H:1V shall receive special caution (could fall on the border) if 
test soil is prepared with wet-of-optimum MC at standard and intermediate 
compactive energy levels. 
- This test soil has minimum percentage of instability among all. 

Test Soil 3 
(PI=NP) 

AASHTO class: A-4 (1) 

- Side slope 1H:1V shall not be used regardless of embankment height, 
compactive energy and MC. 
- Side slope 2H:1V shall not be used at standard energy and shall receive 
special caution (could fall on the border) if test soil is prepared at close to 
optimum or wet-of-optimum MC for intermediate and modified energy levels. 

Test Soil 4 
(PI=6) 

AASHTO class: A-5 (7) 

- Side slope 1H:1V shall not be used regardless of embankment height, 
compactive energy and MC. 
- Side slope 2H:1V shall not be used at standard and intermediate compactive 
energy levels and shall receive special caution (could fall on the border) if test 
soil is prepared at wet-of-optimum MC for modified energy level. 
- Moisture contents above 4% wet-of-optimum is unacceptable for all energy 
levels and all sections (geometries) except for 4H:1V section which should be 
investigated. 

Test Soil 5 
(PI=5) 

AASHTO class: A-5 (5) 

- Side slope 1H:1V shall not be used regardless of embankment height, 
compactive energy and MC. 
- Side slope 2H:1V shall not be used at standard and intermediate compactive 
energy levels, neither for samples prepared at close to optimum and wet-of-
optimum MC with modified energy level.  Samples prepared at dry-of-
optimum MC and compacted with modified energy level should receive special 
caution (could fall on the border). 
- Extra caution should be exercised with moisture contents above 4% wet-of-
optimum at all compactive energy levels and for all sections.  Section 4H:1V 
stands in a better position in this regard. 
- This test soil has highest percentage of instability among all. 
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5.4 Summary 

Chapter starts with basics and approach used for the slope stability analysis task.  It 

is noted that slope stability is one of the performance criteria of the new proposed design 

approach.  Results of slope stability analyses based on TSA parameters, ESA parameters, 

and modified total stress (TSA,m) parameters have been presented separately.  Significant 

results and findings of the chapter are summarized as following.  

• Among the 1072 cases reviewed based on TSA parameters, no cases showed a 

TSA factor of safety lower than the minimum value of 1.3.  In many of these 

cases the FS is well above the minimum value. 

• The non-shallow failure mode was observed to be the dominant one for the total 

stress analysis.  This indicates that “for the total stress analysis, shallow failure 

would never be dominant”. 

• The two latter findings just mentioned, indicate that embankments made with the 

tested soil samples are stable right after compaction operation, even if the 

minimum compactive energy level, that is Standard Proctor is employed. 

• For the effective stress stability analysis many cases were found to have FS 

values lower than 1.3; from which, many cases were seen where shallow failure 

was the dominant mode of failure. 

• Therefore, “for the effective stress slope stability analysis, besides the grid and 

radius search method, shallow failure must be checked as there is a high 

likelihood for this mode of failure”. 

• Slope stability analyses using ESA parameters yielded all the three different 

modes of failure, that is non-shallow slip surface, local slip surface, and 

shallow/infinite failure. 
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• For the effective stress (ESA) and modified total stress (TSA,m) slope stability 

analyses two descriptive tables have been presented to be used as means of 

acceptance zone/cases.  These two tables may be found in Table 5.1 and Table 

5.2, respectively. 
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CHAPTER 6: DEFORMATION ANALYSIS 
 
 

6.1 Introduction 

In this chapter methodology and basics for deformation analysis of the highway 

embankment are presented.  Deformation is one of the two performance criteria of the new 

proposed design approach for the highway embankments.  Properties of the utilized model 

and improving strategies of the initial model are introduced in this chapter, then general 

results associated with deformation will be presented.   

In the literature review section, it was noted that the amount of initial settlement 

which is an immediate response to the embankment self-weight is compensated during 

embankment construction. However, in this research deformation refers to the amount of 

immediate deformation due to external pavement and traffic loading. If the immediate 

deformation is larger than one inch, which is the selected maximum non-uniform allowable 

settlement for highway embankments, it is considered unacceptable. It is noted that if the 

post-construction settlements are uniform, they are usually considered acceptable in 

common practice. 

Vertical and horizontal stresses increase with the depth of embankment, this means 

confining stress increases with depth. This increase in confining stresses might itself affect 

material properties such as elasticity modulus. This concept has been included in the 

settlement analyses to come up with suitable models that could absorb change in material 

properties within the depth. 
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Embankment deformation is investigated under two conditions: total stress 

parameters using UU triaxial tests results (TSA), and effective stress parameters using CU 

triaxial tests results (ESA).  Results pertaining to either of these conditions are presented 

separately. 

According to the reports by field experts involved in this project, there has been few 

cases of cracks on the surface of newly built embankments.  These cracks which are mostly 

toward the sides of embankment, have been observed even as early as construction time, 

when the embankment is tolerating self-weight load which is due to the accumulative 

weight of the construction material.  However, this new concern could not be addressed 

using TSA or ESA laboratory testing, as it may be related to the long-term deformation 

characteristics of the soil material.  Thus, there exists a need for one-dimensional creep 

study of the compacted soil samples. Chapter 4 explained the basics of these tests and this 

chapter concludes with results and analyses pertaining to those. 

6.2 Approach Used for Deformation Analyses 

GeoStudio-SIGMA/W software (Geoslope 2021b) has been used to perform 

deformation analyses of the embankment. The software uses finite element approach to 

solve geotechnical problems numerically. In finite element method (FEM), usually the 

following general steps are taken to solve a problem: generating a mesh for the problem, 

constructing shape functions for individual elements, constructing stiffness matrix for 

elements, constructing body force matrix for elements, assembly of stiffness matrixes for 

the whole problem, assembly of body force matrixes for the whole problem, and eventually 
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solving system of equations which leads to finding out displacements at each node. Having 

nodal displacements, strains then stresses could be determined. 

An initial model was developed to help us truly understand the basics behind the 

deformation calculations, examine the functionality of the computer model, and also to 

verify output results of the computer model used for the deformation analyses. 

6.2.1 Model Properties 

Linear elastic is selected as the material model. The simplest SIGMA/W soil model 

is the linear elastic model in which stresses are directly proportioned to the strains. The 

proportionality constants are the Young's Modulus, E, and Poisson's Ratio, ν . In a simple 

three-dimensional form, which includes normal stresses on three planes and shear stress 

only on xy plane, the stresses and strains may be related to each other by the following 

equation: 

(6.1)

 

Figure 6.1 shows representation of the x, y and z axes that is used for deformation 

calculations.  It can be seen that z axis is defined parallel to the embankment length.  

Obviously, x and z directions represent horizontal stresses, and any stress in y direction 

would represent a vertical stress. 
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Figure 6.1. Representation of the x, y, and z axes for deformation calculations 

System of equations in (6.1) originates from the well-known Hooke’s law 

(incorporated with the Poisson's law) which is represented in set of Equations (6.2).  

Starting from system of equations presented in (6.2) and performing a few manipulations, 

one can reach equations presented in (6.1). 

(6.2)
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where G is the material shear modulus which may be obtained using Young's Modulus and 

Poisson's Ratio as following: 
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In the case of highway embankments the assumption of 0zε =  seems a reasonable 

selection, as the third dimension (length of embankment) is very long that any deformation 

in z direction would result in a very infinitesimal strain. 

Moreover, reviewing the set of equations presented in (6.1) reveal that when ν  

approaches to 0.5, the system of equations becomes unstable. Of course, under this 

assumption the volumetric strain moves toward becoming zero. Because of this issue and 

to avoid numerical problems, in SIGMA/W maximum value for Poisson’s ratio is limited 

to 0.49 (can never be 0.5). 

It is reminded that the value of elasticity modulus used in this model is the E50, the 

modulus of elasticity representing 50% of the maximum deviator stress. It is common in 

the geotechnical literature to infer stiffness of soil specimens from measurements of the 

secant modulus E50 (Chen 2010; Wiebe et al. 1998). A summary description of the 

procedure to obtain the elasticity modulus for deformation calculations is presented in 

Appendix I. 

Also, In SIGMA/W, the K0 condition (lateral earth pressure at rest) may be specified 

through the Poisson’s ratio. In a 2D analysis, K0 may be obtained using the following 

equation: 0 1K ν ν= − . 

6.2.2 Summary Points Related to the Initial Model and Verification of the Computer 
Model 

For development of the initial model, elasticity modulus and unit weight were 

selected directly from the laboratory results. Figure 6.2 illustrates geometry and other 
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specifications of the initial SIGMA/W model. Traffic and surface pavement load are 

considered equivalent to a 35 kPa uniformly distributed load which is also depicted in this 

figure. “Quads and triangles” mesh type with an element size equal to 1m is used for these 

computer modelings. This combination of mesh type and mesh size generates a reasonable 

and desirable mesh for the embankment. 

 
Figure 6.2. Initial embankment model used in SIGMA/W 

Maximum settlement of the crest center was equal to 6.9 cm for the initial model. It 

is noted that the settlement due to embankment self-weight has been zeroed out and does 

not play any role in this value, in other words, this maximum deformation is only due to 

the pavement and traffic loading. 

Using simplistic engineering rules, the results obtained from the initial model were 

investigated to verify that the software model is working properly. Four horizontal sections 

going across the whole width of embankment were selected.  These horizontal sections are 

located at h=0, h=0.25*H, h=0.50*H, and h=0.75*H.  It is noted that the depth of 

embankment is measured along the y-axis direction (refer to Figure 6.1). At each section, 

total vertical stress at two loading conditions were investigated: in-situ loading condition 

and step 1 loading condition, which is after application of the uniformly distributed traffic 

external load= 35 kPa 
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load of 35 kPa. Obviously, the difference between these two loading conditions yield 

vertical stress due to the traffic loading, which is shown in Figure 6.3 for the four horizontal 

sections. 

 
Figure 6.3. Vertical stress due to loading at four horizontal sections 

As we expected, the maximum value at all levels is limited to 35 kPa. However, we 

can interestingly find a block of soil within embankment depth, in which the increase in 

vertical stress is almost constant and equal to 35 kPa. This block might be defined by the 

extents of x=50m to x=70m, which encompasses 20m length of embankment. Now let’s 

look into the Xσ  and Zσ , that is horizontal stresses within this imaginary block. 

The profile of horizontal stresses applying on the imaginary soil block - Xσ  and Zσ  

versus depth could be obtained. These stresses could be taken equal to their average value 

without much loss of accuracy; average Xσ  was equal to 14.5 kPa, and average Zσ  was 
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equal to 18.1 kPa.  Finally, we encountered a block of soil with properties which are listed 

in Table 6.1. 

Table 6.1. Properties of the selected soil block 

Property Value 

length 20 m (from x=50 to x=70) 

height 12.2 m (40 ft) 

Yσ  35 kPa 

Xσ  14.5 kPa 

Zσ  18.1 kPa 

modulus of elasticity, E 3800 kPa 

Poisson’s ratio, ν  0.3786 
 

With all this information being available, now we can easily calculate settlement of 

the soil block. We simply need to consider Equation (6.2) in the following form to calculate 

, then the vertical settlement may be determined using Equation (6.3). After plugging in 

all the parameters, this procedure results in , which is remarkably close to 6.9 

cm, maximum settlement of the crest already calculated by the software.  

(6.2)
yx z

y E E E
σσ σ

ε ν ν= − + −  

 

(6.3)0*yH Hε∆ =  

6.2.3 Improving Elasticity Modulus Input 

The elasticity modulus of embankment material has been selected meticulously; the 

initial model is improved by the hypothesis of taking into account differences in the 

elasticity modulus within embankment depth based on the average of horizontal stresses. 

For brevity of this document this topic is presented only briefly in this section.  
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Reviewing contours of horizontal stresses- Xσ  and Zσ , reveals that these stresses 

increase with depth in an organized fashion. On the other hand, it is established in the 

geotechnical literature (Lee 1970; Das 2008) that the elasticity modulus of soil increases 

exponentially with the confining pressure (translated as cell pressure in UU triaxial tests, 

cellσ ). This exponentially relationship is shown in Figure 6.4 and Equation (6.4) for a series 

of UU triaxial tests performed in this research. 

 
Figure 6.4. Power relationship between elasticity modulus and confining pressure 

(pertaining to Test Soil 1: Tests S1-UU1, S1-UU2, S1-UU3) 

(6.4)* cellE βα σ=  

where E is the elasticity modulus representing 50% of the maximum deviator stress (E50), 

cellσ  is the confining or all-around cell pressure applied in the UU triaxial test, and  and 

 are constants that may be obtained from laboratory results. 

The parameter  from the computer model which is the average 

of horizontal stresses represents cellσ  in the UU triaxial tests. This fact along with the 
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exponential relationship for the elasticity modulus, have been used as two bases for 

improving the elasticity modulus input into the software. The initial elasticity modulus 

entered into the model was modified based on a synchronization with output values of 

 obtained from the software itself. 

6.2.4 Other Embankment Sections 

For embankments with H=40 ft (12.2 m) and H=30 ft (9.1 m), three layers with 

thicknesses of 0.3H, 0.4H, and 0.3H respectively from bottom to top have been considered. 

For embankments with H=20 ft (6.1 m) two layers each with 0.5H thickness seemed to be 

enough to capture variations of material properties within depth, and for embankments with 

H=10 ft (3 m) only one layer has been considered. Needless to say that, material properties 

are constant throughout each layer. Figure 6.5 shows embankment sections which are 

considered to capture variations of the material properties within depth for four different 

embankment heights. 
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(a) typical modified embankment section for embankments with height= 40 ft (12.2 m) or 30 ft (9.1 m) 

 
(b) typical modified embankment section for embankments with height= 20 ft (6.1 m) 

 
(c) typical embankment section for embankments with height= 10 ft (3.0 m) 
Figure 6.5. Typical modified embankment sections for four different heights 

6.3 Results of Deformation Analysis 

In this section, results of the deformation analyses are presented; deformation 

analyses results pertaining to the total stress parameters have been separated from those of 

related to the effective stress parameters. 

6.3.1 Total Stress Deformation Analysis Using UU Triaxial Parameters 

With the geometric models which take into account differences in elasticity modulus 

(Figure 6.5), and improving elasticity modulus input based on the average of the horizontal 

stresses obtained from the model- , embankment crest deformation may be 
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calculated for all soil samples and all test points, that is across moisture content-dry unit 

weight space.  Figure 6.6 presents results of Test Soil 1 for an embankment with H=40ft 

and 2H:1V side slope.  Red shaded area shows points that will result in crest deformation 

larger than one inch- the selected maximum non-uniform allowable settlement for the 

highway embankments. On the other hand, green shaded area shows the acceptable range. 

It is reminded that deformation is one of the two performance criteria of the new proposed 

design approach for the highway embankments. Since the total stress stability was not 

critical, this area imposed by the total stress deformation performance criterion may be 

accepted as the final acceptance zone for the TSA. 

For brevity purposes, this type of figures is presented for all test soils but only for 

one embankment geometry, that is H=40ft and side slope of 2H:1V 1.  Acceptance zones 

are presented in Figure 6.6 through Figure 6.10 for the five test soils.  By initial review of 

these figures, one might conclude that unaccepted zone is smallest for Test Soil 2, a A-7 

soil according to the AASHTO category, compared to other soils which are A-4 or A-5 

AASHTO class. This might indicate better performance of this soil under total stress 

conditions. 

To represent results of analyses for all the test soils and all the embankment 

geometric sections, later in this chapter Table 6.3 provides descriptive information 

regarding acceptable cases based on total stress deformation analysis criterion. In addition, 

 
1 This strategy for representation of results has been followed throughout the document. 
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for other test soils and embankment sections, deformation tables presented in Appendix F 

of this document includes the detailed information. 

 
* Figure Note: numbers refer to crest deformation in centimeters 

Figure 6.6. Acceptance zone based on deformation TSA – Test Soil 1 
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* Figure Note: numbers refer to crest deformation in centimeters 

Figure 6.7. Acceptance zone based on deformation TSA – Test Soil 2 

 
* Figure Note: numbers refer to crest deformation in centimeters 

Figure 6.8. Acceptance zone based on deformation TSA – Test Soil 3 
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* Figure Note: numbers refer to crest deformation in centimeters 

Figure 6.9. Acceptance zone based on deformation TSA – Test Soil 4 

 
* Figure Note: numbers refer to crest deformation in centimeters 

Figure 6.10. Acceptance zone based on deformation TSA – Test Soil 5 
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Tables in Appendix F provide detailed information of the intensive embankment 

deformation analyses which have been carried out using total stress parameters. Table 6.2 

lists number of deformation analyses which have been done for each test soil. 

Table 6.2. Number of deformation analyses done for each soil sample – TSA 

Test soil No. of analyses 

Soil 1 192 

Soil 2 224 

Soil 3 208 

Soil 4 224 

Soil 5 224 
 

Obviously, the embankment deformation decreases with embankment height. An 

intensive regression analysis effort was carried out on the results of embankment 

deformation (following the basic rules found in Gujarati et al. 2009). The regression 

analysis showed that, embankment deformation generally increases with the embankment 

height (H) and friction angle of soil ( UUφ ), and decreases with the elasticity modulus of 

soil (E) and S (larger S means flatter side slope). Of course, effect of the side slope is subtle, 

and it becomes even less discernible at lower embankment heights. Also, it was observed 

that as points move from wet-of-optimum to dry-of-optimum, the embankment 

deformation decreases. 

Table 6.3.  summarizes huge amount of numerical database and describes acceptable 

cases based on total stress deformation criterion. It seems helpful to remind that under the 

TSA conditions, stability criterion was not critical. This indicates that Table 6.3 may serve 

as the final acceptance zones/cases under the TSA conditions. 
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Table 6.3. Description of acceptable zones / cases based on total stress deformation analysis criterion 
(based on 1” limit for non-uniform immediate deformation) 

Soil sample Acceptable cases 

Test Soil 1 
(PI=2) 

AASHTO class: 
A-4 (0) 

- For H=40 ft and samples compacted at Standard Proctor, almost all points are not 
acceptable. 
- At Standard Proctor, points wet-of-optimum are not acceptable for all embankment 
sections. At this energy level, points close to optimum need to be investigated. 
- At Standard Proctor, points dry-of-optimum are acceptable for all sections except 
H=40 ft. 
- Even at higher energies, points wet-of-optimum could be problematic. 

Test Soil 2 
(PI=21) 

AASHTO class: 
A-7-6 (28) 

- At all energy levels, all points  5% of optimum are acceptable. 
- Optimum and dry-of-optimum points at all energy levels are acceptable. 
- For H=10 ft, regardless of compactive energy and MC, all points are acceptable. 
- Regardless of compactive energy, MC more than 8% wet-of-optimum is not 
recommended. 

Test Soil 3 
(PI=NP) 

AASHTO class: 
A-4 (1) 

- At Standard Proctor, points wet-of-optimum are not acceptable for almost all 
sections. 
- For H=40 ft, regardless of compactive energy and MC, all points are not acceptable. 
- For H=30 ft, points only drier than 5% of OMC at standard energy and points only 
drier than 2.5% of OMC at modified energy are acceptable. 
- For H=20 ft, points dry-of-optimum and close to optimum at modified and 
intermediate energy are acceptable.  But for standard energy only dry-of-optimum 
points are acceptable.  
- For H=10 ft, regardless of compactive energy and MC, all points are acceptable. 
- Many unacceptable cases were observed. 

Test Soil 4 
(PI=6) 

AASHTO class: 
A-5 (7) 

- At Standard Proctor, wet-of-optimum points are not recommended for H=40 ft and 
30ft; however, for H=40ft points dry-of-optimum are neither recommended. 
- At Intermediate Proctor and for all sections, points dry-of-optimum are acceptable; 
however, wet-of-optimum points for H=40 ft and 30 ft are not acceptable. 
- At Modified Proctor and for all sections, regular points seem to be acceptable. 
- For H=10 ft and 20 ft regardless of compactive energy and MC all points seem 
acceptable. 

Test Soil 5 
(PI=5) 

AASHTO class: 
A-5 (5) 

- At Standard Proctor and for all sections, points dry-of-optimum are acceptable; 
however, as they get closer to OMC, they become unacceptable for H=40ft. Wet-of-
optimum points are not accepted for H=40 ft and 30ft at this energy level. 
- At Intermediate Proctor and for all sections, points dry-of-optimum are acceptable; 
however, for H=40ft points close to optimum and points wet-of-optimum for H=40 ft 
and 30ft, neither are acceptable. 

 

6.3.2 Effective Stress Deformation Analysis Using CU Triaxial Parameters 

Embankment deformation analysis were carried out with the effective stress 

parameters as well.  Tables in the Appendix G provide detailed information of this task.  

Calculations of the embankment deformation using CU triaxial parameters revealed that, 

for all test soils (Test Soil 1 through Test Soil 5) and embankment sections, deformation is 
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larger than the limiting value, except for few cases of Test Soil 2 where dry unit weight of 

the soil sample (before shear stage) were very high. Laboratory results showed that this 

situation could happen only for the samples initially compacted at Modified Proctor 

compactive energy or higher. It is noted that for these cases, the FS (associated with ESA) 

was also higher than the minimum and in the acceptable range. Author would like to remind 

that Test Soil 2 is the soil sample with highest value of plasticity index (PI=21) among the 

test soils, with A-7-6 (28) AASHTO classification.  This may give grounds to the idea that 

soils with higher PI perform slightly better under rain-induced infiltration conditions.  This 

also may cast doubt on some state standard specifications that emphasize on bounding the 

Atterberg limits, such as NCDOT material selection specification of limiting PI to 15% in 

the North Carolina coastal area.  This finding may also reject the specifications that 

abandon using the A-7 group soil as the embankment material. 

Moreover, it is noted that since saturated samples in CU triaxial tests provide lower 

strength than unsaturated samples in UU triaxial tests, deformation incorporated with them 

is generally higher. 

6.3.3 Results of One-Dimensional Creep Compression 

Total of 8 creep tests have been considered to study the creep characteristics of 

embankment soils.  Three vertical stresses (σV) of 50 kPa, 100 kPa, and 200 kPa have been 

chosen for each of the two test soils.  Using a sponge inside a bag to maintain moisture 

content of the specimen was observed to be a very effective innovation to keep moisture 

content of soil specimen constant throughout the test.    
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Creep curves generally consisted of two main parts: an initial sharp settlement due 

to the immediate response to external loading and a linear section representative of the 

creep deformation. 

6.3.3.1 Creep Deformation Curves 

Test Soil 5 from Mecklenburg County showed slightly smaller strains in comparison 

with Test Soil 2 from Lee County.  However, the rate of strain was seen to be more or less 

the same for both.  The difference in the PI of tested soils did not indicate any pronounced 

dissimilarity in the behavior. 

While presenting laboratory results of creep tests in chapter 4, we mentioned that in 

the graph of “strain versus log of time” a curvature is seen after about one week of loading 

(refer to Figure 4.39). With increasing the deformation since moisture content is constant, 

unit weight of specimen slightly increases (due to decrease in total volume). A constant 

moisture content means weight of water phase, hence volume of water phase will be 

constant.  Therefore, decrease in total volume can only take place with decrease in the 

volume of air phase.  However, this situation will cause specimen saturation ratio to 

increase.  The decrease in volume of air phase and increase in saturation ratio, will also 

affect the volumetric moisture content and will change position of the soil specimen on the 

volumetric moisture content versus soil suction curve.  The author believes the observed 

point of curvature could be explained with variation in soil suction and concepts of 

unsaturated soil mechanics. 
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6.3.3.2 Effect of Soil Moisture Content 

Figure 6.11 shows results pertaining to the study of the effect of moisture content.  

One creep test at wet-of-optimum (Test 7), and one creep test at dry-of-optimum (Test 8) 

were considered.  The wet-of-optimum sample showed a creep rate much higher than the 

sample compacted at OMC, and the dry-of-optimum sample showed a creep rate slightly 

lower than that of for the OMC sample.  Creep rate of individual tests have been presented 

in a table in next section.  Effect of moisture content on creep rate will be discussed more 

in next section.  

 
Figure 6.11. Effect of moisture content - Soil 2 (PI=21) 

6.3.3.3 Strain Rate Analysis 

Strain rate (also called as creep rate) of the one-dimensional deformation tests has 

been investigated.  Vertical strain graphs were presented in three forms in Chapter 4; strain 

rate of those graphs is introduced in this section as the creep rate.  Table 6.4 summarizes 
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information for strain rate of creep tests.  Strain rate is presented in two forms of percent 

per time (%/min) which is obtained from “strain versus time” graphs, and percent per 

square root of time (%/ ) which is obtained from “strain versus square root of time” 

graphs.  Figure 6.12 shows the process to obtain creep rate for one of the tests. 

Table 6.4. Strain rate of the one-dimensional creep deformation tests 

Test No. Soil ID Soil PI Compaction conditions σV (kPa)  (%/min) *  (%/ ) * 

Test 1 Soil 2 21 Standard Proctor - OMC 50 5.15E-06 0.0014 

Test 2 Soil 2 21 Standard Proctor - OMC 100 6.10E-06 0.0016 

Test 3 Soil 2 21 Standard Proctor - OMC 200 5.86E-06 0.0016 

Test 4 Soil 5 5 Standard Proctor - OMC 50 6.64E-06 0.0016 

Test 5 Soil 5 5 Standard Proctor - OMC 100 5.30E-06 0.0014 

Test 6 Soil 5 5 Standard Proctor - OMC 200 5.22E-06 0.0014 

Test 7 Soil 2 21 Standard Proctor - OMC+3% 100 2.86E-05 0.0060 

Test 8 Soil 2 21 Standard Proctor - OMC-5% 100 3.58E-06 0.0009 

*  strain rate belongs to the linear section of the curve 
 

  
(a) creep rate in natural time (b) creep rate in square root of time 

Figure 6.12. Obtaining creep rate for Test 1 (Soil 2) 
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The values of strain rate presented in Table 6.4 are valid only if it is guaranteed that 

the soil has entered into its linear creep behavior.  The linear section of creep usually starts 

after 1 day to 2 days after application of the external load. 

There was no strong evidence indicating that Test Soil 2 with higher PI has a higher 

creep rate.  Also, increasing vertical stress (in the range of applied stresses) did not have 

any significant influence on the creep rate.  However, the creep rate was highly influenced 

by specimen moisture content, as increasing moisture content as little as 3% above the 

optimum increased the creep rate by a factor of about 5.  Decreasing moisture content on 

the other hand, decreased the creep rate but to a lesser extent.  The specimen with moisture 

content 5% below the OMC, showed a creep rate only 40% lower than the specimen with 

OMC.  The creep rate of 6E-06 %/min may be introduced as a rough number for silty soils 

compacted at OMC. 

If post-construction settlement of embankments is uniform along the length of 

embankment, they are considered acceptable. However, if non-uniform creep deformation 

happens, it takes a while before the deformation goes beyond the allowable amount.  Table 

6.5 summarizes the period of time to reach the allowable deformation of one inch for 

different embankment heights.  This timeframe is based on the rough creep rate of 6*10-6 

%/minute.  It is noted that the timeframe presented in this table only takes into account the 

long-term creep deformation. 
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Table 6.5. Time needed to reach allowable deformation for different embankment heights 

Embankment height 
H (ft) 

Allowable strain (%) Time (days) 

40 0.21 24 

30 0.28 32 

20 0.42 48 

10 0.83 96 

 

6.4 Summary 

This chapter opens with methodology and basics used for deformation analysis of 

the highway embankments.  Properties of the utilized model and improving strategies of 

the initial model were briefly introduced, then results associated with deformation were 

presented.  Embankment deformation has been investigated based on both TSA shear 

strength parameters and ESA shear strength parameters.  For the TSA, acceptable cases are 

discussed in the form of a descriptive table. Analysis of the results of the one-dimensional 

creep compression tests which represent long-term deformation of embankments has been 

presented as well. Significant results and findings of this chapter are summarized as 

follows. 

• Since the total stress slope stability was not critical, the acceptance zone imposed 

by total stress deformation performance criterion may be regarded as final 

acceptance zone for the TSA. 

• A table (Table 6.3) was presented which provides descriptive information 

regarding acceptable cases based on the total stress deformation criterion. 

• Results of the regression analysis show that, embankment deformation generally 

increases with the embankment height (H) and friction angle of soil ( UUφ ), and 

decreases with the elasticity modulus of soil (E) and embankment side slope (S).  
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Of course, effect of the side slope was subtle, and it becomes even less discernible 

at lower embankment heights. 

• Calculations of the embankment deformation using CU triaxial parameters 

revealed that for all test soils (Test Soil 1 through Test Soil 5) and embankment 

sections, deformation was larger than the limiting value, except for few cases of 

Soil 2 Lee with PI=21 (highest PI among the tested soils) which is a A-7-6 (28) 

according to AASHTO classification, where dry unit weight of the soil samples 

(before shear stage) was very high.  Laboratory results showed that this situation 

could happen only for the samples initially compacted at Modified Proctor 

compactive energy or higher. It is noted that for these cases, the FS (associated 

with ESA) was also in the acceptable range. 

• The finding just mentioned may give grounds to the idea that soils with higher PI 

such as Test Soil 2 (A-7-6 class), perform slightly better under rain-induced 

infiltration conditions.  This statement is in opposition to the criterion of limiting 

material PI as material selection that is used by a number of agencies.  For 

example, this may cast doubt on the North Carolina DOT’s material selection 

specification of limiting PI to 15% in the coastal area.  Of course, Test Soil 2 has 

a PI=21 which still holds this soil in the acceptable range of PI ≤ 25 for the 

Piedmont area of NC.  This fact may also reject the specifications that abandon 

using the A-7 group soil as the embankment material. 

• Since saturated samples in CU triaxial tests provide lower strength parameters 

than unsaturated samples in UU triaxial tests, deformation incorporated with 

them was generally higher. 

• Creep curves generally consist of two main parts: initial sharp settlement due to 

immediate response to external loading and a linear section representative of 

creep deformation. 
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• With respect to the one-dimensional creep compression tests, the difference in 

the PI of tested soils did not indicate any pronounced dissimilarity in the 

behavior.  There was no strong evidence indicating that Test Soil 2 with higher 

PI has a higher creep rate. Also, increasing the vertical stress did not have any 

significant influence on the creep rate. However, the creep rate was highly 

influenced by the specimen moisture content, as increasing moisture content as 

little as 3% above the optimum increased the creep rate by a factor of about 5.  

Decreasing moisture content on the other hand, decreased the creep rate but to a 

lesser extent.  The specimen with moisture content 5% below the OMC, showed 

a creep rate only 40% lower than the specimen with the OMC.  The creep rate of 

6E-06 %/min may be introduced as a rough number for the used silty soils 

compacted at OMC. 
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CHAPTER 7: FINAL ACCEPTANCE ZONES 
 
 

7.1 Introduction 

As described in Chapter 3, the final proposed acceptable zone consists of 

superimposing the acceptable zones based on slope stability criterion and deformation 

criterion (refer to discussion on Figure 1.1).  So far, the two former chapters presented 

different numerous graphs and a number of descriptive tables to define the acceptance 

zones based on either of the two criteria and different material strength parameters (total 

stress parameters, effective stress parameters, and modified total stress parameters).  This 

chapter tries to provide an overlap of all these situations. 

7.2 Final Acceptance Zones 

Superimposition of the acceptable zones based on the slope stability criterion (in 

terms of the TSA,m) and the deformation criterion (in terms of the TSA) is presented in 

this chapter. It is noted that specifications regarding the slope stability criterion are mostly 

associated with the side slope of embankment. On the other hand, specifications regarding 

the deformation criterion seemed to be generally related to the embankment height, 

compactive energy utilized, and placement moisture content.  

Figure 7.1 shows two red areas; Red area I which is imposed by the slope stability 

criterion based on modified total stress analysis parameters and Red area II which is 

imposed by the deformation criterion based on total stress analysis parameters. In this case 

which belongs to an embankment height H=40ft, side slope of 2H:1V and Test Soil 1, 

unaccepted area II imposed by the deformation criterion is larger, hence governing the final 
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potential design. The plots for other test soils but same embankment geometry could be 

seen in Figure 7.2 through Figure 7.5. 

After the figures, Table 7.1 presents an overview of superimposition of all acceptable 

zones / cases in a descriptive manner. 

 
Figure 7.1. Superimposition of acceptance zones – Test Soil 1 
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Figure 7.2. Superimposition of acceptance zones – Test Soil 2 

 
Figure 7.3. Superimposition of acceptance zones – Test Soil 3 
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Figure 7.4. Superimposition of acceptance zones – Test Soil 4 

 
Figure 7.5. Superimposition of acceptance zones – Test Soil 5 
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Table 7.1. Description of superimposition of acceptable zones / cases based on slope stability and 
deformation criteria 

Soil sample Acceptable cases 

Test Soil 1 
(PI=2) 

AASHTO class: 
A-4 (0) 

- Side slope 1H:1V shall not be used regardless of embankment height, compactive 
energy and MC.  
- Side slope 2H:1V shall receive special caution (could fall on the border) if test soil is 
prepared at close to optimum or wet-of-optimum MC for all compactive energy levels. 
- Points compacted at standard energy with optimum and wet-of-optimum MC are not 
acceptable, unless for side slope of 4H:1V. 
 
- For H=40 ft and samples compacted at Standard Proctor, almost all points are not 
acceptable.  
- At Standard Proctor, points wet-of-optimum are not acceptable for all embankment 
sections. At this energy level, points close to optimum need to be investigated. 
- At Standard Proctor, points dry-of-optimum are acceptable for all sections except 
H=40ft. 
- Even at higher energies, points wet-of-optimum could be problematic. 

Test Soil 2 
(PI=21) 

AASHTO class: 
A-7-6 (28) 

- Side slope 1H:1V shall not be used regardless of embankment height, compactive 
energy and MC. 
- Side slope 2H:1V shall receive special caution (could fall on the border) if test soil is 
prepared with wet-of-optimum MC at standard and intermediate compactive energy 
levels. 
- This test soil has minimum percentage of instability among all.  
 
- At all energy levels, all points  5% of optimum are acceptable. 
- Optimum and dry-of-optimum points at all energy levels are acceptable. 
- For H=10 ft, regardless of compactive energy and MC, all points are acceptable. 
- Regardless of compactive energy, MC more than 8% wet-of-optimum is not 
recommended. 

Test Soil 3 
(PI=NP) 

AASHTO class: 
A-4 (1) 

- Side slope 1H:1V shall not be used regardless of embankment height, compactive 
energy and MC. 
- Side slope 2H:1V shall not be used at standard energy and shall receive special 
caution (could fall on the border) if test soil is prepared at close to optimum or wet-of-
optimum MC for intermediate and modified energy levels.  
 
- At Standard Proctor, points wet-of-optimum are not acceptable for almost all 
sections. 
- For H=40 ft, regardless of compactive energy and MC, all points are not acceptable. 
- For H=30 ft, points only drier than 5% of OMC at standard energy and points only 
drier than 2.5% of OMC at modified energy are acceptable. 
- For H=20 ft, points dry-of-optimum and close to optimum at modified and 
intermediate energy are acceptable.  But for standard energy only dry-of-optimum 
points are acceptable.  
- For H=10 ft, regardless of compactive energy and MC, all points are acceptable. 
- Many unacceptable cases were observed. 
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Table 7.1. Description of superimposition of acceptable zones / cases  
based on slope stability and deformation criteria (continued) 

Test Soil 4 
(PI=6) 

AASHTO class: 
A-5 (7) 

- Side slope 1H:1V shall not be used regardless of embankment height, compactive 
energy and MC.  
- Side slope 2H:1V shall not be used at standard and intermediate compactive energy 
levels and shall receive special caution (could fall on the border) if test soil is prepared 
at wet-of-optimum MC for modified energy level. 
- Moisture contents above 4% wet-of-optimum is unacceptable for all energy levels 
and all sections (geometries) except for 4H:1V section which should be investigated. 
 
- At Standard Proctor, wet-of-optimum points are not recommended for H=40 ft and 
30 ft; however, for H=40ft points dry-of-optimum are neither recommended. 
- At Intermediate Proctor and for all sections, points dry-of-optimum are acceptable; 
however, wet-of-optimum points for H=40 ft and 30 ft are not acceptable. 
- At Modified Proctor and for all sections, regular points seem to be acceptable. 
- For H=10 ft and 20 ft regardless of compactive energy and MC all points seem 
acceptable. 

Test Soil 5 
(PI=5) 

AASHTO class: 
A-5 (5) 

- Side slope 1H:1V shall not be used regardless of embankment height, compactive 
energy and MC. 
- Side slope 2H:1V shall not be used at standard and intermediate compactive energy 
levels, neither for samples prepared at close to optimum and wet-of-optimum MC with 
modified energy level.  Samples prepared at dry-of-optimum MC and compacted with 
modified energy level should receive special caution (could fall on the border). 
- Extra caution should be exercised with moisture contents above 4% wet-of-optimum 
at all compactive energy levels and for all sections.  Section 4H:1V stands in a better 
position in this regard. 
- This test soil has highest percentage of instability cases among all. 
 
- At Standard Proctor and for all sections, points dry-of-optimum are acceptable; 
however, as they get closer to OMC, they become unacceptable for H=40ft. Wet-of-
optimum points are not accepted for H=40 ft and 30 ft at this energy level. 
- At Intermediate Proctor and for all sections, points dry-of-optimum are acceptable; 
however, for H=40ft points close to optimum and points wet-of-optimum for H=40 ft 
and 30 ft, neither are acceptable. 

 

7.3 Summary 

The chapter presents superimposition of the acceptable zones based on the criterion 

of slope stability and deformation. Few cases were shown on the dry unit weight versus 

moisture content space. An elaborate descriptive table completes this information at the 

end of chapter. 
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CHAPTER 8: SUMMARY AND CONCLUSIONS 
 
 

8.1 Summary of Findings 

The performance of highway embankments was investigated based on two criteria: 

slope stability and deformation. Each of these concerns was looked at from two 

perspectives in terms of material engineering properties: TSA parameters and ESA 

parameters. In addition to the immediate deformation, long-term deformation of 

embankment soils was investigated using some laboratory scale creep tests. To find the 

total stress soil strength properties, a set of unconsolidated-undrained (UU) triaxial 

compression tests was designed, and to find out effective stress soil strength properties, a 

set of consolidated-undrained (CU) triaxial compression tests with pore pressure 

measurements was considered. Table 8.1 summarizes the research workload accomplished 

for this study. Important findings and conclusions of this study are reviewed in this chapter. 
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Table 8.1. Performed research workload 

 
 

Significant results and findings regarding total stress slope stability analyses: 

• Among the 1072 cases reviewed based on TSA parameters, no cases showed a 

TSA factor of safety lower than the minimum value of 1.3.  In many of these 

cases, the FS is well above the minimum value. 

• The non-shallow failure mode was observed to be the dominant one for the total 

stress analysis. This indicates that, for the total stress analysis, shallow failure is 

never dominant. 

• The two latter findings just mentioned, indicate that embankments made with the 

tested soil samples are stable right after compaction operation, even if the 

minimum compactive energy level, that is Standard Proctor is employed. 
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Significant results and findings regarding effective stress slope stability analyses: 

• For the effective stress stability analysis many cases were found to have FS 

values lower than 1.3; from which, many cases were seen where shallow failure 

was the dominant mode of failure. 

• Therefore, for the effective stress slope stability analysis, besides the grid and 

radius search method, shallow failure must be checked as there is a high 

likelihood for this mode of failure. 

• Slope stability analyses using ESA parameters yielded all the three different 

modes of failure, that is non-shallow slip surface, local slip surface, and 

shallow/infinite failure. 

• For the effective stress (ESA) slope stability analyses a descriptive table was 

presented to be used as a means of acceptance zone/cases under this condition. 

This table tables may be found in Table 5.1. 

Significant results and findings regarding slope stability analyses using modified total 

stress parameters: 

• For the slope stability analysis using modified total stress parameters, lots of 

cases with FS lower than the minimum of 1.3 were encountered.   

• A descriptive table was presented to be used as a means of acceptance zone/cases 

under this condition. This table tables may be found in Table 5.2.  
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Significant results and findings with respect to the total stress deformation analyses: 

• Results of the regression analysis show that, embankment deformation generally 

increases with the embankment height (H) and friction angle of soil ( UUφ ), and 

decreases with the elasticity modulus of soil (E) and embankment side slope (S).  

Of course, effect of the side slope is subtle, and it becomes even less discernible 

at lower embankment heights. 

• A table (Table 6.3) was presented to provide descriptive information regarding 

acceptable cases based on the total stress deformation criterion. 

Significant results and findings with respect to the effective stress deformation analyses: 

• Calculations of the embankment deformation using CU triaxial parameters 

revealed that for all test soils (Test Soil 1 through Test Soil 5) and embankment 

sections deformation was larger than the limiting value, except for few cases of 

Test Soil 2 with PI=21 (highest PI among the tested soils) which is a A-7-6 (28) 

according to AASHTO classification, where dry unit weight of the soil samples 

(before shear stage) was very high.  Laboratory results showed that this situation 

could happen only for the samples initially compacted at Modified Proctor 

compactive energy or higher. It is noted that for these cases, the FS (associated 

with ESA) was also in the acceptable range. 

• The finding just mentioned may give grounds to the idea that soils with higher 

PI, such as Test Soil 2 (A-7-6 class), perform slightly better under rain-induced 

infiltration conditions. This statement is in opposition to the criterion of limiting 

material PI as material selection that is used by a number of agencies. For 

example, this may cast doubt on the North Carolina DOT’s material selection 

specification of limiting PI to 15% in the coastal area.  Of course, Test Soil 2 has 

a PI=21 which still holds this soil in the acceptable range of PI ≤ 25 for the 

Piedmont area of NC.  This fact may also reject the specifications that abandon 

using the A-7 group soil as the embankment material. 
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Finally, the most important results and findings related to the performed one-dimensional 

creep compression tests: 

• Creep curves generally consist of two main parts: initial sharp settlement due to 

immediate response to external loading and a linear section representative of 

creep deformation. 

• The difference in the PI of tested soils did not indicate any pronounced 

dissimilarity in the behavior.  There was no strong evidence indicating that Test 

Soil 2 with higher PI has a higher creep rate.  Also, increasing the vertical stress 

did not have any significant influence on the creep rate.  However, the creep rate 

is highly influenced by the specimen moisture content, as increasing moisture 

content as little as 3% above the optimum increased the creep rate by a factor of 

about 5.  Decreasing moisture content on the other hand, decreased the creep rate 

but to a lesser extent. The specimen with moisture content 5% below the OMC, 

showed a creep rate only 40% lower than the specimen with the OMC. 

• The creep rate of 6E-06 %/min may be introduced as a rough number for the used 

silty soils compacted at OMC. 

8.2 General Conclusions 

• Results of this study show that non-uniform deformation service state in terms of 

total stress parameters along with slope stability service state in terms of TSA,m 

could control the design. Table 7.1 presents an overview of superimposition of 

all acceptable zones / cases in a descriptive manner. 

• Reported slope stability failures are typically associated with high 

intensity/duration rainfall incidents.  Results of the slope stability analyses in 

terms of ESA parameters may explain reported shallow rain-induced failures. 
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• Under the rain-induced conditions, many failures in the form of shallow failure 

may happen for the embankments constructed with the test soils used in this 

study. 

• Providing suitable vegetation cover as well as drainage measures (to reduce 

infiltration and promote runoff, respectively) for the highway embankments 

could be useful in avoiding the detrimental effects of the water presence in the 

body of embankment. 

• Acceptance zone based on RC ≥ 95% with  obtained using Standard 

Proctor, for the most part satisfies slope stability and deformation performance 

service states for the analyzed embankments geometries.  However, in segments 

where the embankment is subject to non-uniform settlements, utilizing higher 

compactive energies may be useful.  Moreover, specifying a range for the 

placement moisture content may be a possible modification to help keep 

immediate non-uniform deformations below the allowable value (1 in or 25 mm). 

• Results of this study also show that the side slope of 1H:1V must be avoided for 

highway embankments, and the side slope of 2H:1V is not recommended for 

weaker soils. 

• Placement moisture contents that are more than 8% wet-of-optimum must be 

avoided. Also, moisture contents more that are than 5% wet-of-optimum are not 

recommended. Descriptive tables presented in this study provide useful 

information regarding placement moisture content. 

• Among the tested soils, there are two A-4 soils (one silty sand and one low 

plasticity silt), two A-5 soils (both low plasticity silt), and one A-7-6 soil (high 

plasticity silt).  Of course, according to the AASHTO classification which is 

represented here in Table 8.2, all test soils used in this study are rated as “fair to 

poor” as a subgrade.  It seems that by moving from left to right over this table, 

soil materials losing their competence as subgrade is accepted as an engineering 
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rule of thumb1.  However, contrary to the traditional trend of avoiding A-7 soil 

class (such as South Carolina DOT), results of this research show that the A-7 

used soil performs slightly better than A-4 and A-5 classes.  In other words, 

although Test Soil 2 as an A-7 class with a group index of 28 would be located 

at the end of this table, performance of this soil as embankment material is 

evaluated to be better than other test soils. 

Table 8.2. AASHTO table for classification of soils and soil-aggregate mixtures 
( obtained from ASTM D3282) 

 
 

• Despite the subtle trend of limiting embankment material PI among the agencies 

and guidelines (such as the North Carolina DOT specification), it seems having 

a small amount of PI enhances performance in the soil material. This was 

observed in the silty material; however, the author believes that a similar outcome 

might be true regarding granular material. 

• Atterberg limits are performed only on the portion of the soil that passes No. 40 

sieve (0.425mm opening size).  Therefore, the relative contribution of this portion 

of the soil to the properties of the sample as a whole must be considered when 

using Atterberg limits to evaluate properties of a soil sample as embankment 

material.  For instance, a soil sample with PI=21 and 50% passing No. 40 sieve 

obviously would perform differently than a soil sample with the same PI but 

100% passing No. 40 sieve. 

 
1 It is noted that role of the subgrade layer is to furnish further support for traffic loads, and 
moreover, this study is about embankment material but not subgrade.  
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• We learn great lessons by comparing Test Soil 1 (PI=2) with AASHTO class A-

4 as a silty sand (SM), with Test Soil 3 (PI=NP) with AASHTO class A-4 as a 

low plasticity silt (ML).  Although the AASHTO classes are same, it was 

observed that the silty sand with as little as 2% PI (and obviously more sand-size 

particles) performed better than the non-plastic silt. 

• To further evaluate the results, out of all the analyses conducted for this research 

we can consider four main sets: TSA FS, TSA deformation, ESA FS, and ESA 

deformation. Among these categories, TSA FS shows very high values, and ESA 

deformation reveals weak results, allowing us to ignore these two extreme 

categories.  Table 8.3 provides a ranking index for the test soils used in this study.  

This table is designed based on the percentage of failures in the categories ESA 

FS and TSA deformation. This table demonstrates that Test Soil 2, a A-7-6 

AASHTO class, has the highest rank.  Of course, the table has only comparative 

application and is not intended to provide an absolute rating for test soils. 

Table 8.3. Ranking index for test soils 

Test soil 
Classification Test soil rank 

USCS AASHTO ESA FS TSA deformation Overall rank 

Test Soil 1 SM A-4 (0) 2 3 2 

Test Soil 2 MH A-7-6 (28) 1 1 1 

Test Soil 3 ML A-4 (1) 4 5 5 

Test Soil 4 ML A-5 (7) 3 3 3 

Test Soil 5 ML A-5 (5) 5 2 4 

 

• The results of this study, which are reflected in Table 8.3, indicate that Test Soil 

2 with AASHTO class A-7-6 and PI=21 has the best performance among the test 

soils under rain induced conditions. 
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8.3 Recommendations for Future Work 

• The study of the highway embankments in this research used laboratory scale 

testing.  Construction of a “test embankment” with same soil samples and 

monitoring the behavior with field tests and instrumentation could yield valuable 

results. 

• The author expresses that during creep tests on compacted samples many 

challenges were encountered.  Having a setup (probably a humidity chamber) to 

control and change the moisture content of specimen may be considered. 

• Deformation analyses performed in this study used a linear stress-strain model 

for the soil.  Creating a model to simulate non-linear soil behavior could yield 

valuable results. 
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APPENDIX A: A Synopsis of State-of-the-Practice Review of Specifications 
Regarding Highway Embankment Material Selection and Highway Embankment 

Construction 
 
 

A.1. Review of Specifications Regarding Highway Embankment Material Selection 

In this synopsis a review of the specifications and requirements set by different 

agencies regarding highway embankment material selection is presented.  Reviewed 

components regarding material selection include material gradation / classification, and 

Atterberg limits.  Material presented in this section are mainly obtained from a 

comprehensive report by Hassani et al. (2017). 

A.1.1. Requirements on Material Gradation 

After intensive review of the state standards it is noted that only a few of them have 

minor requirements set for material gradation. These include Colorado, Ohio, Rhode 

Island, South Carolina and Utah.  In all cases, these requirements are very general; for 

instance, South Carolina specifies that A-7 group soil shall not be used. Pennsylvania also 

sets some requirements only for the fine-grained portion of the embankment material.  

Figure A.1 shows states imposing requirements on gradation. 

All states mention a maximum allowable particle size suitable for the upper layers of 

embankment. They usually forbid using particles larger than 4 to 6 inches in the upper 1 or 

2 feet, and also disallow use of large rock fragments and stones in the top few feet of the 

highway embankment. 
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Figure A.1. States imposing requirements on gradation as material selection criterion 

(from Hassani et al. 2017) 

A.1.2. Requirements on Material Atterberg Limits 

Seven states including Delaware, Louisiana, North Carolina, Ohio, Pennsylvania, 

Texas and Washington have specifications on the Atterberg limits required for the material 

used in embankments.  Figure A.2 shows states imposing requirements for Atterberg limits. 

Instead of setting a maximum plasticity index, Delaware has specified a maximum 

liquid limit of 40%. Louisiana sets a minimum PI of 11% and a maximum of 25% for what 

they classify as usable soil for embankment construction. North Carolina’s current 

specifications require that the plasticity index stay below 15% for coastal area, and below 

25% for Piedmont and western area. Pennsylvania specifies that embankment material can 

consist of both fine-grained portion and granular portion, then it states some conditions 

regarding gradation, and Atterberg limits of the fine-grained portion which are listed in 
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Table A.1.  In Texas, for a material to be considered as granular the following shall hold: 

LL ≤ 45, PI ≤ 15. Texas also correlates acceptable relative compaction to the PI of the soil 

being compacted. In Washington, as borrow material becomes finer, the PI shall be limited 

to a lower value. This state is probably one of the strictest states with PI = 0 for material 

having more than 35.1% passing No. 200 sieve.  Table A.1 summarizes information for 

U.S. states agencies which use Atterberg limits as embankment material selection criteria. 

Samtani and Nowatzki (2006a) provide guidelines regarding material selection for 

structural backfill for bridge abutments. In this document, the authors specify limiting the 

PI of the structural backfill to 10%. The PI is limited to this value to control long-term 

deformations. Of course, this document is among the federal guidelines and can not be 

counted in the category of states standards. 

Of course, in some specific portions of the embankment, like bridge approaches, or 

for the select borrow which is usually of higher quality than common borrow, plasticity 

index requirement may be stricter. However, requirements pertaining to the bridge 

approaches or to the select borrow are not covered in this synopsis. 
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Table A.1. Summary of states specifying Atterberg limits as material selection criteria (Hassani et al. 2017) 

State Reference Specification 

Delaware Delaware DOT (2016) LL of borrow ≤ 40 

Iowa Iowa DOT (2015) PI > 10, for select cohesive soils 

Louisiana Louisiana DOT (2016) 11 ≤ PI ≤ 25 

North Carolina North Carolina DOT (2012) 
PI ≤ 15 for coastal area; 

PI ≤ 25 for Piedmont and Western area 

Ohio Ohio DOT (2016) LL < 65 

Pennsylvania Pennsylvania DOT (2016) 
for soil (fine-grained portion): LL < 65; 

if 41 < LL < 65, PI ≥ LL-30 

Texas Texas DOT (2014) LL ≤ 45, PI ≤ 15 for granular material 

Washington Washington DOT (2016) 
if 12.1 ≤ P200 ≤ 35, PI ≤ 6 

if 35.1 < P200, PI = 0 
 
 
 

 
Figure A.2. States imposing requirements on Atterberg limits as borrow material selection criteria 

(from Hassani et al. 2017)  
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A.2. Review of Specifications Regarding Highway Embankment Construction 

In the second section of this synopsis a review of the specifications and requirements 

set by different agencies regarding highway embankment construction is presented.  

Reviewed components regarding construction include any requirements on minimum field 

dry unit weight and relative compaction (RC), moisture control, and lift thickness. 

A.2.1. Requirements on Minimum Field Dry Unit Weight and Relative Compaction 

Nine states (Colorado, Delaware, Georgia, Indiana, Maryland, Michigan, Ohio, 

Pennsylvania and South Carolina) have specifications limiting the minimum dry unit 

weight of material placed in highway embankment. Of these states, Colorado, Delaware, 

Georgia, Indiana and Ohio limit the dry unit weight to a minimum value of 90 lbs/ft3. 

Michigan and Pennsylvania limit the unit weight to a minimum of 95 lbs/ft3. Maryland and 

South Carolina limit the minimum unit weight to 100 lbs/ft3. 

The majority of states require achieving a minimum relative compaction specified 

with respect to a laboratory standard compaction test, such as Standard Proctor (AASHTO 

T 99) or Modified Proctor (AASHTO T 180). Of course, a vast number of states use local 

standards, which represent AASHTO standards with a level of minor modification. 

Of all the 50 states reviewed, 33 states somehow state that maximum laboratory dry 

unit weight ( maxdγ ) shall be obtained in accordance with AASHTO T 99, which uses 

Standard Proctor energy.  Twenty three (23) of these states necessitate reaching exactly the 

minimum relative compaction of 95%, while others range from minimum RC of 90% to 

102%.  FHWA [FHWA (2006)] and AASHTO [AASHTO (2012)] also require compacting 
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embankments to RC ≥ 95% while maxdγ  obtained at standard energy level. This fact may 

justify the high number of states sticking to AASHTO T 99. Number of states accepting 

AASHTO T 180, Modified Proctor energy, is equal to eight. Half of them require minimum 

RC of exactly 95% while others range within 90% to 95%. 

Five of the states combine standard and modified energy in quality control process, 

correlating level of compacting energy to factors like material gradation or selected 

minimum RC in the plans. Two states of Kansas and Nebraska test the quality of 

embankment compaction according to the roller status. Compaction is considered 

accomplished by them for example when tamping feet of the roller walks out of the surface, 

or when a specific number of passes is obtained. No information regarding compaction 

energy level could be found for the two states of Minnesota and Mississippi. They have 

only stated relative compaction level. Table A.2. summarizes compaction energy level 

distribution among states and Figure A.3. shows compaction energy level specifications by 

each state across the U.S. 

Table A.2. Summary of compaction energy required by states (from Hassani et al. 2017) 

Energy Level Number of States 

Standard Proctor 33 

Modified Proctor 8 

Standard/Modified Proctor 5 

roller controlled 2 

not mentioned 2 
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Figure A.3. Compaction energy specifications by state (from Hassani et al. 2017) 

A.2.2. Requirements on Moisture Content Control 

Twenty seven (27) states have specified some kind of criteria as the moisture content 

control. These requirements are in most of cases as an acceptable range for placement 

moisture content. The requirements differ based on the material gradation, Atterberg limits 

of material, moisture content of material itself, and level or energy of compaction. 

Ten (10) states have specified acceptable moisture content in the range of ±2% of 

optimum moisture content. This high number of states seems to be related to the same 

specification set by Federal and AASHTO standards. 

Twenty three (23) states have not specified any to directly designate moisture content 

of the embankment layers. Of course, all of them imply that material moisture content shall 

be in a range that minimum field density requirement is achievable. 
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A.2.3. Requirements on Lift Thickness 

A lift thickness of 8” in loose state is required by 31 states, while two of the agencies 

require same 8” lift thickness but measured after compaction. Majority of the states 

consider lift thickness in loose state as only five states of Florida (6” or 12” depending on 

gradation), Maryland (8”), Pennsylvania (6”/8” for granular material), Rhode Island (12”), 

West Virginia (6”) set lift thickness requirement measured after compaction. Only Indiana 

uses a compound lift placement measurement as 6” after compaction and 8” in loose state. 

It is noted that maximum accepted lift thickness is 12”, while the minimum is 4” 

loose measurement in Washington that is for the top 2 feet of embankment. Depending on 

material gradation, compaction class or position of layer, some states have different placing 

layer thicknesses. 

All states have mentioned lift thickness as an easy to use and whole number, whether 

loose or compacted, except the New York state. For the New York state, lift thickness shall 

be obtained via charts with the load per wheel of compacting equipment as input. Lift 

thickness specifications requirement is summarized and illustrated in Figure A.4.  This 

figure shows 7 states having lift thicknesses equal to 12”; out of which only Rhode Island 

referring to compacted state and the rest indicating loose state. 
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Figure A.4. Variation of lift thickness specifications by state (from Hassani et al. 2017) 
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APPENDIX B: Failure Lines for Unconsolidated-Undrained Triaxial Tests 
 
 

 
Figure B.1. Failure lines, standard energy, UU triaxial tests, Soil 1 

 
Figure B.2. Failure lines, intermediate energy, UU triaxial tests, Soil 1 
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Figure B.3. Failure lines, modified energy, UU triaxial tests, Soil 1 

 
Figure B.4. Failure lines, standard energy, UU triaxial tests, Soil 2 
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Figure B.5. Failure lines, intermediate energy, UU triaxial tests, Soil 2 

 

 
Figure B.6. Failure lines, modified energy, UU triaxial tests, Soil 2 
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Figure B.7. Failure lines, standard energy, UU triaxial tests, Soil 3 

 
Figure B.8. Failure lines, intermediate energy, UU triaxial tests, Soil 3 
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Figure B.9. Failure lines, modified energy, UU triaxial tests, Soil 3 

 
Figure B.10. Failure lines, standard energy, UU triaxial tests, Soil 4 
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Figure B.11. Failure lines, intermediate energy, UU triaxial tests, Soil 4 

 
Figure B.12. Failure lines, modified energy, UU triaxial tests, Soil 4 
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Figure B.13. Failure lines, standard energy, UU triaxial tests, Soil 5 

 
Figure B.14. Failure lines, intermediate energy, UU triaxial tests, Soil 5 
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Figure B.15. Failure lines, low energy, UU triaxial tests, Soil 5 
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APPENDIX C: Failure Lines for Consolidated-Undrained Triaxial Tests 
 
 

 
Figure C.1. Effective stress paths and failure line for CU tests on Soil 1 - samples compacted at standard 

energy 

 

 
Figure C.2. Effective stress path and failure line for CU tests on Soil 2 - samples compacted at standard 

energy 
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Figure C.3. Effective stress path and failure line for CU tests on Soil 2 - samples compacted at intermediate 

energy 

 

 
Figure C.4. Effective stress path and failure line for CU tests on Soil 2 - samples compacted at modified 

energy 
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Figure C.5. Effective stress path and failure line for CU tests on Soil 3 - samples compacted at standard 

energy 

 

 
Figure C.6. Effective stress path and failure line for CU tests on Soil 3 - samples compacted at intermediate 

energy 
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Figure C.7. Effective stress path and failure line for CU tests on Soil 3 - samples compacted at modified 

energy 

 

 
Figure C.8. Effective stress path and failure line for CU tests on Soil 4 - samples compacted at standard 

energy 



 

216 

 
Figure C.9. Effective stress path and failure line for CU tests on Soil 4 - samples compacted at intermediate 

energy 

 

 
Figure C.10. Effective stress path and failure line for CU tests on Soil 4 - samples compacted at modified 

energy 
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Figure C.11. Effective stress path and failure line for CU tests on Soil 5 - samples compacted at standard 

energy 

 

 
Figure C.12. Effective stress path and failure line for CU tests on Soil 5 - samples compacted at 

intermediate energy 
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Figure C.13. Effective stress path and failure line for CU tests on Soil 5 - samples compacted at modified 

energy 
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APPENDIX D: Calibration of Oedometers 
 
 

It is traditionally accepted that the load factor for the oedometers is equal to 10, 

meaning that the force applied to the specimen is 10 times higher than the dead weights 

placed on the dead weight stand. However, this assumption is investigated in this section 

and results are discussed.  Figure D.1. shows a typical conventional consolidation device 

which is also called oedometer in the geotechnical jargon. 

 
Figure D.1. Conventional consolidation device 

It is noted that the calibration process presented here is done while the dead weight 

stand was placed in the second hole of the arm. In addition, during the process of 

calibration, oedometer arm was checked to be horizontal by means of a level (spirit level). 

The basis for the calibration process is that we assumed at horizontal position the front 

moments are being balanced by rear moments. Front moments are coming from the weight 

L2 

L1 
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of the front part of oedometer arm, the weight of dead weight stand, and the weight of the 

loading frame. And the rear moments result from the weight of counterweight. 

It should be noted that the ratios of  was measured and are reported as 9 

(=18”/2”), 10 (=20”/2”) and 11 (=22”/2”) respectively for the three holes from right to left. 

 and   are moment arms which are shown in Figure D.1.  However, given that for the 

calibration purpose the stand was places in the second hole, we expect the load factor to be 

very close to 10. 

Results of the calibration process are presented in Figure D.2 and Figure D.3.  

Applied load under the loading frame was measured using a load cell.  As it can be seen 

from these figures, load factors are 9.977 and 9.923 for oedometer #1 and oedometer #2, 

respectively.  However, it is noted that these factors are close enough to the factory default 

number of 10 which is conventionally used for the second hole of arm. 

In the calculation process, the load that was used as applied load on the soil sample 

is calculated from the regression line shown in these two figures. For example, for 

oedometer #1 the applied load would be equal to 9.977*dead weight - 0.204 in kg unit. 
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Figure D.2. Calibration graph for oedometer #1 

 
Figure D.3. Calibration graph for oedometer #2 
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APPENDIX H: Sensitivity Analysis of Deformation Calculations 
 
 

A brief sensitivity analysis on maximum crest settlement of embankment is presented 

in this appendix. Investigated parameters include size of the mesh, mesh type, and 

Poisson’s ratio. This appendix is in line with “deformation analysis” chapter. 

Effect of Size of the Mesh 

In the original analysis, the mesh size was selected equal to 1m. Table H.1 

summarizes information regarding effect of mesh size on the maximum settlement of crest. 

As it could be anticipated, as size of mesh increases maximum settlement decreases but the 

change is not very significant. 

Table H.1. Effect of mesh size on maximum deformation of crest 

mesh size (m) max. deformation of crest (cm) 

1 6.88 

2 6.87 

5 6.84 

10 6.62 
 

Effect of Type of Mesh 

As stated in the “deformation analysis” chapter, mesh type was selected quads & 

triangles in the original analysis. Table H.2 lists different types of available meshes in the 

software as well as their effect on the maximum settlement of crest. As expected, it is 

obvious that the influence is not very considerable.  
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Table H.2. Effect of mesh type on maximum deformation of crest 

Mesh type max. deformation of crest (cm) 

triangles only 6.88 

quads & triangles 6.88 

rectangular grid of quads 6.88 

triangular grid of quads / triangles 6.90 
 

Effect of Poisson’s Ratio 

Contrary to mesh size and mesh type, Poisson’s ratio seems to be more influential 

factor in the analysis process. Table H.3 presents effect of Poisson’s ratio on maximum 

settlement of crest, and Figure H.1 depicts same information. It can be seen that with 

increase in Poisson’s ratio vertical settlement decreases dramatically. Highlighted number 

in the table was used in the original model. It was selected such that it results in a K0 value 

in agreement with laboratory results/empirical equations. 

On the other hand, it was seen that the amount of heave increases with increasing 

Poisson’s ratio. This latter seems reasonable as increase in Poisson’s ratio means more 

lateral deformation on the sides of embankment. This fact also results in more heave on 

those spots. In fact, as Poisson’s ratio get closer to 0.5 volumetric strain approaches zero, 

with  already being zero as a result of 2D plain strain analysis, higher lateral 

strain/deformation must indicate lower vertical strain/deformation. 
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Table H.3. Effect of Poisson’s ratio on maximum settlement of crest 

Poisson’s ratio max. settlement of crest (cm) 

0.30 8.7 

0.35 7.6 

0.3786 6.9 

0.40 6.3 

0.45 4.8 

0.49 3.3 
 
 

 
Figure H.1. Effect of Poisson’s ratio on maximum settlement of crest 
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APPENDIX I: Procedure to Obtain Elasticity Modulus for Deformation 
Considerations 

 
 

Elasticity modulus of the soil is a parameter that is representative of the soil strength 

and bearing capacity. This parameter is also required for deformation analyses. Elasticity 

modulus can be obtained from different laboratory tests including UU triaxial tests. Figure 

I.1 shows a typical stress-strain curve from a UU triaxial compression test. According to 

Das (2008), different elasticity moduli may be defined as follows: 

• Initial tangent modulus, Ei 

• Tangent modulus at a given stress level, Et 

• Secant modulus at a given stress level, Es 

 
Figure I.1. Schematic definition of different soil moduli from triaxial test results 

(modified after Das 2008) 

According to Das (2008), when the modulus of elasticity for a given soil is quoted in 

ordinary geotechnical problems, it is meant to be the secant modulus from zero to about 
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half the maximum / failure deviator stress (
1 *
2 dfσ ) which is denoted by E50. Definition of 

E50 is schematically depicted in Figure I.2. In the geotechnical literature it is common to 

infer stiffness of soil specimens from measurements of the secant modulus E50 (Chen 2010; 

Wiebe et al. 1998). Hence, in this research E50 has been used for engineering properties, 

and deformation calculations in both TSA and ESA. That is, the modulus of elasticity 

which is presented throughout this document and is obtained either from the UU triaxial 

tests ( UUE ), or from the CU triaxial tests ( CUE ) is from the type of E50 that just introduced. 

It is noted that the parameter E50 itself is a function of some variables such as specimen 

moisture content, specimen dry unit weight, soil type, cell pressure and so on. 

 
Figure I.2. Schematic definition of E50- commonly used in ordinary geotechnical problems as soil modulus 

of elasticity 

 
 


