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EXECUTIVE SUMMARY

Thisreport servesasthefinal report for the NCDOT research project 2015-05 on improvement
of materia criteriafor highway embankment construction. This report is divided into 10 chapters
and 3 appendices. Literature review on the necessary research issues is followed by investigation
of the performance of highway embankments built with typical soilsfound in the piedmont region

of North Carolina.

Performance of the highway embankments has been investigated based on two main concerns,
slope stability and deformation. To examine embankment performance, parameters obtained from
both total stress analysis (TSA) and effective stress analysis (ESA) have been considered, that is
stability and deformation have been each investigated under two states of TSA and ESA. Thisalso
necessitates that soil strength properties are obtained at both TSA and ESA conditions. The scope
considers only failures and settlements related to compacted embankment and not due to poor
foundation soil conditions. A set of unconsolidated-undrained (UU) triaxial tests has been used to
obtain TSA soil strength properties, and a set of consolidated-undrained (CU) triaxial tests has
been considered to achieve ESA soil strength properties. Rate of the axial strain in UU triaxial
tests was 1%/minute. Failure criterion of generated pore pressure during shear stage equal to zero
was adopted in the CU triaxial tests. Brief search on minimum factor of safety (FS) against sliding
was accompanied by an extensive search on allowable settlement for highway embankments.
Sixteen embankment geometric sections have been considered in total. Limit equilibrium method
was used for stability analysis. For the highway embankment deformation analysis, two-
dimensional plane strain conditions were assumed. Elasticity modulus has been selected
meticulously; and initial model was improved by the hypothesis of taking into account differences

in elasticity modulus within embankment depth based on the average of horizontal stresses.

Detailed tables are presented as the result of slope stability analyses and deformation analyses.
Wherever seemed feasible and reasonable, regression equations were represented to introduce
values of FS or deformation based on embankment geometric parameters and soil strength

parameters. A set of dimensionless formulae has been generated for ease of use aswell.
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Among all cases, not even one case showed TSA factor of safety lower than the minimum
value of 1.3. In many of these cases FS is well above the minimum value. A table is presented

which provides descriptive information of acceptable cases based on TSA deformation criterion.

Results of the stability analysis based on ESA parameters were completely different from
those of obtained using TSA parameters, as in the effective stress stability analyses many cases
were found having FS lower than 1.3. For the effective stress slope stability analysis, shallow
failure must be checked asit is a case with high possibility. A descriptive table is presented which
may be used as means of acceptance zone/cases based on effective stress analysis stability

criterion.

There are some findings that might give grounds to the idea that soils with higher Pl such as
Soil 2 Lee (a soil with AASHTO A-7-6 class) perform dlightly better under rain-induced
inundation conditions. This is in opposition to the criterion of limiting material Pl as material
selection criteriawhich is currently used by the NC state standard. Of course, it isnoted that among
tested soils Soil 2 Lee has PI=21 which still keepsit in the acceptable range of Pl <25 for piedmont
area of NC. However, this may cast doubt on the NCDOT material selection specification of
[imiting PI to 15% in the North Carolina coastal area.

Vi
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D maximum crest deformation of embankment, unit: centimeters

total stressfriction angle of soil material obtained from UU triaxial test, unit: degrees
Cuu total stress cohesion of soil material obtained from UU triaxial test, unit: kPa

modulus of elasticity of soil material obtained from UU triaxial test, unit: kPa

effective stress friction angle of soil material obtained from CU triaxial test, unit:

fe degrees

c¢ effective stress cohesion of soil material obtained from CU triaxial test, unit: kPa
Ecu modulus of elasticity of soil material obtained from CU triaxial test, unit: kPa
C, dimensionless cohesion

E, dimensionless modulus of elasticity
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UNITS CONVERSION INDEX

This report is written mainly based on the Sl units which uses Newton as the unit for force

measurement and meter as the unit for distance measurement. It is noted that U.S. DOTs arein a

transition period from Imperial unitsto Sl units; however, asNCDOT isstill dealing with Imperial

units; the following table might be useful for the users.

Imperial units Sl units Unit type
linch 254 cm Distance
1foot =12inch 30.48 cm=0.3048 m Distance
1llb 0.454 kg Mass
11b-f 0.454 kg-f = 4.452 N Force
1 psf 47.92 Pa Stress
1ps 6900 Pa~ 7 kPa Stress
1 pcf 16.03 kgf/m® = 157.23 N/m® Unit weight

XV
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1. INTRODUCTION

Although good knowledge and extensive research is avail able regarding general aspects of the
highway embankments such as global stability, construction routine, and settlement, it seemsthere

is still an important need to better understand some special aspects of these structures.

For example, shallow slope failure seems to be a common current mode of failure that needs
to beinvestigated more meticulously. Shallow slopefailure appearsto be related to the appearance
of water in the embankment body, or more accurately in the embankment side slopes. In other

words, shallow or surficial failures are usually induced by heavy rainfall.

Performance of highway embankments is mainly related to two concerns of slope stability,
and deformation. That is, to investigate performance of embankments not only failure possibility,
but also deformation behavior must be examined. Also, each of these concerns must be viewed
from two viewpoints; total stress analysis (TSA), and effective stress analysis (ESA). Under TSA
condition, embankment soil is assumed unsaturated which may represent conditions right after
construction of an embankment. Under ESA condition, it is assumed that embankment soil is
vulnerable to saturation due to the rainfals; thus, this state might be aternatively called rain-
induced condition analysis. ESA condition might not happen at the construction time but is likely

to occur during the service time of an embankment.

However, it seems besides slope stability and immediate deformation, we could mention
another concern which must be addressed in terms of performance of embankments. Thisconcern
seems to be “creep” of the highway embankment. 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. For the purposes of this research, creep might

refer to long-term soil deformation under constant load.

Before an embankment is built, it seems two important questions must be answered; that
embankment will be built with what type of material ? and that how this embankment will be built?

Therefore, embankment material selection criteria and embankment construction specifications
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which are currently executed must be reviewed. This important task is presented in the literature

review chapter.

However, extensive survey of the literature revealed that embankment material selection
criteria and embankment construction specifications may be very different among agenciesin the
U.S. The use of plasticity index (Pl) as material selection criteriafor embankmentsislimited to a
few states, but the possibility of incidence of large undesirable long-term deformations due to use
of material with high Pl should be investigated. As mentioned earlier, this concern may be
addressed using laboratory long-term one-dimensional creep tests under constant loading.

We aso need to investigate any possible relationship between shallow slope failure and
material selection criteria, also between shallow slope failure and construction specifications. For
this purpose, we need to gain good knowledge about case histories of shallow slope failure. This
task is also presented in the literature review chapter.

After literature review, research methodology is explained in chapter three. As mentioned
before performance of embankment should be reviewed using both total stress analysis (TSA)
parameters, and effective stress analysis (ESA) parameters. That is stability and deformation each
need to be investigated in two conditions; TSA and ESA. This aso necessitates that we obtain soil
strength properties at both TSA and ESA conditions. To find TSA soil strength properties a set of
unconsolidated-undrained (UU) triaxial tests has been designed, and to achieve ESA soil strength
properties aset of consolidated-undrained (CU) triaxial tests with pore pressure measurements has

been considered.

TSA might apply to when an embankment has just been constructed (right after embankment
construction); embankment soil is unsaturated, similar to the state of soil specimeninaUU triaxial
test. On the other hand, under the ESA state it is assumed that embankment soil is vulnerable to
saturation due to the rainfalls. This situation is similar to the soil specimen in a CU triaxial test
(after consolidation stage / before shear stage). Results of the laboratory attempt are presented in

chaptersfive, six, and seven.

Chapters eight and nine present slope stability analysis and deformation analysis respectively.
Utilized methods, assumptions, parameters are explained and discussed. Finally, chapter ten
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presents summary and conclusions. A few appendix chapters at the end of report provide detailed

information regarding laboratory tests or analysis tasks.
At the end, objectives of this research study are listed as following:

Improving material selection criteriafor highway embankment,
Survey of the current practices followed by U.S. state DOTS,

Comprehensive laboratory investigation on compacted borrow soils that are
representative of NCDOT current construction practices; to obtain: classification and
index properties, engineering properties, and shear strength properties,

Define acceptable zones for slope stability and deformation considerations in the
moisture content - dry unit weight domain.
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2. LITERATURE REVIEW

An extensive literature review has been carried out to better guide different aspects of this
research project. Theliterature review chapter is subdivided into thefollowing topics: i) U.S. states
requirements for highway embankment material selection and construction, ii) case histories of
road/highway embankment failure, iii) minimum factor of safety for highway embankments, and

iv) settlement of the highway embankment.

21. U.S States Specifications on Highway Embankment Material Selection and
Construction Requirements

In this section a review of the specifications and requirements set by U.S. states regarding
highway embankment material selection and construction is presented. Reviewed components
regarding material selection include material gradation / classification, and Atterberg limits.
Reviewed components regarding construction include any requirements on minimum field dry unit
weight and relative compaction, moisture control, and lift thickness. Material presented in this
section are obtained from Hassani et al. (2017), areport submitted to NCDOT as part of the current

project.

211, Requirementson 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 2.1 shows states imposing
requirements on gradation. It is noted that two U.S. separate states, that is Alaska and Hawaii are

also shown on the map.

All states mention a maximum alowable particle size suitable for the upper layers of
embankment. They usually forbid using particles larger than 4 to 6 inchesin 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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Gradation

»

[ Gradation Not Specified

[ | Gradation Specified
Figure 2.1. States imposing requirements on gradation as material selection criterion (Hassani et a. 2017)

2.1.2. Requirementson 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.

Instead of setting amaximum plasticity index, Delaware has specified amaximum liquid limit
of 40%. Louisiana sets a minimum Pl 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 Table 2.1. 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 Pl shall be limited to alower value. This state is probably one of the strictest states with
Pl = O for material having more than 35.1% passing sieve No. 200. Table 2.1 summarizes
information for U.S. states which use Atterberg limits as embankment material selection criteria.



Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table 2.1. Summary of states specifying Atterberg limits as material selection criteria (Hassani et al. 2017)
Specification

State
Delaware LL of borrow < 40
lowa Pl > 10, for select cohesive soils
Louisiana 11=P=25
Pl <15 for coastal arez;
North Carolina Pl < 25 for piedmont and western area
Ohio LL <65
for soil (fine-grained portion): LL < 65;
Pennsylvania if 41<LL <65 Pl >LL-30
Texas LL <45, Pl <15 for granular material
if 121<P0<35 Pl <6
Washington if 35.1 < Pao, Pl =0
Atterberg Limits
;o

- Atterberg Limits Not Specified
[ ] AtterbergLimits Specified

Figure 2.2. States imposing requirements on Atterberg limits as borrow material selection criteria
(source: Hassani et a. 2017)

Of course, in some specific portions of the embankment, like bridge approaches, or for the
select borrow which isusually of higher quality than common borrow, plasticity index requirement
may be stricter (in this case lower). However, requirements pertaining to the bridge approaches or

to the select borrow are not covered completely in this report.
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2.1.3. Requirementson 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 lbg/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 |bs/ft>.

The mgjority of statesrequire achieving aminimum relative compaction specified with respect
to alaboratory standard compaction test, such as Standard Proctor (AASHTO T 99) or Modified
Proctor (AASHTO T 180). Of course, avast number of states use local standards, which represent
AASHTO standards with alevel of minor modification.

Of al the 50 states reviewed, 33 states somehow state that maximum laboratory dry density
(94mea ) Shall be obtained in accordance with AASHTO T 99, which uses Standard Proctor energy.

23 of these states necessitate reaching exactly the minimum relative compaction of 95%, while
others range from minimum RC of 90% to 102%. AASHTO and FHWA also require compacting

embankments to RC > 95% while g,,,,, Obtained at standard energy level. This fact may justify

the high number of states stickingto 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 factorslike 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
theroller walks out of the surface, or when a specific number of passesisobtained. No information
regarding compaction energy could be found for the two states of Minnesotaand Mississippi. They
have only stated relative compaction level. 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.
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Table 2.2. Summary of compaction energy required by states (Hassani et al. 2017)

Standard Proctor 33
Modified Proctor 8
Standard/Modified Proctor 5
roller controlled 2

2

not mentioned

Compaction Control

[ 1 standard Proctor [ Roller Passes
I odified Proctor [ not Mentioned

I standard/Modified Proctor

Figure 2.3. Compaction energy specifications by state (Hassani et a. 2017)
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2.1.4. Requirementson Moisture 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 placing 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 seems to be related to the same specification set by Federal
and AASHTO standards.

Twenty three (23) states have not specified any to designate moisture content of the
embankment layers. Of course, al of them imply that material moisture content shall bein arange

that minimum field density requirement is achievable.

2.15. Requirementson 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 (127), 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, smooth and whole number, whether
loose or compacted, except New York where 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 2.4. 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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Lift Thickness

Doy

P

B Uit Thickness = 5 [ Lift hickness = 127 [ Other

(loose state)

Figure 2.4. Variation of lift thickness specifications by state (Hassani et a. 2017)
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2.2. CaseHistoriesof Road/Highway Embankment Failure

Since providing support for a pavement system above natural ground is the function of a
highway embankment, an embankment has failed when it causes unrest or damage to the roadway .
Level of failure could be different; as in the case of dlides resulting from instability of the
embankment or the underlying foundation materials the failure may be spectacular and
catastrophic. However, the subtle failure has been seen more predominantly. Creep and/or
consolidation of the embankment or the underlying foundation materials may produce failure by
the gradual development of excessive differential settlements of the pavement surface, causing
rutting, dips, or cracks. Hence, highway embankment performance is tied to the stability and the
deformation of both the embankment and the underlying foundation materials (NCHRP 1971).

However, the main purpose of this section is to present a summary of case histories of
embankment failure in which the failure surface involves only the embankment. According to
Khan et a. (2015) shallow failure is a major issue for embankment slopes constructed with high
plastic clayey soils. Asit will be indicated in the following subsections, the depth of the shallow
slope failures varies with soil type and slope geometry, but generally ranges between 0.9 and 2 m
(3-7 ft) (Loehr et a. 2007; Briaud 2013).

Case histories of embankment failure are presented in the following sections. We first present
embankment failures occurred in North Carolina, and then we present failures reported in other
places. At the end of this section a table summarizing most important facts about case historiesis

presented.

2.2.1. 1-540 at Davis Drive, North Carolina

Figure 2.5 shows an example of longitudina cracking caused due to strength loss after
wetting-drying cycles, on NC 1-540 at Davis Drive. According to the local reports, this crack is
caused by presence of moisture and “collapse” of embankment soil happening after cycles of
wetting and drying. Site soil is attributed to be similar to the Soil 2 Lee of the current project, a
highly plastic silt with LL=58 and Pl= 21.

11
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Figure 2.5. Logitudinal cracking caused by strength loss after wetting-drying cycles, NC |-540 @ Davis Drive
(source: “ Geotextile for Pavement Stabilization” presentation by NCDOT office)

222 Haywood County, North Carolina

In August of 2006 debris flow initiated as embankment failure on a development road at
elevation 4580 ft near the northwest-facing slopes of Eaglenest Ridge in Haywood County, North
Carolina. The mountain track is 90 ft wide at its widest point. If there was a house at the location
where the debrisis deposited, it would be destroyed. According to the North Carolina Geological
Survey (NCGS) staff members, 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 by North Carolina Geological
Survey (2006), 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 (North Carolina Geological Survey 2006). Some tension

cracks are shown in Figure 2.6.

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

12



Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

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

embankments.

But NCGS geologic and geotechnical expertise 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 (North Carolina Geological Survey 2006).

A A ( ’ » ,' ' 74 5 L - o<t N N ) A
Figure 2.6. View of cracks in embankment, Haywood County, North Carolina
(source: North Carolina Geological Survey 2006)

2.2.3. Great Smoky M ountains National Park

Some other cases of graphitic-sulfidic problematic bedrocks in North Carolina are worth
mentioning (North Carolina Geological Survey 2006). In August 2006 a rockslide occurred in a
similar graphitic-sulfidic rock type that caused the Blue Ridge Parkway to close. In May 2003
Swain County had heavy rains followed by six damaging debris flows, of which five originated in
embankments that contained sulfidic rock.

13
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In December 1990, the chlorinator building for the Bryson City municipal water system was
destroyed dueto adebrisflow that originated in aroad embankment underlain by graphitic-sulfidic
rock (North Carolina Geological Survey 2006).

Acidic runoff from sulfidic bedrock can decrease the natural pH of stream waters and cause
fatality to aguatic life. This happened in 1963 during reconstruction of U.S. Highway 441 near
Newfound Gap in the Great Smoky Mountains National Park (North Carolina Geological Survey
2006).

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 theroad, asFigure 2.7 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 road bed and the less compacted soil of the shoulder.

14
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2.24. Maryland Study by Aydilek and Ramanathan

Aydilek and Ramanathan (2013) studies 48 slope failures in highway embankments. They
state that most of the failures occur in embankments made of highly plastic soils, but coarser
embankment material like gravel or sand are also susceptible to failure. They also reported that, in
Maryland which was their study area, 46% of the failures along highway slopes occurred on slope
angles between 20° (2.7H:1V) and 30° (1.7H:1V). Regarding elevation of the failed slopes it is
noted that six (6) were shorter than 10m, eleven (11) were between 10m-30m, 27 had elevations
between 30m to 90m, and four (4) were higher than 90m. They further noted that among 48 slope
failures in highway embankments, 90% were surficial erosion failures, and 80% occurred during

or after rainfall.

2.2.5. Embankment Failures During the Historic October 2015 Flood In South Carolina

From October 2-5 in 2015, Hurricane Joaquin resulted in extensive rainfall of more than 50
cm in most parts of the midlands of South Carolina, which was more than 1000-year design
rainfall. The flooding resulted in more than 40 embankment failures across the state and caused 19
fatalities (Tabrizi et a. 2017). One of the failed embankments is the Lake Elizabeth Dam located
in Richland county, a lake with its spillway gates located along the Wilson roadway in Columbia.
The failure of this dam was reported on October 6, 2015, which matches with local reports stating
that the failure of the road embankment happened 1.5 day after therainfall. Figure 2.8 shows Lake
Elizabeth Dam before failure, right after failure and long time after failure.

For this dam, the height of crest overtopping is reported equal to 1 m; thisvalueisin fact the
difference between maximum head above breach invert and breach depth (Tabrizi et al. 2017). For
this case as a roadway embankment, it seems this number means at the time of failure the height
of water on top of pavement was 1 m. Field investigation and sampling classified the lake soil as

SC (clayey sand) with 70.9% of sand and 24% of fine particles (silt and clay).

However, the author interpretation is that because of the fact that failure happened 1.5 day
after the rainfall, the roll of water penetrating beneath/through the embankment body cannot be
overemphasized. Having enough time, embankment soil becomes saturated and startsto lose shear

strength. The latera force of the large volume of water was also helping to push water through

15
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upper levels of the embankment. Eventually, the embankment soil and its foundation that have lost

strength initiate failure and this also helps to break the pavement system.

o

" (b) [photo crediit: Tabrizi et al. (2017)]
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"

" (©) [photo credit: Mehrdad Hassani]
Figure 2.8. Lake Elizabeth Dam, (a) before flooding failure, (b) shortly after failure, (c) long time after failure on
March 2018

17
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2.2.6. U.S. Highway 287, Texas

According to Khan et al. (2015), in September 2010 surficial movements and a cracked
shoulder due to rainfall were observed on the southbound slope of U.S. Highway 287 in Texas.
Figure 2.9 shows an illustration of the cracked shoulder. They constructed three recycled plastic
pin (RPP) reinforced sections as long as 15.25 m (50 ft) and left two sections unreinforced as
control sections. The studied slope consisted of 3H:1V fill slope with a height of 9.15 m (30 ft).
Thelocal Eagle Ford formation iscomposed 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.

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.

However, 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 for first-time sidesin
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.

18
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Figure 2.9. Surficial movement and cracked shoulder dueto ai nfall on U.S. Highway 287, Texas
[photo credit: Khan et al. 2015]

2.2.7. I-70 Emma Field, Missouri

Thel70-Emmafieldislocated on U.S. Interstate 70 approximately 65 mileswest of Columbia,
Missouri. The slopeis an approximately 6.8 m (22 ft) high embankment with 2.5H:1V side slopes.
The soil is composed of mixed lean and fat clays with scattered cobbles and construction rubble.
Prior to being selected for a reinforcement RPP project, the embankment had experienced
recurring surficial dlides in four areas of the embankment denoted as S1, S2, S3, and $4, as
depicted in Figure 2.10. Depth of sliding masses was ranging from approximately 0.9 m (3 ft) to
1.5m (5ft). Inthe back analysis processit was assumed that soil would have anegligible cohesion
intercept in the long-term. This case history is reported by Parra et al. (2003).

Slide areas S3 and $4 were left unreinforced as control sections. During spring of 2001, the
site experienced higher than normal rainfall. Both control slides (S3 and S4) failed in late Spring
of 2001 around the time when only small movements were observed in the stabilized sections. The

continuously screened piezometers and tensiometers also indicated that increased pore water
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pressures were observed during Spring 2001, that is when control slide failed. The observed

movements from instrumented equipment correspond closely with the rainfall pattern at the site.

On Ramp

— Toe of Slope

1-70 @ VVIY
Emma, Mo.
Saline County
District 2

1
\,  Toe of Slope
\_ p i

 Access

Figure 2.10. Plan view of 170-Emmafield recurring surficial failures (from Parra et al. 2003)

2.28. [-435 Kansas City Field, Missouri

The 1435-Kansas City site also reported by Parra et al. (2003) is located at the intersection of
Interstate 435 and Wornall Road in southern Kansas City, Missouri near the Missouri-Kansas
border. 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 of lean to fat clay with soft to medium consistency, overlying a stiffer
compacted clay shale. The embankment is approximately 9.6 m (31.5 ft) high with side slopes of
2.2H:1V. The embankment had experienced at least two surficial dlides along the interface
between the upper clay and the lower compacted shale prior to being selected for a stabilization
project. 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 neighborhood beautification project.

The maximum moments of the instrumented 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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1435-Kansas city study site has been review also by Loehr et a. (2007) and embankment has
been characterized as follows. embankment with lean, soft to medium clay (CL) over stiff to very
stiff clay shale (CH) fill.

2.2.9. US-36 Stewartsville, Missouri

The lopeislocated over the US36-Stewartsville and is approximately 8.8 m (29 ft) high with
aninclination of 2.2H:1V. According to Loehr et al. (2007) this site is an excavated slope with soft
to stiff lean clay (CL) over tiff to very tiff fat clay (CH). As a common phenomenon for all
reinforced slopes of this type, it was observed that as precipitation increased, both lateral

displacement and mobilized bending moment of reinforcing membersincreased in early 2004.

2.2.10. Summary of Embankment Failure Case Histories

In this section, aforementioned failures are depicted on the map of Atterberg limits
requirements and compaction requirements respectively. It is noted that these maps were

introduced in the section that reviews specifications on highway embankment.

In fact, we are trying to find any possible relationship between failures and imposed
requirements by the states. It seems reviewing this information does not lets 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 of 66% (33 out of 50) 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.
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Atterberg Limits

N

B Atterberg Limits Not Specified * Shallow Slope Failure
[ | AtterbergLimits Specified

Figure 2.11. Failure cases on the map of Atterberg limits requirements

Compaction Control

[ ] standard Proctor [ Roller Passes
I Modified Proctor [77] not Mentioned

[ standard/Maodified Practar &  Shallow Slope Failure

Figure 2.12. Failure cases on the map of compaction requirements

At the end of this section atable summarizing most important and paramount facts about case
historiesis presented. Figure 2.13 and Figure 2.14 also show distribution of shallow slope failures
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presented in the summary table with respect to embankment height (feet), and embankment side
slope (degrees) respectively. In these figures embankment height isin feet and embankment side
slopeisin degrees. It can be seen that big portion of failures have occurred in embankments higher
than 35 ft.

N/OA <25ft
6% 2%

25ftto 35 ft
16%

Figure 2.13. Shallow slope failure distribution with embankment height (feet)

30to 40 N/A
2% 6%

10to 20
29%

Figure 2.14. Shallow dope failure distribution with embankment side slope (degrees)
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Table 2.3. Summary of case histories

soil description

field compaction requirement

i failure descripti
case history : H S (slope) (material) (construction) alure description
similar to the Soil 2 Lee P :
' longitudinal cracking caused due to strength loss after
[-540 at Davis Drive, NC 1 N/A N/A ahighly plastic silt with RC > 95%, Standard Proctor g g Ay g
' LL=58 and Pl= 21 wetting-drying cycles
most common type of road embankment failure seen in
Embankment failures Wgstern North Caroling; N
from the shoulder of 1 N/A N/A silty and clayey soil RC > 95%, Standard Proctor shallow slope failures; poor compaction near utility
roadway, NC buri_ed outside shqul ders;
triggered by rainfall
most of the failures occur in embankments made of
highly plastic soils;
. I referto  referto - 46% of the failures on steep slope angles between 20°
Maryland investigation 43 text text N/A RC > 92%, Modifies Proctor (2.7H:1V) and 30° (L.7H:1V):
90% surficial erosion failures;
80% occurred during or after rainfall
| d with 24% 1.5 day after the historic rainfall;
Lake Elizabeth Dam, SC 1 N/A N/A clayey &a}p wi 0 RC > 95%, Standard Proctor embankment soil and foundation and pavement were
ine washed away
high-olastic dl | instrumented equipment started moving after arainfall;
: gH p LLIE 28%? S%' wetting and drying cycles may have caused the top soil
. 1 915m ..\, ( )'_ S ﬁn RC > 98%* Standard Pr to soften, resulting in the movement of the Slope and
U.S. Highway 287, Texas (30 ft) - PL=25-51; wit 2 98%*, Stancard Proctor causing shoulder cracks;
shrink/swell cohesion of soil almost disappears in the fully softened
characteristics Sate
: depth of surficial dideswas ranging from 0.9 m (3 ft) to
I fat cl .
I-70 Emmafield, L BBM iy withsetaed cbnlchond RG> 95% Standerd Proctor o LM .
Missouri (22 ft) - _ bb = 9970, control sections failed after higher than normal rainfall;
construction rubble increased pore water pressures at time of failure
ity field 9.6m lean, soft to medium clay ~ maximum bending moments of instrumented
1-435 Kansas city field, 1 (3-1 f 2.2H:1V (CL) over stiff to very RC > 95%, Standard Proctor  reinforcing membersincreased during a period of above
Missouri stiff clay shale (CH) averagerainfall;
. 88m soft to stiff lean clay (CL) as precj pitation inpreased, both Iate_ral di§pl acement and
US-36 Stewartsville, 1 ooty 22HAV  oversifftovery siiff fa  RC>95%, Standard Proctor  mobilized bending moment of reinforcing members
Missouri ( t) clay (CH) increased

Table Note: n: number of failures, * Also depends on the range of soil PI
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2.3. Minimum Factor of Safety for Highway Embankments

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 project FS=1.3 is selected as the minimum FSfor both
TSA and ESA conditions.

24.  Settlement of the Highway Embankment

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; 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) statesthat 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 aroadway, 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 along period of time, it provides the possibility of repair of any pavement distress
caused by embankment settlement. The repair could a so happen when the pavement is resurfaced.
Although rigid pavements have performed well after 0.3to 0.6 m (1 to 2 ft) of uniform settlement,
flexible pavements are usualy 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 a. 2004).

Virginia manual of instructions states that total vertical settlement of embankment fill and
underlying native soil shall be lessthan 2 inches over theinitial 20-years, and less than 1 inch over
the initial 20-yearswithin 100 ft of bridge abutments (VirginiaDOT 2014).
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North CarolinaDOT (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

isthe main cause of rutting”. It also reports rutting 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 alittle 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.

When approach slabs are not used, many scholars [Zaman et al. 1994; Stark et a. 1995; Long
et al. 1998] suggest the allowable differential settlements at the embankment-structure interfaceto
be between 12 and 75mm (0.5 - 3in.).

Samtani and Nowatzki (2006b) reports 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 2.4. It is noted
that the value of oneinch (1 in.) is selected as the allowable nonuniform settlement for highway

embankments in this research project.
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Table 2.4. Summary of the literature review on allowabl e settlement for highway embankments

Reported/Allowable

Reference settlement Description
alowable uniform settlements, but not next to a pile-supported
0.3t00.6 m (1to2ft) structure
NCHRP (1975)
150 mm (6in) in this case flexible pavement is selected by some U.S. states
0'1'0'2? cgag in3to range of secondary compression as a source of embk settlement;
NAVFAC (1986a) 03.0 60/yof Hin 15 significant only in high embankments;
~97U070 larger values in each range belong to fine-grained plastic soils
to 20 years
total vertical settlement;
50 mm (2 in) embankment fill and underlying native soil;
over theinitial 20 years
VirginiaDOT (2014) total vertical settlement;
_ embankment fill and underlying native soil;
25mm (1in) over theinitial 20 years;
within 100 ft of bridge abutments
in acontrol section;
3.8% of H total vertical settlement;

indicated failure;

Khan et a. (2015)
0.5-1.4% of H

in reinforced sections;
total vertical settlement;
indicated good performance;

allowing to forecast a good performance in future;

0.1%of H within 22 months after construction
Soriano (2013) some recommended side slopes;
0.5-1.0%of H during the first 5-10 years of operation
North Carolina DOT (2012) * 25 mm (Lin) considered severe rut in the pavement
NCHRP (1990) * 13 mm (0.5 inch) differential settlement for highway bridge approaches

1995; Long et al. 1998 *

at embankment-structure interface;
when approach slabs are not used

* Some of the cases mentioned in the table are not directly related to allowable settlement for highway

embankments, but they can be eye-opener in thisregard

27



Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

25. Summary and Conclusion

At the end of literature review chapter, important facts that we learn from literature about
highway embankments, as well as found gaps are presented. In fact, the current research project

triesto cast light on some of these gaps.

Embankment material selection criteriaand embankment construction specifications may
vary considerably from state to state in the U.S.

The use of Pl asmaterial selection criteriafor embankmentsislimited to afew states, but
the possibility of unwanted long-term deformations should be investigated when material
with Pl greater than 10 is used.

Conventional field compaction acceptance criteria based on RC does not provide any
information relating to embankment slope stability and/or embankment allowable
settlement.

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.

Reviewing case history failures which are recently dominated by shallow failure, does
not lets us make any strong conclusion. In fact, most of the failures happenin fieldswhere
use Standard Proctor energy as field quality control, but since high percentage of U.S.
states use standard energy, we cannot necessarily attribute shallow failures to the
locations where use Standard Proctor.

Behavior of the instrumented reinforcing members show that failures occur after heavy
rainfalls and recorded movements also increase after heavy rainfalls.

Wetting and drying cycles may cause the top layers of soil to soften, crack and finally
loose strength and fail.

Geotechnical literature is very sparse in terms of allowable settlement for the highway
embankments.
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3. RESEARCH METHODOLOGY
3.1. General Research Methodology / Work Plan Used in the Project

As stated earlier, performance of embankments is mainly tied to two concerns; stability and
deformation. It was also mentioned that embankment performance should be examined for both

TSA parameters and ESA parameters.

General research methodology used in this project consists of the ideathat we will be striving
to find out regions on the moisture content-dry unit weight domain which meet criterion for
minimum factor of safety against diding as well as criterion for alowable deformation of
embankment. In other words, behavior of soil samples al over the moisture content-dry unit
weight domain should be scrutinized. Figure 3.1 schematicaly illustrates genera research
methodology used in the project. This figure which is on the moisture content-dry unit weight
domain, shows an acceptance zone based on slope stability analysis, an acceptance zone based on
deformation analysis, and an overall acceptance zone. Shown in this figure is also the zero void
air curve or saturation line, which represents location of saturated soil samples. This curve also

serves as alimiting border on the moisture content-dry unit weight domain.

19.0 ~
acceptance zone based on N A
deformation analysis — ] N
185 N
AN
N
~ S
"’= 18.0 N Overal Acceptance Zone
; v S N (overlap)
) AN
N
‘_; 17.5 A N
b N
- AN
E 17.0 Ydmax N\
N
B0 e RS
NS,
B | S "’e,,
'E 16.5 * I 3 \o"/c
=] | \e%;,
B [ ~Y
= 16.0 I N
/ Standard Proctor acceptance zone based on N
Compaction Energy=600 i stability analysis 3
KN.m/m? |
15.5 |
I W,
15.0 — _—
8 10 12 14 16 18 20 22 24 26

Water Content, w (%)
Figure 3.1. Schematic general research methodology used in the project
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To reach this goal, soil samples having different moisture contents were prepared, then they
were compacted at Standard Proctor or Modified Proctor energy levels, following the ASTM
related standards. For more meticulous investigation of the engineering properties, it was decided
to include an intermediate compactive energy level as well. Covering both wet-of-optimum and
dry-of-optimum sides of each compaction curve needs minimum of five data points. Knowing that
there are three energy levels, this method needs minimum of fifteen data points, making this
method more or less known as 15-points method in the sparseliterature. It is noted that this concept
isin fact only applicable for TSA, and not for the ESA. This fact will be explained more later in
this section. The concept of having enough data points around optimum moisture content (OMC)

at each compacting energy is schematically illustrated in Figure 3.2.

As stated earlier, performance of embankments could be attributed to two concerns; stability
and deformation. In fact, factor of safety against instability, and deformation characteristics of
embankments built with soil samples/data points shown in Figure 3.2 must be investigated.

m  modified energy
N A intermediate energy
N X standard energy
\,}% = = = 7ZVA curve
N7

Modified Proctor
18.5 - CompactionEnergy=2700
KN.m/m?

Intermediate Energy
i Compaction Energy=1500
16.5 KN.m/m3

=
o
o

Standard Proctor

Dry Unit Weight, v, (KN/m?)
5

Compaction Energy=600
KN.m/m3

15.0 T T T T T T T T T T T T T T T T -
6 8 10 12 14 16 18 20 22 24

Water Content, w (%)

Figure 3.2. Schematic illustration of 15-points method; having enough data points around OMC at each compacting
energy level

On the other hand, considered embankments must be such that they represent geometries
commonly found in the field. Based on the information obtained from literature review and
common state of practice currently used in the field, it was decided to consider embankment

sections listed in Table 3.1. Table 3.1 lists different cases of embankment side slope angle and
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embankment height which have been considered in this project. Four sideslopesof 1H:1V, 2H:1V,
3H:1V, and 4H:1V in combination with four heights of 10ft, 20ft, 30ft, and 40ft lead to 16
embankment sections/geometries in total. Obviously, embankment sections considered for both
slope stability analysis and deformation analysis will be the same.

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

Slope Slope angle (deg) Height (ft./m)
1H:1V 45 10/ 3.00
2H:1V 27 20/6.10
3H:1V 18 30/9.10
4H:1vV 14 40/ 12.20

Figure 3.3 illustrates some of the numerous geometries that will be considered for the slope
stability and deformation analyses in the project. In all of these sections embankment height is
equal to 40 ft but the side slope is varying. Shown in this figure is also uniformly distributed
external load which will be explained later in this chapter.
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Figure 3.3. Typical embankment geometries for embankment with height = 40 ft (12.2 m)
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To present even amore lucid understanding of the used research methodology, it is noted that
for each test soil, strength properties of data points on Figure 3.2 are attributed to embankment
sections of the type shown in Figure 3.3. In fact for the ESA, where saturated samples are
encountered, strength properties of data points located on the zero void air curve (saturation line)
will be attributed to the embankment sections. Then slope stability analysis and deformation

anaysiswill be performed.

However, it is also noted that performance of the highway embankments could be looked at
from two different viewpoints, TSA and ESA. For the TSA state, embankment soil is assumed
unsaturated both on the surface and deep into the embankment; this state may be representative of
situations right after construction of the embankment. On the other hand, for the ESA state it is
assumed that embankment soil is vulnerable to saturation due to the rainfalls. This situation might
happen even locally.

As mentioned before, knowledge on the strength properties of utilized material is also
essential in thisresearch. Soil strength parameters will be obtained by means of |aboratory triaxial

tests. Methodology to obtain soil strength parameters will be explained in the next section.

The existence of two viewpoints also necessitates that we obtain soil strength properties for
both TSA and ESA conditions. Tofind total stress soil strength properties, aset of unconsolidated-
undrained triaxial tests has been designed, and to achieve effective stress soil strength properties,
a set of consolidated-undrained triaxial tests with pore pressure measurements has been

considered.

In fact, 15-points method is only applicable for TSA, and not for the ESA. Obvioudly, for the
ESA we only encounter soil samples which are saturated and hence located on the zero void air
curve. This is why the research procedure is dightly different for ESA (with CU triaxia
parameters) than that of for TSA (UU triaxial parameters). As mentioned, for the ESA strength
properties of data points located on the zero void air curve (saturation line) will be attributed to

the embankment sections.

Figure 3.4 is provided to help understanding the governing research methodology / research

flow in the project.
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Figure 3.4. Schematic governing research methodology / research flowchart in the project

It is also noted that the scope will consider only failures and settlements related to compacted

embankment and not due to poor foundation soil conditions. In other words, embankment

foundation is assumed to be decent and impeccable.




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

3.2. Obtaining Strength Parameters

To obtain total stress and effective stress strength parameters of the soil, it is decided to use
UU triaxial test and CU triaxial test respectively. Laboratory UU triaxia testsand CU triaxial tests

will help us achieve strength parameters such as friction angle, cohesion and elasticity modulus.

Friction angle and cohesion terms might be known as soon as Mohr-Coulomb failure envelop
of the soil material is known. Obviously, for one to be able to draw the failure line, more than one
triaxial test and the minimum of three is required. This necessitates creating minimum of three

identical soil specimens for each particular point located on the moisture content-dry unit weight
domain. Confining cell pressures (Sc), or effective confining cell pressures (Sg) inthe case of CU

triaxial tests, will differ in the three consecutive tests and could be as 25kPa, 50 kPa and 100 kPa
respectively. Figure 3.5 illustrates different steps needed to obtain three samples and to perform a
triaxial test.
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(b) UU triaxial test (c) broken sample after the test
Figure 3.5. Illustration of different steps needed to perform atriaxial test

It is expected that the shear strength envelop would exhibit linear behavior over the range of
confining cell pressures that will be used for the laboratory UU and CU triaxial tests. It is noted

that shear strength envelop is the tangent line over the Mohr Circles which are drawn in shear
stress (; ) versus normal stress (S,,) space. However, using the well-known method proposed by
Duncan et al. (1980), we can get the strength parameters more easily by having the failure points

on p-q space rather than S ,-; space, and by using the following set of equations. The concept is
alsoillustrated in Figure 3.6, and equations are listed in equation (3-1).
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Figure 3.6. Method to get strength parameters from failure line in p-q space (from Chen 2010)

S, +S S, -S
p, :%,qf :%,f =sin !(tana), c = d/cosa (3-1)

where S 3¢ isminor principal stressat failure, S ¢ ismajor principal stressat failure, and a and

d are respectively slope and intercept of the failure line in p-q space.
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3.3. Obtaining Elasticity Modulusfor Defor mation Consider ations

Elasticity modulus of the soil is a parameter that is required for deformation analysis.

Elasticity modulus can be obtained from laboratory triaxial tests. Figure 3.7 shows atypical stress-

strain curve from atriaxial compression test. According to Das (2008) different elasticity moduli

might be defined as follows.

Initial tangent modulus, Ei
Tangent modulus at a given stress level, E:

Secant modulus at a given stress level, Es

According to Das (2008), in ordinary geotechnical problems when the modulus of elasticity

for agiven soil isquoted, it is meant to be the secant modulus from zero to about half the maximum

deviator stresswhich is denoted by Eso. It is common in geotechnical literature to infer stiffness of

soil specimens from measurements of the secant modulus Eso (Chen 2010; Wiebe et al. 1998).

Hence, in this project Eso has been used for deformation calculations in both TSA and ESA.
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Figure 3.7. Schematic definition of different soil moduli from triaxial test results (modified from Das 2008)
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34. Embankment Loading

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 serioudly affect embankments except for the upper few feet.

Same document reports that heavy loadsimposed by hauling and paving equipment which are
used only during embankment construction might create major problems in some cases. Wheel
loads from this equipment may produce high stresses in the compacted soil, even higher than the
stresses anticipated from traffic loads after the road is in service condition. In many states,
examples of stability failures caused by heavy construction equipment in compacted embankments
that had already met compaction requirements can be reported. Almost al of the cited problems
have been occurred in silty materials which are extremely sensitive to moisture and density

conditions.

NCHRP (2004) which deals with geofoam applications in highway embankments has used a
uniform surcharge equal to 21.5 kPa (450 1b/ft?) to model pavement system. To model traffic
surcharge, it has also taken values from ASSHTO (2002) which is Standard Specifications for
Highway Bridges. Based on the ASSHTO recommendation of using 0.67 m (2 ft) of an 18.9 kN/m®
(120 Ib/ft3) soil layer at the top of embankment to represent traffic load, traffic surcharge is 12.6
kPa (263 Ib-ft?). Therefore, the total surcharge representing pavement and traffic is 21.5 kPa plus
12.6 kPa or 34.1 kPa, which is rounded up to 35 kPa (730 Ib/ft?). This value will be applied as a
uniformly distributed load on top of the embankment.
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4. INDEX TESTSRESULTSOF TEST SOIL SAMPLES

This report revolves around the five NC piedmont soil samples. Figure 4.1 shows location of
five piedmont soil samples received from NCDOT. To perform classification of the received soil
samples ASTM standard have been followed. Gradation curves of the five piedmont soil samples

are shown in Figure 4.2. Table 4.1 also lists classification information of these soil samples.
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Figure 4.1. Location of piedmont soil samples received from NCDOT
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Figure 4.2. Gradation curves of piedmont soil samples received from NCDOT
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Table 4.1. Index properties of test soil samples

Soil ID Classification Gradation Atterberg Limits (%) e
USCS AASHTO | %G %S %Fine Dso(um) Dio(um)  Cu Cc LL PL PI
Sail 1 - Forsyth SM A-4(0) 5.9 56.3 37.8 148.7 12 189.3 51 30 28 2 2.75
Soil 2 - Lee MH  A-7-6(28) 0.0 1.7 98.3 35 0.2 33.6 05 58 37 21 2.80
Soil 3 - Randolph ML A-4(1) 0.6 13.9 85.5 19.7 24 125 1.1 32 35 NP* 271
Soil 4 - Rowan ML A-5(7) 10 23.2 75.8 20.7 3.8 7.6 12 48 42 6 2.74
Soil 5 - Mecklenburg ML A-5 (5) 16 28.8 69.6 24.0 2.4 16.9 1.4 42 37 5 2.80

* NP= nonplastic

Table 4.1 guide:
%G percent of gravel
%S percent of sand
%Fine percent of fines (passing sieve number 200)
um micrometer
Ccu coefficient of uniformity
cc coefficient of curvature
GS specific gravity
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5. COMPACTION TESTSRESULTSOF TEST SOIL SAMPLES

In this chapter, compaction curves of the received soil samples are presented. For each soil,
compaction tests have been carried out at three energy levels, namely Standard Proctor,
Intermediate Proctor and Modified Proctor, following ASTM associated standards. Intermediate
energy level is considered to better monitor compaction behavior of the soil samples. In addition
to the compaction curve, for each soil a table is also presented which lists compaction curve

specifications, namely compaction energy, optimum water content, and maximum dry unit weight.

Moreover, for ease of use of NCDOT engineers, at the end of each section compaction curves

are represented in Imperial units (Ib & ft) aswell.

5.1. Compaction Curvesfor Soil 1 Forsyth
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Figure 5.1. Compaction curves for Soil 1 Forsyth at three energy levels
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Table 5.1. Summary of compaction test results for Soil 1 Forsyth

Compaction Optimum Water Maximum Dry
Test Series Energy Content Unit Weight
KN-m/m? % KN/m?3
Modified Proctor 2700 12 18.7
Intermediate Energy 1500 14 17.8
Standard Proctor 600 16 16.9

Interestingly enough, in case of Soil 1 Forsyth optimum point at all energy levelsis located

relatively exactly on the 75% saturation curve.
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Figure 5.2. Compaction curvesin Imperial unitsfor Soil 1 Forsyth at three energy levels
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5.2. Compaction Curvesfor Soil 2 Lee
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Figure 5.3. Compaction curves for Soil 2 Lee at three energy levels
Table 5.2. Summary of compaction test results for Soil 2 Lee
Compaction Optimum Water Maximum Dry
. Unit Weight
Test Series Energy Content g
K N-m/m3 % KN/m?
Modified Proctor 2700 16 17.7
Intermediate Energy 1500 18 16.7
Standard Proctor 600 20 155

It is noted that for Soil 2 Lee, optimum points fall within 70% to 80% of saturation.
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Figure 5.4. Compaction curvesin Imperial unitsfor Soil 2 Lee at three energy levels

5.3. Compaction Curvesfor Soil 3 Randolph
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Figure 5.5. Compaction curves for Soil 3 Randolph at three energy levels
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Table 5.3. Summary of compaction test results for Soil 3 Randolph

Compaction Optimum Water Maximum Dry
Test Series Energy Content Unit Weight
KN-m/m? % KN/m?3
Modified Proctor 2700 15 16.8
Intermediate Energy 1500 16 16.0
Standard Proctor 600 20 15.2

For Soil 3 Randolph, all of the optimum points fall between 60% and 80% of saturation while

70% saturation seems to be a rough number for the exact position of optimum points.
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Figure 5.6. Compaction curvesin Imperial units for Soil 3 Randolph at three energy levels
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5.4. Compaction Curvesfor Soil 4 Rowan
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Figure 5.7. Compaction curves for soil 4 Rowan at three energy levels

Table 5.4. Summary of compaction test results for Soil 4 Rowan

Compaction Optimum Water Maximum Dry
Test Series Energy Content Unit Weight
KN-m/m? % KN/m3
Modified Proctor 2700 18 151
Intermediate Energy 1500 23 141
Standard Proctor 600 25 12.7

For Soil 4 Rowan, optimum pointsfall between 60% and 70% of saturation. For soil 4 Rowan,

values of dry unit weight are relatively lower than other soil samples.
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Figure 5.8. Compaction curves in Imperial units for soil 4 Rowan at three energy levels

5.5. Compaction Curvesfor Soil 5 Mecklenburg
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Table 5.5. Summary of compaction test results for Soil 5 Mecklenburg

Compaction Optimum Water Maximum Dry
Test Series Energy Content Unit Weight
KN-m/m? % KN/m?3
Modified Proctor 2700 14 17.2
Intermediate Energy 1500 16 16.5
Standard Proctor 600 19 15.2

For Soil 5 Mecklenburg, compaction curvesindicate that optimum pointstend to be very close

to the 65% saturation state, meaning that optimum points may be located very easily within the

range of 60% and 70%.
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Figure 5.10. Compaction curvesin Imperial units for Soil 5 Mecklenburg at three energy levels
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5.6. Analysisof Results

Table 5.6 summarizes the location of optimum points of different utilized soils with respect
to saturation level. It can be generally claimed that, location of the optimum points may be
narrowed to the range between 60% to 80% of saturation.

Table 5.6. Location of optimum points of different utilized soils

soil sample USCS classification location of optimum point
Soil 1 Forsyth SM roughly on 75% saturation curve
Soil 2 Lee MH within 70% to 80% of saturation
Soil 3 Randolph ML roughly on 70% saturation curve
Soil 4 Rowan ML within 60% and 70% of saturation
Soil 5 Mecklenburg ML roughly on 65% saturation curve

Considering maximum dry unit weight (Gym ) Versus optimum moisture content (OMC) for

all soil samplesleadsto abasic relatively accurate linear regression as shown in Figure 5.11. This

regression is the most basic regression that could be developed and is restated in Equation (5-1).

In the second step which seems more rigorous, compaction energy may be entered in
regression analysis, making it more complicated but hopefully more accurate. However, this
regression is called multivariable linear regression analysis. Result of this regression is presented
in Equation (5-2). However, including compaction energy increases coefficient of determination
from R?= 0.8905 to R?>= 0.8916. Further investigations also showed that Equation (5-2) with
compaction energy, results in slightly better forecast compared to Equation (5-1). Error of using
Equation (5-2) isclose to 0.9 kN/m? in worst case.
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Data for all soil samples
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Figure 5.11. Maximum dry unit weight vs OMC for all soil samples

- _ *
Ogmax = 23.4304- 0.4174*OMC (5-1)

where Gym ismaximum dry unit weight in kN/m?, OMC is optimum moisture content in percent.

Coefficient of determination for this equation is R>= 0.8905.
Oamax = 23.7874 - 0.4271*OMC - 0.0000698* E (5-2)

where E represents compaction energy and has the unit of kN.m/m?, and rest of parameters are as
before. Coefficient of determination for this equation is R?= 0.8916. it is noted that these two | atter
equations may be attributed to the silty soils.
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6. UNCONSOLIDATED-UNDRAINED TRIAXIAL TESTSRESULTSOF TEST
SOIL SAMPLES

In this chapter information rel ated to unconsolidated-undrained triaxial testing program of this
project is presented. As mentioned in section 3.2 (Obtaining Strength Parameters), for each point

on moisture content - dry unit weight domain three specimens were prepared and three UU triaxial

tests were performed at confining cell pressures () of 25 kPa, 50 kPa and 100 kPa respectively.

Rate of the axial strain was equal to 1%/minute for all UU tests. Failure criterion of maximum
deviator stress or limiting axial strain of 15%, whichever occurred first was utilized. Then failure
points on p-q space were plotted to help obtaining failure line and thereof friction angle and

cohesion parameters.

Itisnoted that during this project, quarterly progress reports have been continuously submitted
which include enough information regarding failure lines. Thus for briefness, failure lines are

omitted in the current report.

For each soil sample, three plots are presented; values of total stress friction angle ¢ in
degrees, values of total stresscohesion ¢ =~ (kPa), and values of elasticity modulus g, (MPa).

The elasticity modulus which is represented in this chapter belongsto the UU triaxial tests having

median confining cell pressure, that is confining pressure equal to s . =50kPa.
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6.1. Soil 1 Forsyth UU Triaxial Results- Engineering Properties

Engineering properties obtained from UU triaxial tests carried out on Soil 1 Forsyth are

presented graphically in this section. Figure 6.1 shows total stressfriction angle, Figure 6.2 depicts

total stress cohesion, and Figure 6.3 illustrates modulus of elasticity for this soil. As mentioned

earlier, the easticity moduli belong to the UU triaxia tests with confining pressure equal to

S . =50kPa.
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values of C obtained from triaxial UU tests - Soil 1 Forsyth
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6.2. Soil 2 LeeUU Triaxial Results- Engineering Properties
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Engineering properties obtained from UU triaxial tests carried out on Soil 2 Lee are presented

graphically in this section. Figure 6.4 shows total stress friction angle, Figure 6.5 depicts total

stress cohesion, and Figure 6.6 illustrates modulus of elasticity for this soil. As mentioned earlier,

the elasticity moduli belong to the UU triaxial tests with confining pressure equal to s . = 50kPa.
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values of C obtained from triaxial UU tests - Soil 2 Lee
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6.3. Soil 3 Randolph UU Triaxial Results - Engineering Properties

Engineering properties obtained from UU triaxial tests carried out on Soil 3 Randolph are

presented graphically in this section. Figure 6.7 shows total stressfriction angle, Figure 6.8 depicts

total stress cohesion, and Figure 6.9 illustrates modulus of elasticity for this soil. As mentioned

earlier, the easticity moduli belong to the UU triaxia tests with confining pressure equal to

S . =50kPa.
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values of C obtained from triaxial UU tests - Soil 3 Randolph
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Figure 6.9. Elasticity modulus £,, (MPa)at s . = 50 kpa Obtained from UU triaxial tests - Soil 3 Randolph

58



Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

6.4. Soil 4 Rowan UU Triaxial Results- Engineering Properties

Engineering properties obtained from UU triaxial tests carried out on Soil 3 Randolph are

presented graphically in this section. Figure 6.10 shows total stress friction angle, Figure 6.11

depicts total stress cohesion, and Figure 6.12 illustrates modulus of elasticity for this soil. As

mentioned earlier, the elasticity moduli belong to the UU triaxia tests with confining pressure

equal to s . =50kPa.
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values of C obtained from triaxial UU tests - Soil 4 Rowan
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6.5. Soil 5Mecklenburg UU Triaxial Results- Engineering Properties

Engineering properties obtained from UU triaxial tests carried out on Soil 3 Randolph are

presented graphically in this section. Figure 6.13 shows total stress friction angle, Figure 6.14

depicts total stress cohesion, and Figure 6.15 illustrates modulus of elasticity for this soil. As

mentioned earlier, the elasticity moduli belong to the UU triaxia tests with confining pressure

equal to s

=50kPa.
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Values of C obtained from triaxial UU tests - Soil S Mecklenberg
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7. CONSOLIDATED-UNDRAINED TRIAXIAL TESTSRESULTSOF TEST
SOIL SAMPLES

For the purpose of the current project, failure criterion of generated pore pressure during shear

stage equal to zero (u = 0 ) is adopted.

For each CU triaxial test effective stresspathisdrawninthe pe¢- ¢ Space. peand q¢ at failure

point are defined in the Equation (7-1). It is noted that q¢ isequal to g.

_sG+sf o _sG-s§

2 2 (7-1)

where S 30% isminor effective principal stressat failureand S 1(1? iIsmajor effective principal stress

at failure.

Similar to the UU triaxial tests procedure, three specimens are prepared which are compacted

with same energy level, and have more or |ess same moisture content and dry unit weight.

Having effective stress path of the three consecutive CU triaxial tests, we can determine the
point of failure. It is noted that different failure criteria might be used, but in this work generated
pore pressure during shear stage equal to zero (u = 0 ) has been selected. After detecting failure
points, failureline and thereof effective friction angle and effective cohesion will be known. Figure

7.1 typically shows effective stress paths and failure line for the CU triaxial tests.

It is noted that for briefness purposes, effective stress paths and failure lines associated with
CU triaxia tests are presented in appendix C at the end of report.
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Figure 7.1. Typical effective stress paths and failure line for CU tests - samples of Soil 1 Forsyth compacted at
standard energy

Behavior of the samples in a CU triaxia test is quite interesting. A graph on the moisture
content-dry unit weight domain might be 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 7.2 through
Figure 7.6. This graph actually shows how samples move toward saturation line during the CU
test. Original compaction curves at three energy levels are depicted on this graph aswell. Also on
this graph value/values of the effective friction angle is written which might be useful for practical

pUrpOSES.

Downward move of the points on this type of graph which can be seen for all soil samples, is
in fact 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 CU test, implies
that total volume must have increased, due to saturation process. It is also noted that to calculate
specimen cross-sectional area after consolidation, Method B of ASTM D4767 is used.

At the end of this chapter a table is presented which summarizes essential information of

particular CU tests that were carried out in this project.



19.0

185

=
%
o

[N
N
0]

17.0

16.5

Dry Unit Weight, v, (KN/m?)
o
o

15.5

15.0

Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

values of ¢' obtained from triaxial CU tests - Soil 1 Forsyth
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Figure 7.2. Effective stress friction angle, ¢' obtained from CU triaxial tests - Soil 1 Forsyth
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Figure 7.3. Effective stress friction angle, ¢' obtained from CU triaxial tests- Soil 2 Lee
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values of ¢' obtained from triaxial CU tests - Soil 3 Randolph
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Figure 7.4. Effective stressfriction angle, ¢' obtained from CU triaxial tests- Soil 3 Randolph
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Figure 7.5. Effective stressfriction angle, ¢' obtained from CU triaxial tests - Soil 4 Rowan
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values of ¢' obtained from triaxial CU tests - soil S Mecklenberg
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Figure 7.6. Effective stress friction angle, ¢' obtained from CU triaxial tests- Soil 5 Mecklenburg

7.1.  Summary Information and Conclusion of CU Triaxial Tests

It seems effective stress friction angles are same or sightly lower than those of obtained from
total stress analysis. But cohesion terms obtained from effective stress analysis are noticeably
lower than those of from total stress analysis. This difference is shown in Figure 7.7. This might
be due to a concept know as apparent cohesion in the geotechnical literature. 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 aresult, cohesion and FS associated with that decrease dramatically.
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Failure Lines, TSA vs ESA
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Figure 7.7. TSA failure line vs ESA failureline

Table 7.1 summarizes essential information associated with CU triaxial test. 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) is picked.

Valuesof cohesion areaso listed in thistable. In somefew caseswhere analysisof CU triaxial

tests resulted in trivial cohesion value, they are entered zero in thistable.

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 uses CU triaxial results as input. However, in this
research cohesion component was not neglected for the slope stability purpose, that is effective

stress strength properties are as presented in Table 7.1.
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Table 7.1. Summary information of CU triaxial tests

molding s¢ initial before shear u=0 failurecriterion
Test No. Soil 1D compactive Bva
ener gy velue (kPa) w (%) g, (KN/md) w (%) g, (KN/md) fe c¢ (kPa)
S1-CU1l Soil 1 Standard 0.95 25
| andar
16
SLCU2  Eoreh Proctor 0.89 50 15.0 17.5 225 16.7 33
S1-CcU3 0.94 100
) 0.96 25
_S2CUL o) e Standard 206 163 352 13.8 28 4
S2-CU3 Proctor 0.95 100
S2-Cu4 , 0.78 25
S-cU5  Soil 2Lee '”tgg"c‘iﬂ'rme 0.88 50 15.2 18.1 21.6 171 29 38
S2-CU6 0.82 100
S2-cu7 odified 0.71 25
- . oaiti
i 46
s2cug  Sol2lee oo S 50 14.1 18.5 20.9 17.3 29
S2-CU9 0.64 100
S3-CU1 il 3 Sordand 0.96 25
| andar
5
S3-CU2  Randolph Proctor 0.95 50 17.0 14.8 34.7 13.7 31
S3-CU3 0.96 100
S3-CU4 wls | g 0.99 25
- | ntermediate
0
S3-CU5_ Randolph Broctor 0.95 50 17.1 16.2 29.7 14.7 37
S3-CU6 0.96 100
S3-CuU7 , - 0.96 25
Soil 3 Modified 0.95 50 12.2 165 28.9 14.9 36 2

_S3CU8  Randol ph Proctor
S3-CU9 0.95 100
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Table 7.1. Summary information of CU triaxial tests (continued)

molding s¢ initial before shear u=0failurecriterion
Soil ID compactive B
Tesflo en%rgy Ve kPa)  w(%) gy KNIMY) w@) g, kKNImd)  fg  C& (kPa)
4-CU1 il 4 Sendard 0.82 25
| andar
10
$4-CU2 Rowan Proctor 0.98 50 22.8 134 46.3 11.9 32
4-CU3 0.97 100
4-Cu4 il 4 | » 0.96 25
- | ntermediate
_ 50 5
4-CUS Rowan Proctor 0.96 18.3 145 35.8 13.6 36
4-CU6 0.96 100
- i ifi 0.97 25
_SACU7 - Sl 4 Modified 15.7 15.8 342 13.9 34 14
S4-CU9 Rowan Proctor 0.96 100
i - 0.96 25
_SSCUL - Sail 5 Standard 134 16.1 36.4 136 29 0
ss-cu3  Mecklenburg Proctor 0.95 100
S5-CU4 il 5 | » 0.95 25
- | ntermediate
50 3
S5-CU5_ pecklenburg Proctor 0.96 10.9 16.6 32.8 14.3 32
S5-CU6 0.95 100
S5-CU7 Soil 5 Modified 0.96 25
— 0
.cug Mecklenburg Proctor 0.95 100 12.9 175 31.8 145 43
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8. SLOPE STABILITY ANALYSIS
8.1. I ntroduction

Slope stability analysiswill be performed in this chapter based on both total stress parameters
and effective stress parameters. For TSA strength properties obtained from UU triaxial tests will
be used, while for the ESA strength properties obtained from CU triaxial tests (with pore pressure
measurements) will be taken as input.

In chapter three where research methodology was discussed, embankment
sections/geometries which are considered for slope stability analysis were presented. However, it
is noted that there are 16 embankment sections in total which consist of four side slopes and four
heights. It is also noted that embankment sections for deformation analysis will be same as the
sections which are introduced here. These embankment sections werelisted in Table 3.1 and some

of them were shown in Figure 3.3.

Regarding slope stability method, it is noted that 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 isin most of the cases equal to or very dlightly more than that of from Spencer’s.

Values of factor of safety need to be investigated and compared for all geometries as well as
all soil strength properties. For similarity and comparison purposes, it was decided to keep the dlip
surface relatively constant. To further investigate the effect of selecting most appropriate slip
surface, a section entitled as “investigation of the critical failure surface over the embankment
crest” has been defined which is briefed here.

To investigate minimum FS over the crest, intervals of 5 ft have been selected for the offset
distance from the crest edge. Slip surfaces have been considered such that start point of each
individual dlip surface is embankment toe and exit point locates on the crest with offset distance

from crest edge. However, thistype of analysisis called offset analysisin this research.
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Alternatively, the well-known critical dlip surface search of “grid and radius’ has aso been

performed.

Conclusion from this section can be stated as following. For each individual geometry, the
first step must be running a global grid search via “grid and radius’ method. If the critical slip
surface starts from the embankment toe and ends at some point on the embankment crest, this dlip
surface shall be considered critical and the basisfor al comparison and formulation purposes. But
if the slip surface from grid search does not obey stated geometry rules, an offset analysis seems
necessary to find the point on the crest where the critical dip surface, having the minimum FS,

will cut the embankment crest. Then, this surface shall be considered as the basis for comparisons.

In other words, all regressed equations that are presented in this chapter for FS, belong to dlip
surfaces which are relatively consistent with each other in terms of geometry. However, it is noted
that this topic particularly applies to the total stress slope stability analysis using UU triaxial

parameters.

It should be added that in the process of finding minimum FS, specia caution was exercised
toward “infinite slope stability” analysis, meaning that FSfor the shallow failure wasinvestigated,
and in any case where the FS from shallow failure was lower than that of from grid and radius
search, the one from shallow failure was reported. However, this means for example for any of the

192 cases run of the Soil 1 Forsyth, the minimum FS is being reported.

Figure 8.1 shows the typical geometry and parameters of an infinite slope. According to
Duncan et al. (2014) the required formula to calculate FS for infinite slope stability is proven to

be as follows;

Figure 8.1. Infinite dlope stahility analysis (adopted from Duncan et a. 2014)
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C tanf
FS: N + (8_1)
0,-Z.Snb.cosb tanb

where C and f are cohesion and friction angle of soil, Z is the slope vertical depth, G, is the
moist unit weight of soil and b isthe slope angle. It is noted that Z should not be confused with
H, height of embankment. Asmentioned in literature review chapter, the depth of the shallow slope
failure varies with soil type and slope geometry, but generally ranges between 0.9 and 1.8 m (3-6
ft) (Loehr et al. 2007), or 1.5to 2 m (Briaud 2013). For the purpose of cal culations done as shallow
slopefailure, Z isassumed equal to 1.5m (x5ft) which seemsto be aconservative choice (relatively

high Z) as high values of Z result in lower FS.

8.2. Total Stress Slope Stability AnalysisUsing UU Triaxial Parameters

As stated earlier, massive number of tries/runs are needed for each of the analyses using total
stress parameters and effective stress parameters. For example, total number of analyses done for
Soil 1 Forsyth at total stress state was 192. Table 8.1 lists number of slope stability analyses which

were done for each soil sample at total stress state, that isusing UU triaxial parameters.

Table 8.1. Number of deformation analyses done for each soil sample— TSA

Soil sample No. of analyses
Soil 1 Forsyth 192
Soil 2 Lee 224
Soil 3 Randolph 208
Soil 4 Rowan 224
Soil 5 Mecklenburg 224

It is noted that in all 1072 cases that were run for five soil samples using TSA parameters, in
only one case the infinite slope (shallow) failure was yielding a FS lower than that of from global
failure (grid and radius search), and hence was the dominant type of failure. Of course, even for
this one case both type of factor of safeties were higher than the minimum. Thisindicatesthat, “for

the total stress analysis, shallow failure is never dominant”.

It isalso noted that among all of the 1072 cases not even one case showed TSA factor of safety
lower than the minimum value of 1.3. In many of these cases FSiswell above the minimum value.
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In addition to briefness of this report, thisis actually the reason that we are not presenting detailed
tables for total stress FS analysis.

This indicates that embankments made from these soil samples are stable right after
compaction operation, even if the minimum compactive energy level, that is Standard Proctor is
used.

For the TSA state, after obtaining FS values a regression anaysis effort was made to find
equations which introduce FS based on some basic parameters such as material properties (friction
angle, cohesion, unit weight) and embankment geometric properties (side slope, height). Non-
linear regression analysis effort resulted in equations with very high coefficients of determination-

R2?, which isasign of good correlation between variables.

It is noted that a set of dimensionless formulae has been generated for ease of use aswell. In

these equations instead of friction angle tangent of friction angle is used (f ® tanf ) and
dimensionless cohesion (c_) has taken the place of cohesion. Dimensionless cohesion term is

defined as follows:

9" H (8-2)

where C is the cohesion of soil, g, is total unit weight of soil, and H is embankment height.

Dimensioned regressed equations and dimensionless regressed equations are presented separately;

however, engineers are expected to decide and carefully use a suitable equation.

Equations are presented for each individual soil and also for al soil samplesat the end of each
section. Equations (8-8) and (8-14) pertain to regression among data of all soil samples. Equations
belonging to all soil samples could somehow be considered for silty soil as silt was the dominant

type of soil used in the project.

It is also noted that in these equations, presented factor of safety is under the loading
conditions defined earlier in the report; that istraffic and pavement loads were taken equivalent to
auniformly distributed load with a magnitude of 35kPa.
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Dimensioned eguations for total stress FS analysis

f 04529 % Cu 0:6533 x GO5140
U

FSJU =(0.1849-W gmo_zzss * |4 03788 ©3)
Soil 1 Forsyth, TSA
f 03579 CU 0.7376 % 504894
FS,, =0.2222% Y
U gm0.2456 * H 04671 (8-4)
Soil 2 Leg, TSA
f 0.4607 % C:U 0.7115 % SO.5115
I:S\JU = 02774 = 0.4620 : H 0.3787
. " (8-5)
Soil 3 Randolph, TSA
f 0.3183 % Cu 0.7009 % 80.4870
FS,, =0.1531-*# Y
u gm0.0285 * H 0.4147 (8-6)

Soil 4 Rowan, TSA

0.3328 % 0.7761 % 4931
f Uu C:UU SO

0.4205 % H 0.4194

gm (8'7)
Soil 5 Mecklenburg, TSA

FS,, =0.3127

f 039 C:U 07317 4 04949
U

I:SJU = 02584 - gm0.3019 *H 0.4276

al soil samples, TSA

(8-8)

where FSuu is the factor of safety of the embankment against instability using TSA strength

parameters, f  is total friction angle in degrees, ¢, is total cohesion in kPa, and S is
embankment side slope, g_ is material total unit weight (kN/m®), H is embankment height in

meters. Coefficients of determination of the above equations are as follows respectively: 0.9974,
0.9984, 0.9986, 0.9969, 0.9984, 0.9973.
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Dimensionless equations for total stress FS analysis

FSJU - 58550* Tan0.4033 (f o )* CD’UU 0.4888 % SO.5126
Soil 1 Forsyth, TSA, dimensionless equation (8-9)

FSJU = 66618* Tan0.3683 (f o )* CD’UU 0.5801 SO.4879
Soil 2 Lee, TSA, dimensionless equation (8-10)

FSJU - 50546* Tan0.1334 (f o )* CD’UU 0.4267 % SO.5108
Soil 3 Randolph, TSA, dimensionless equation (8-11)

FSJU - 57310* Tan0.1380 (f o )* CD’UU 0.4982 % 80.4856
Soil 4 Rowan, TSA, dimensionless equation (8-12)

FSJU - 55513* Tan0.2219 (f o )* CDYUU 0.4856 % SO.4920

Soil 5 Mecklenburg, TSA, dimensionless equation (8-13)

FSJU - 62735* Tan0.3880 (f o )* CD’UU 0.5645 % 80.4929

al soil samples, TSA, dimensionless equation (8-14)

where G,y is the dimensionless cohesion based on total stress analysis and rest of parameters

are defined as before. Coefficients of determination of the above equations are as follows
respectively: 0.9866, 0.9876, 0.9929, 0.9872, 0.9897, 0.9825.
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8.3.  Effective Stress Slope Stability AnalysisUsing 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. In fact, specifications of each data point on figures of
the type of Figure 7.3 (points on saturation line) are attributed to the embankment sections and
then effective stress FSis obtained.

Results of the stability analysis based on ESA parameters were completely different from
those of obtained using TSA parameters, as in the effective stress stability analyses many cases

were found having FS lower than 1.3.

Strength parameters from CU triaxial tests may be mainly characterized by lower cohesion
term compared to those of from UU triaxial tests (concept shown in Figure 7.7). It was aso
observed that as cohesion of soil material decreases, mode of failure moves from a deep slip
surface encompassing all the embankment slope to a shallow, small and local one. In other words,
in the effective stress analysis many cases were seen where shallow failure was the dominant mode

of failure.

These facts lead us to the following statements: “assuming saturation/inundation for the
highway embankments is probable through their service life, effective stress stability may be
crucial”. Moreover, “for the effective stress dope stability analysis, shallow failure must be

checked as it is a case with high possibility”.

Moreover, it is noted that height of embankment does not play a considerable role in the FS.
This might be because of the fact that in the effective stress stability analysis, mode of failure is

dominated by partial failure.

For the effective stress slope stability analysis, as one mode of failure was not dominant and
modes of failure were different, no regression analysis was attempted, neither any equation is
presented. Instead, reader is referred to wisely using the FS tables presented at the end of this
section. However, Table 8.2 also summarizes important information regarding effective stress

slope stability analysis in a descriptive way for each project test soil.
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Table 8.2. Description of acceptable zones/cases based on effective stress slope stability analyses criterion

Soil sample Summary points
. - Even final dry unit weight* isrelatively low, numerical values of FSfor all
Soil 1 Forsyth embankment sections are higher than 1.3
(PI=2) - However, side slope of 1H:1V cannot be recommended
AASHTO class: A-4(0) - Non-shallow failureis still the dominant mode of failure **
Soil 2 Lee - Side slope of 1H:1V is not recommended
(P1=21) - Having high final unit weight/dry unit weight might assure ESA FS even more than 1.3

AASHTO class: A-7-6 (28)

- Side slope 1H:1V shall not be used

Soil 3 Randolph _ - Side slope 2H:1V can be tricky and is not recommended
(PI=NP) - Cohesion term has nearly vanished, and partial failure is almost the dominant mode of
AASHTO class: A-4 (1) failure _
- Many cases of shallow slope failure were seen to be dominant
Soil 4 Rowan - Side slope 1H:1V seems to be the only problematic section, as other sections yield FS
(PI=6) higher than 1.3 even if final dry unit weight is relatively low

AASHTO class: A-5 (7)

- Side slope 1H:1V shall not be used
- Side slope 2H:1V is not very reliable

Soil 5 Mecklenburg - Cohesion term has nearly vanished, and partial failure is amost the dominant mode of
PI=5 failure
A ASHT(() d as)s: A-5 (5) - If embankment compacted at |ow energy levels such as standard energy, it will fail

under rain-induced conditions
- Has the most cases of instability among tested soils

* Final dry unit weight refersto after saturation and before shear stage, applicable to rain-induced conditions
** Modes of failure will be explained shortly in this section

As mentioned earlier, tableslisting effective stress FS values for each data point are presented
at the end of this section. Last column of these tables reports mode of failure, which can be one of

the three cases of non-shallow, partial, and shallow. Non-shallow failure has acritical dip surface

which goes through al the embankment slope and is the result of global grid search (grid and
radius search). It is reminded that the scope of this research will consider only issues related to
compacted embankment and not due to poor foundation soil conditions. Hence, we avoid calling
thismode of failure“global”, as global isthe terminology usually referring to acritical slip surface
which includes embankment and itsfoundation aswell. As stated earlier in this chapter, thiscritical
dip surface (non-shallow) starts more or less from embankment toe and cut the embankment crest
at adistancefrom edge. Partial failurealsoisaresult of global grid search (grid and radius search),
but in this case the critical dlip surface does not include all the embankment slope. It is noted that
FS values in cases partial failure were observed, were very close to the values obtained using

shallow failure equation. Finally, shallow failureisthe result of Equation (8-1) with Z being 1.5m.
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Figure 8.2 schematically illustrates non-shallow dlip surface and partial slip surface. Shallow dlip
surfacef/failure was already depicted in Figure 8.1.

partia dlip surface/

non-shallow slip surface

\

Figure 8.2. Schematic illustration of non-shallow dlip surface and partial slip surface

EMBANKMENT

Both dry unit weight (g, ) and moist unit weight (g _) are listed in these types of tables; of
course, the following well-known relationship holds between them:

- _9n

gd_1+W

(8-15)

where w is moisture content (water content) of soil specimen which is conventionally stated in

percent number, but herein regarded as decimal number.

Saturation ratio (Saturation degree)- S, is also presented in these tables. Since all CU tests had
high B values, specimens are assumed to be saturated (S~ 100%) at the beginning of shear stage.
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8.3.1. FSTablesfor Soil 1 Forsyth — Effective Stress Slope Stability Analysis (CU Triaxial Parameters)
Table 8.3. FSfor Soil 1 Forsyth - ESA
TestsID | W (%) ge (kN /m?) gm (KN /m?) S (%) f €deg) C¢kPa) H (m) dope | Minimum FS|Modeof failure
1H:1VvV 13 non-shallow
2H:1V 21 non-shallow
12.2
3H:1V 2.8 non-shallow
4H:1V 3.6 non-shallow
1H:1VvV 14 non-shallow
2H:1V 2.2 non-shallow
9.1
3H:1V 3.0 non-shallow
Si-cul 295 16.7 20.4 100 - 6 4H:1V 3.7 non-shallow
S1-CU2 . . - ~ . -
S1-CU3 1H:1V 1.6 non-shallow
2H:1V 2.4 non-shallow
6.1
3H:1V 3.2 non-shallow
4H:1V 3.9 non-shallow
1H:1V 1.7 shallow
30 2H:1V 2.6 shallow
' 3H:1V 35 non-shallow
4H:1V 39 partial
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8.3.2. FSTablesfor Soil 2 Lee— Effective Stress Slope Stability Analysis (CU Triaxial Parameters)
Table8.4. FSfor Soil 2 Lee- ESA
TestsID W (%) g4 (kKN / m?®) g,, (kN /m?) S(%) f §deg) C¢kPa) H (m) sope Minimum FS | Mode of failure
1H:1Vv 0.8 non-shallow
2H:1V 13 non-shallow
122 3H:1V 19 non-shallow
AH:1V 24 non-shallow
1H:1Vv 0.8 shallow
2H:1V 14 shallow
91 3H:1V 1.9 partial
S2-CU1 4H:1V 2.3 partial
35.2 13.8 18.7 ~ 100 28 4 1H1Y 08 shallow
S2-CU3
2H:1V 14 shallow
61 3H:1V 1.8 partial
4H:1V 21 partial
1H:1Vv 0.8 shallow
2H:1V 14 shallow
30 3H:1V 17 partial
4H:1V 19 partial
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Table 8.4. FSfor Soil 2 Lee - ESA (continued)

TestsID | W (%) | g,(kN/m*) | g, (kN/m*) | S(%) | fddeg) | C&Pa) | H(m) | sope |Minimum FS|Modeof failure
1H:1V 1.7 non-shallow
2H:1V 25 non-shallow

12.2
3H:1V 3.3 non-shallow
4H:1V 4.1 non-shallow
1H:1V 2.0 non-shallow
2H:1V 2.8 non-shallow
9.1
3H:1V 3.7 non-shallow

S2-CU5 . . . ~ . -

S2-CU6 1H:1V 23 non-shallow
2H:1V 3.3 non-shallow

6.1
3H:1V 42 non-shallow
4H:1V 5.0 non-shallow
1H:1V 3.0 non-shallow
2H:1V 4.1 non-shallow
3.0
3H:1V 5.1 non-shallow
4H:1V 5.9 non-shallow
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Table 8.4. FSfor Soil 2 Lee - ESA (continued)

TestsID | W (%) gy (kKN /m?) 9 (KN / m?) S(%) f ¢deg) C&kPa) H (m) dope | Minimum FS|Mode of failure
1H:1VvV 1.9 non-shallow
2H:1V 2.8 non-shallow

12.2
3H:1V 3.6 non-shallow
4H:1V 4.4 non-shallow
1H:1VvV 2.2 non-shallow
2H:1V 3.1 non-shallow
9.1
3H:1V 4.0 non-shallow

Soous | 209 173 209 100 29 46 a1y 49 non-shallow

S2-CU8 . . . ~ . -

S2-CU9 1H:1vV 2.6 non-shallow
2H:1V 3.6 non-shallow

6.1
3H:1V 4.6 non-shallow
4H:1V 5.6 non-shallow
1H:1V 34 shallow
30 2H:1V 4.7 shallow
' 3H:1V 5.7 non-shallow
4H:1V 6.7 partial
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8.3.3. FSTablesfor Soil 3 Randolph — Effective Stress Slope Stability Analysis (CU Triaxial Parameters)

Table 8.5. FSfor Soil 3 Randolph - ESA

TestsID | W (%) ge (kN /m?) gm (KN /m?) S (%) f €deg) C¢kPa) H (m) dope | Minimum FS|Modeof failure
1H:1VvV 0.9 non-shallow
2H:1V 15 non-shallow

12.2
3H:1V 2.2 non-shallow
4H:1V 2.8 partial
1H:1VvV 1.0 non-shallow
2H:1V 1.6 non-shallow
9.1
3H:1V 2.2 non-shallow

Scuz | U7 137 185 100 31 5 a1y 2.7 partia

S3-CU2 . . . =~ .

S3-CU3 1H:1V 1.0 shallow
2H:1V 16 shallow

6.1 -
3H:1V 2.1 partial
4H:1V 25 partial
1H:1V 1.0 shallow
2H:1V 16 shallow

3.0 -
3H:1V 2.0 partial
4H:1V 2.2 partial
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Table 8.5. FSfor Soil 3 Randolph - ESA (continued)

TestsID | W (%) g4 (kN / m?) g, (KN /m?) S(%) f §deg) C&kPa) H (m) dope | Minimum FS|Modeof failure
1H:1V 0.7 partial
2H:1V 14 partial

12.2 -
3H:1V 21 partial
4AH:1V 2.7 partial
1H:1V 0.7 partial
2H:1V 14 partial

91 3H:1V 2.0 partial

S3-Cu4 4H:1V 2.6 partial

g:ggg 29.7 14.7 19.1 ~ 100 37 0 1H1V 07 parti a
2H:1V 1.3 partial

6.1 3H:1V 18 partial
4AH:1V 2.2 partial
1H:1V 0.6 partial
2H:1V 1.1 partial

3.0 3H:1V 15 partial
4AH:1V 1.8 partial
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Table 8.5. FSfor Soil 3 Randolph - ESA (continued)

TestsID | W (%) | g4(kN/m’) 9 (KN /m?) S(%) f §deg) C&Pa) | H(@m) | dope |Minimum FS|Modeof failure
1H:1V 0.8 shallow
2H:1V 16 shallow

12.2 -
3H:1V 2.3 partial
4H:1V 2.9 partial
1H:1V 0.8 shallow
2H:1V 16 shallow

o 3H:1V 22 partial

e 4H:1V 2.7 partial

gigﬂg 269 149 192 =100 % 2 1H:1Vv 0.8 shall _ow
2H:1V 16 partia

6 3H:1V 20 partial
4H:1V 25 partial
1H:1V 0.8 shallow
2H:1V 14 partia

30 3H:1V 18 partial
4H:1V 2.0 partial
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8.34. FSTablesfor Soil 4 Rowan — Effective Stress Slope Stability Analysis (CU Triaxial Parameters)
Table 8.6. FSfor Soil 4 Rowan - ESA
TestsID | W (%) gq (kN /m?) 9 (KN /m®) S (%) f €deg) CgkPa) H (m) dope | Minimum FS|Modeof failure
1H:1Vv 11 non-shallow
2H:1V 1.8 non-shallow
12.2
3H:1V 25 non-shallow
4H:1V 3.2 non-shallow
1H:1Vv 12 non-shallow
2H:1V 1.9 non-shallow
9.1
3H:1V 2.6 non-shallow
Srcuz | 463 11.9 173 100 32 10 a1y 33 non-shallow
A-CU2 . . . ~ . -
$A-CU3 1H:1V 1.3 non-shallow
2H:1V 21 non-shallow
6.1
3H:1V 2.7 non-shallow
4H:1V 32 partial
1H:1VvV 14 shallow
2H:1V 2.2 shallow
3.0 -
3H:1V 2.8 partial
4H:1V 3.0 partial

87



Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table 8.6. FSfor Soil 4 Rowan - ESA (continued)

TestsID | W (%) gq (kN /m?) g (kN /m®) S (%) f €deg) C¢kPa) H (m) sope | Minimum FS|Modeof failure
1H:1V 1.1 non-shallow
2H:1V 18 non-shallow

122 3H:1V 2.6 non-shallow
4H:1V 3.2 partial
1H:1V 11 shallow
2H:1V 19 non-shallow

o 3H:1V 2.6 partial

Sreua 4H:1V 31 partial

iggg 35.8 13.6 184 ~ 100 36 5 Ty 11 Salow
2H:1V 1.9 shallow

6 3H:1V 24 partial
4H:1V 2.8 partial
1H:1V 11 shallow
2H:1V 1.9 shallow

30 3H:1V 2.2 partial
4H:1V 25 partial

88



Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table 8.6. FSfor Soil 4 Rowan - ESA (continued)

TestsID | W (%) gq (kN /m?) g (kN /m®) S (%) f €deg) C¢kPa) H (m) sope | Minimum FS|Modeof failure
1H:1V 1.3 non-shallow
2H:1V 2.1 non-shallow

12.2
3H:1V 2.9 non-shallow
4H:1V 3.6 non-shallow
1H:1V 1.4 non-shallow
2H:1V 2.2 non-shallow
9.1
3H:1V 3.0 non-shallow
SACU7 4H:1V 38 non-shallow
- 139 186 =10 3 14 1H:1V 16 non-shallow
4-CU9 : )
2H:1V 2.4 non-shallow
6.1
3H:1V 3.2 non-shallow
4H:1V 39 partial
1H:1V 1.7 shallow
30 2H:1V 2.6 shallow
' 3H:1V 34 non-shallow
4H:1V 3.7 partial
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8.3.5. FSTablesfor Soil 5 Mecklenburg— Effective Stress Slope Stability Analysis (CU Triaxial Parameters)

Table 8.7. FSfor Soil 5 Mecklenburg - ESA

TestsID | W (%) g, (kN /m®) g,, (kN / m?) S (%) f €deg) C&kPa) H (m) dope | Minimum FS |Modeof failure
1H:1V 05 partial
2H:1V 1.1 partial

12.2 :
3H:1V 15 partial
4H:1V 2.0 partial
1H:1V 05 partial
2H:1V 1.0 partial

9.1 :
3H:1V 15 partial

S5-CU1 4H:1V 1.9 partial

36.4 13.6 18.6 ~ 100 29 0 R 05 g

S5-CU3 : : P :
2H:1V 0.9 partial

6.1 :
3H:1V 13 partial
4H:1V 1.6 partial
1H:1V 05 partial
2H:1V 0.8 partial

3.0 :
3H:1V 11 partial
4H:1V 1.3 partial
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Table 8.7. FSfor Soil 5 Mecklenburg - ESA (continued)

TestsID | W (%) | gu(kN/m’) | g, (kN/m°) S(%) | f&deg) C&Pa) | H(m) | sdope |Minimum FS|Modeof failure
1H:1V 0.8 non-shallow
2H:1V 15 non-shallow

12.2 -
3H:1V 21 partial
4H:1V 2.6 partial
1H:1V 0.9 shallow
2H:1V 15 non-shallow

9.1 -
3H:1V 2.0 partial

scus | 28 143 190 ~ 100 32 3 a1y 25 partia

S5-CU6 1H:1V 0.9 shallgw
2H:1V 15 partial

6.1 -
3H:1V 1.9 partial
4H:1V 2.3 partial
1H:1V 0.9 shallow
2H:1V 15 partial

3.0 -
3H:1V 17 partial
4H:1V 2.0 partial
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Table 8.7. FSfor Soil 5 Mecklenburg - ESA (continued)

TestsID | W (%) gq (kN /m?) 9 (KN /m?) S(%) f deg) CtkPa) | H(m) dope | Minimum FS|Mode of failure
1H:1V 0.9 partial
2H:1V 1.8 partial

12.2 :
3H:1V 2.6 partial
4H:1V 34 partial
1H:1V 0.9 partial
2H:1V 1.7 partial

9.1 :
3H:1V 25 partial

S5-CU7 4H:1V 32 partial

318 145 19.1 ~ 100 43 0 1y 09 o

S5-CU9 : : pat
2H:1V 1.6 partial

6.1 :
3H:1V 2.2 partial
4H:1V 2.8 partial
1H:1V 0.8 partial
2H:1V 1.4 partial

3.0 :
3H:1V 18 partial
4H:1V 22 partial
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9. DEFORMATION ANALYSIS
9.1. I ntroduction

In this chapter deformation analysis of the highway embankment sections is presented. For
this purpose, model properties arefirst introduced, then general results and regression analyses are
presented. In addition, tables including detailed information regarding deformation calculations

are presented in two appendices at the end of this report.

In the literature review section it was noted that the amount of initial settlement which is
immediate response to the embankment self-weight is compensated during embankment
construction. However, deformation in this research refers to the amount of immediate
deformation due to external pavement and traffic loading. As mentioned in literature review

section, if post-construction settlements are uniform they are considered acceptable.

It is noted that vertical and horizontal stresses increase with depth of embankment. This
increase in confining stresses might affect material properties such as elasticity modulus. Thisfact
is reviewed in model properties section and suitable models to capture change in material

properties within depth are introduced.

Similar to the slope stability analysis, embankment deformation is investigated under two
conditions: total stress parameters using UU triaxial tests results, and effective stress parameters
using CU triaxial tests results. Separate sections in this chapter will summarize results obtained
under each of these two conditions.

9.2. Model Properties

Finite element based software GeoStudio-SIGMA/W has been used to perform deformation
analysis of the embankment. To input material properties, linear elastic model was selected in
which stresses are related directly proportional to the strains. Elasticity modulus and unit weight

are among input parameters which are coming directly from laboratory results.

For the highway embankment, two-dimensional plane strain conditions were assumed. It is

noted that for a two-dimensional plane strain analysis, €, is zero, thereby having S, equal to

s,=n(s,+s,). In the case of highway embankments the assumption of € =0 seems a
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reasonable selection, as the third dimension (Ilength of embankment) is very long such that any

deformation in z direction would result in zero strain.

Figure 9.1 and Figure 9.2 schematically show deformation of the embankment crest due to
traffic loading. It is noted that settlement due to embankment self-weight has been zeroed out, in
other words, the maximum deformation is only due to pavement and traffic loading. Also, it can

be seen that there is minor heave (upward move) in the sides of embankment which is equal in

both sides due to symmetry.
I
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Figure 9.1. Schematic embankment deformed mesh due to traffic loading
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Figure 9.2. Deformation of the embankment crest due to traffic loading

However, elasticity modulus has been selected meticulously; and initial model was improved

by the hypothesis of taking into account differences in elasticity modulus within embankment
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depth based on average horizontal stresses. Elasticity modulus entered in the model has been

synced with output values of (S +S,)/2 obtained from initial run of the software.

However, after rigorous investigations following decison has been made regarding
embankment sections. For embankments with H=12.2 m (40 ft) and H=9.1 m (30 ft) three layers
with thicknesses of 0.3H, 0.4H, and 0.3H respectively from bottom to top are considered. For
embankments with H=6.1 m (20 ft) two layers each with 0.5H thickness seemed to be enough to
capture variations of material properties within depth, and for embankments with H=3 m (10 ft)
only one layer has been considered. Figure 9.3 shows embankment sections which are considered

to capture variations of material properties for four different embankment heights.
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(d) side slope: 2H:1V, height= 3.0 m (10 ft)
Figure 9.3. Typical embankment modified sections for four different heights
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9.3. Resultsand Discussion

In this section, results of deformation analysis are presented. For aclear representation, results
of TSA are separated from those of related to ESA. As mentioned earlier in this chapter, for TSA
parameters of UU triaxial tests are used and for ESA parameters obtained from CU triaxia tests

are utilized.

9.3.1. Total StressDeformation Analysis Using UU Triaxial Parameters

With the geometric models which take into account differences in elasticity modulus and

improving elasticity modulus input based on the average of horizontal stresses obtained from
mode- (Sy +S,)/2, embankment crest deformation may be calculated for all soil samples and

all test points, that is across moisture content-dry unit weight domain. Figure 9.4 presents results
of Sail 1 Forsyth for an embankment with H=40ft and 2H:1V side slope. Red shaded areain this
figure shows pointsthat will probably result in crest deformation larger than oneinch- the selected
maximum allowabl e settlement for highway embankments. On the other hand, green shaded area
shows the acceptable range. It is noted that since total stress stability was not seen to be critical,
this area imposed by total stress deformation performance criterion may be accepted as fina
acceptance zone. As stated, this figure belongs to data for Soil 1 Forsyth applied to the
embankment section with H=40ft and side slope of 2H:1V, and of course TSA.

For brevity purposes, this type of figures is not presented for al soil samples and all
geometries. Later inthis chapter Table 9.2 will provide descriptive information of acceptable cases
based on total stress deformation analyses criterion. Also, for other test soils and embankment
sections, deformation tables presented in Appendix A of this report will include detailed

information.
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Figure 9.4. Acceptance zone and values of TSA crest deformation for embankment with H=40ft and 2H:1V side
slope — Sail 1 Forsyth

Obvioudy, as embankment height decreases, embankment deformation decreases as well.
Result of regression analysis shows that, embankment deformation generally increases with
embankment height (H) and friction angle of soil (f wu ), and decreases with elasticity modulus of

soil (E) and embankment side slope (S). Of course, the effect of side slope was observed to be very
subtle, and it becomes even less discernible at lower embankment heights.

Intensive embankment deformation analysis has been carried out. Tables in Appendix A at
the end of report provide details of this attempt. Table 9.1 lists number of deformation analyses

which were done for each soil sample using total stress parameters, that is using UU triaxial
parameters.
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Table 9.1. Number of deformation analyses done for each soil sample— TSA

Soil sample No. of analyses
Soil 1 Forsyth 192
Soil 2 Lee 224
Soil 3 Randolph 208
Soil 4 Rowan 224
Soil 5 Mecklenburg 224

Table 9.2 summarizes huge amount of numerical database and describes acceptable cases
based on deformation criterion. It isnoted that similar to other information provided in this section,
this table reflects embankment behavior associated with total stress parameters or UU triaxia
results. It is useful to repeat that in TSA conditions, stability criterion was not seen to be critical.

This latter statement means, Table 9.2 may serve as the final acceptance zones/cases.

It might be necessary to remind that we are still on the map of moisture content versus dry
unit weight. It was observed that as points move from wet-of-optimum to dry-of-optimum

embankment deformation decreases.
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Table 9.2. Description of acceptable zones/cases based on total stress deformation analyses criterion
(based on 1" limit for nonuniform immediate deformation)

Soil sample Acceptable cases
- At Standard Proctor for H=40 ft almost all points are not acceptable.
Sail 1 Forsyth - At Standard Proctor points wet-of-optimum, for all sections are not acceptable.
(PI=2) - At Standard Proctor points dry-of-optimum, for all sections except H=40 ft are
AASHTO class; A-4 (0) acceptable.

- Even at higher energies, points wet-of-optimum could be problematic.

- At all energy levels all points + 5% of optimum are acceptable.

Soil 2 Lee - Optimum and dry-of-optimum points at al energy levels are acceptable.
(PI=21) - Regardless of compactive energy and MC, for H=10 ft all points are acceptable.
AASHTO class; A-7-6 (28) - Regardless of compactive energy MC more than 8% wet-of-optimum is not
recommended.

- 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.

Soil 3 Randolph - For H=30 ft, points only drier than 5% of OMC at standard energy and points only
(PI=NP) drier than 2.5% of OMC at modified energy are acceptable.
AASHTO class: A-4 (1) - For H=10 ft, regardless of compactive energy and MC, all points are acceptable

- Many unacceptabl e cases were observed.

- At Standard Proctor, wet-of-optimum points are not recommended for H=40 & 30ft;
however, for H=40ft dry-of-optimum points are neither recommended.

Soil 4 Rowan - At Intermediate Proctor and for all sections, points dry-of-optimum are acceptable;
(PI=6) however, wet-of-optimum points for H=40 & 30ft are not acceptable.
AASHTO class: A-5(7) - At Modified Proctor and for all sections, regular points seem to be acceptable.

- For H=10 & 20ft regardless of compactive energy and MC all points seem acceptable.

- At Standard Proctor and for all sections, points dry-of-optimum are acceptable;
) however, asthey get closer to OMC they become unacceptable for H=40ft. Wet-of-
Soil 5 Mecklenburg optimum points are not accepted for H=40 & 30ft.
(PI=5) - At Intermediate Proctor and for all sections, points dry-of-optimum are acceptable;
AASHTO class: A-5(5)  however, for H=40ft points close to optimum are not accepted, neither are points wet-of-
optimum for H=40 & 30ft.

However, equationsin the following form could be devel oped which are specific to each soil.
Similar to the slope stability analysis chapter, two different sets of equations are separately
presented: first set are in the form of dimensioned equations, and second set are in the form of

dimensionless equations for ease of use of engineers.

Also, in these equations D isthe maximum crest deformation of embankment due to the traffic
and pavement loads, which were taken equivalent to the uniformly distributed load of 35kPa. At

the end of each section, equations representing all soil samples are also presented.
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Dimensioned eguations for total stress deformation analysis
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where D is the maximum crest deformation of embankment in centimeters, g  is material total
unit weight (kN/m?), H is the embankment height in meters, ¢, istotal friction anglein degrees,
E,, Isélasticity modulusin kPa, and Sis embankment side slope. Coefficients of determination

of the above equations are asfollowsrespectively: 0.9999, 0.9998, 0.9986, 0.9998, 0.9998, 0.9956.

Cohesion term was not directly an input in the deformation calculation process; however,
further investigation showed that including cohesion term in the regression analysis would result

in some unpleasant equations with lower coefficient of determination and nasty p-values.
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Dimensionless equations for total stress deformation analysis

In dimensionless equations, instead of friction angle tangent of friction angle is used and

dimensionless elasticity modulus (&) has taken the place of elasticity modulus. Dimensionless

elasticity modulus term is defined similar to the dimensionless cohesion and is as follows.

E
? g,*H &0

where E isthe elasticity modulus of soil, g,, istotal unit weight of soil, and H is the embankment

height. Dimensionless regression equations are presented as follows.
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al soil samples, TSA, dimens onless equation

where D is the maximum crest deformation of embankment in centimeters, and other parameters
are defined as before. Coefficients of determination of the above equations are as following
respectively: 0.9990, 0.9993, 0.9976, 0.9974, 0.9977, 0.9860.

9.3.2. Effective Stress Deformation Analysis Using CU Triaxial Parameters

Embankment deformation analysis has been carried out with effective stress parameters as
well. Tables in Appendix B will provide detailed information of this task. Calculations of the
embankment deformation using CU triaxial parameters revealed that, for al test soils (Soil 1
Forsyth through Soil 5 Mecklenburg) and for all embankment sections, deformation is larger than
limiting value, except for few cases of Soil 2 Lee where dry unit weight of the soil sample (before
shear stage) is high enough. Laboratory results showed that this situation could happen only with
the samples initially compacted at compactive energies close to or higher than Modified Proctor.
It is noted that for these acceptable cases, FS (associated with ESA) is also higher than the
minimum and in the acceptable range. Authors also want to remind that Soil 2 Lee is the soil
sample with highest value of plasticity index (PI=21) among the test soils, with A-7-6 (28) as
AASHTO classification. This might give grounds to the idea that soils with higher PI perform
slightly better under rain-induced inundation conditions. This also may cast doubt on the NCDOT
material selection specification of limiting Pl to 15% in the North Carolina coastal area.

Moreover, it is noted that since saturated samplesin CU triaxial tests provide lower strength
parameters than unsaturated samples in UU triaxial tests, deformation incorporated with them is

generally higher.

In this type of analysis which incorporates using CU triaxial parameters, since number of
analyses for each individual soil were not considerable, regression equations belonging to only all
soil samples are presented. Moreover, as in some cases reported value for cohesion (from CU
triaxial test) equals zero, it is wise to exclude cohesion parameter from regression process. These
equations are presented as Equation (9-14) and Equation (9-15).
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where f ¢ is effective friction angle and all remaining parameters follow earlier definitions.

Coefficients of determination of the above equations are asfollowing respectively: 0.9993, 0.9980.
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10. SUMMARY OF FINDINGS AND CONCLUSIONS

Performance of highway embankments was investigated based on two concerns; slope
stability and deformation. Each of these concerns was looked at from two perspectives, TSA
parameters and ESA parameters. To find total stress soil strength properties a set of
unconsolidated-undrained (UU) triaxial tests was designed, and to find out effective stress soil
strength properties a set of consolidated-undrained (CU) triaxial tests with pore pressure
measurementswas considered. Table 10.1 schematically summarizes research workload which has
been accomplished for this project. Most important findings and conclusions of this research

project are listed in this chapter.

Table 10.1. Research workload performed for NCDOT RP 2015-05
Task # Test/ Task description Number Done

sieve analysis 5
hydrometer 5
1 Atterberg limit, PL 6
Atterberg limit, LL 6
specific gravity, Gs 7
2 compaction 121
3 UU triaxial 214
4 CU ftriaxial 41
1072 (short-term)
5 slope stability analysis +

208 (long-term)

1072 (short-term)
6 deformation analysis +
208 (long-term)

7 regression analysis done

literature review done
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Findings and conclusions drawn from total stress slope stability analyses are as following:

Among all of the 1072 cases not even one case showed TSA factor of safety lower than

the minimum value of 1.3. In many of these cases FSiswell above the minimum value.

In all 1072 casesthat were run for five soil samples with total stress strength parameters,
in only one case the infinite slope (shallow) failure was yielding a FS lower than that of
from non-shallow failure. Of course, even in this case both type of factor of safeties were
higher than the minimum. Thisindicatesthat, “for thetotal stressanalysis, shallow failure

is never dominant”.

Thislatter indicates that embankments made from these soil samples are stable right after
compaction operation, even if the minimum compactive energy level, that is Standard

Proctor is used.

Findings and conclusions drawn from total stress deformation analyses are as following:

Since total stress slope stability was not seen to be critical, acceptance zone imposed by
total stress deformation performance criterion may be regarded as final total stress

acceptance zone.

A table (Table 9.2) is presented which provides descriptive information of acceptable

cases based on total stress deformation criterion.

Result of regression analysis shows that, embankment deformation generally increases

with embankment height (H) and friction angle of soil (fUU ), and decreases with

elasticity modulus of soil (E) and embankment side slope (S). Of course, the effect of side
slope was observed to be very subtle, and it becomes even less discernible at lower

embankment heights.
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Conclusions and important findings of the effective stress slope stability analyses could be

expressed as following:

Results of the effective stress slope stability analysis were completely different from
those of obtained from total stress slope stability analysis, as in the effective stress
stability analysis many cases were found having FS lower than 1.3.

Strength parameters from CU triaxia tests may be mainly characterized by lower
cohesion term compared with those of from UU triaxial tests. As cohesion decreases,
mode of failure moves from a deep dlip surface encompassing all the slope to a shallow,
small and local one. In other words, in the effective stress analysis many cases were seen
where shallow failure was the dominant mode of failure.

This finding leads us to the following statement: “for the effective stress slope stability
analysis, shallow failure must be checked as it is a case with high possibility”.

Unlike analyses using total stress parameters, under the effective stress conditions
dominant modes of failure were different which consisted of non-shallow, partial, and
shallow.

For the effective stress stability analysis, height of embankment does not play a
considerablerolein the value of FS.

A descriptive table (Table 8.2) is presented which may be used as means of acceptance
zone/cases based on effective stress slope stability criterion.

And conclusions drawn from the effective stress deformation analyses are as following:

Calculations of the embankment deformation using CU triaxial parameters revealed that
for al test soils (Soil 1 Forsyth through Soil 5 Mecklenburg) and for all embankment
sections, deformation was larger than limiting value, except for few cases of Soil 2 Lee
(with PI=21 and highest among tested soils) where dry unit weight of the soil sample
(before shear stage) was high enough. Laboratory results showed that this situation could
happen only with the samples initially compacted at compactive energies close to or
higher that Modified Proctor. It is noted that for these acceptable cases, FS (associated
with ESA) was also higher than minimum and in the acceptable range.

This latter finding might give grounds to the idea that soils with higher Pl such as Soil 2
Lee perform dlightly better under rain-induced inundation conditions. This is in
opposition to the criterion of limiting material Pl as material selection criteria which is
currently used by the NC state standard. Of course, it is noted that Soil 2 Lee has PI=21
which still holdsit in the acceptable range of PI < 25 for piedmont area of NC. However,
this may cast doubt on the NCDOT material selection specification of limiting Pl to 15%
in the coastal area. More understanding on this fact needs further research.
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Since saturated samples in CU triaxial tests provide lower strength parameters than
unsaturated samplesin UU triaxial tests, deformation incorporated with themis generally
higher.

Genera conclusions

Slope stability failures of the embankment materials (without foundation) is not a high
risk design consideration. Asamong all of the 1072 cases not even one case showed TSA
factor of safety lower than the minimum value of 1.3.

Reported slope stability failures are typicaly associated with high intensity/duration
rainfall events. Results of ESA may explain reported shallow rain-induced failures.

Under rain-induced conditions, many failuresin the form of shallow failure may happen.

Research project results show that nonuniform deformation service state controls the
design, rather than slope stability service sate.

Providing suitable vegetation cover (to reduce infiltration and promote runoff) as well as
drainage measures for the highway embankments could be very helpful to avoid
detrimental effects of presence of water in the body of embankment.

Acceptance zone based on RC > 95% with G, obtained using Standard Proctor, for the

most part satisfies slope stability and deformation performance service states for the
geometries of embankments analyzed. However, in segments where embankment is
subject to nonuniform settlements, utilizing higher compactive energies may be helpful.
Moreover, specifying a range for the placement moisture content may be a possible
modification to help keep immediate nonuniform deformations below allowable value
(25 mm).

Among test 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 AASHTO classification all test soils are still rated as “fair to poor” as a
subgrade. However, contrary to the traditional trend to avoid using A-7 soil classes (such
as South Carolina DOT), results of the current research showed that the A-7 soil sample
is performing slightly better than A-4 and A-5 classes.

Soil 2 Lee with AASHTO class A-7-6 and PI=21 had best performance under rain
induced conditions.

Despite the subtle trend of limiting embankment material Pl among the agencies and
guidelines, it seems having small amounts of Pl will enhance performance of material.
This was observed for the silty material; however, authors believe that same outcome
might come true regarding granular material.
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Findings of this research may cast doubt on the NCDOT material selection specification
of limiting Pl to 15% in the North Carolina coastal area.

Great lessons might be learnt by comparing Soil 1 Forsyth (PI=2) with AASHTO class
A-4 as a silty sand (SM), with Soil 3 Randolph (PI=NP) with AASHTO class A-4 as a
low plasticity silt. Although AASHTO classes are same, it was observed that the silty
sand with Pl aslittle as 2% performed better than the nonplastic silt.

Analysis process which was performed for this project might be divide into four main
categories: TSA FS, TSA deformation, ESA FS, and ESA deformation. Out of these, TSA
FS showed very high values, and ESA deformation revealed very weak results, which
allows usto ignore these two categories. Table 10.2 provides ranking index for the project
test soils. This table is designed based on percentage of failures in the two categories of
ESA FS, and TSA deformation. It can be seen that Soil 2 Lee a A-7-6 AASHTO class
has the highest rank. Of course, the table has only comparative values and is not designed
to provide absolute rating for test soils.

Table 10.2. Test soils ranking index

Classification Soil sample rank
Testsollsample  ygo5  AASHTO  ESAFS  TSA deformation  Totd rank
Soil 1 Forsyth SM A-4(0) 2 3 2
Soil 2 Lee MH A-7-6 (28) 1 1 1
Soil 3 Randolph ML A-4(1) 4 5 5
Soil 4 Rowan ML A-5(7) 3 3 3
Soil 5 Mecklenburg ML A-5(5) 5 2 4

Results of this study show that side slope 1H:1V must be avoided for highway
embankments, and for some weaker soils side slope 2H:1V is neither recommended.

Moreover, placing moisture content more than 8% wet-of-optimum must be avoided.
Also, moisture contents more than 5% wet-of-optimum are not recommended. Regarding
placing moisture content, descriptive table provides useful information.

Creep deformations of compacted soils may be a controlling design factor for high
embankments. Specifications limiting Pl of material could prove beneficial to decrease
likelihood of creep.
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Appendix A - Deformation Tablesfor Total Stress Analysis (UU Triaxial
Parameters)

In this appendix, total stress deformation study of embankments having different sections and

constructed with project test soilsis presented in the form of tables.
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA

crest
TestsID | W (%) gy(KN/m®) | g, (kKN/m?) S(%) f L (deg) Cy, (kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 7.11
129 2H:1V 6.90
' 3H:1V 6.76
4H:1V 6.78
1H:1V 535
2H:1V 527
9.1
3H:1V 5.16
S1-UuU2 17.4 16.5 19.4 82.3 23 75 0.3786 3.816 :
S1-UU3 3.960 1H:1v 3.66
2H:1V 3.59
6.1
3H:1V 3.58
4H:1V 3.56
1H:1V 1.89
30 2H:1V 1.86
' 3H:1V 1.86
4H:1V 1.86
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 322
122 2H:1V 317
' 3H:1V 3.15
4H:1V 315
1H:1V 2.44
2H:1V 243
9.1
3H:1V 242
S1-Uu4 8.934 4H:1V 242
S1-UU5 15.6 175 20.3 79.7 34 73 0.3056 9.267 _
S1-UU6 12.348 1H:1v 173
2H:1V 171
6.1
3H:1V 171
4H:1V 1.70
1H:1V 0.91
2H:1V 0.91
3.0
3H:1V 0.90
4H:1V 0.91
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 2.83
122 2H:1V 270
' 3H:1V 2.73
4H:1V 2.76
1H:1V 2.28
2H:1V 2.28
9.1
3H:1V 2.28
sS1-UUS 13.0 17.4 19.7 65.3 39 69 0.2679 13.847 _
S1-UU9 17.838 1H:1v 162
2H:1V 1.62
6.1
3H:1V 1.62
4H:1V 1.62
1H:1V 0.94
2H:1V 0.94
3.0
3H:1V 0.93
4H:1V 0.94
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) g (kN /m?®) | g, (kN /m?) S (%) f ., (deg) C,, (kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 15.22
2H:1V 14.62
122 hav 1423
AH1V 14.24
1H:1V 11901
2H:1V 11.77
9.1
3H:1V 11.64
S1-UU11 18.9 16.5 19.6 81.4 27 35 0.3532 2.139 :
S1-UU12 2,240 1H:1v 843
2H:1V 8.29
6.1
3H:1V 8.27
4H:1V 8.26
1H:1V 4.76
2H:1V 4.73
3.0
3H:1V 4,72
4H:1V 4.73
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m°) | S(%) fu(deg) | C,y(kPa) n Ew(MPa) | H(m) | slope | deformation
(cm)
1H:1V 2.66
122 2H:1V 2.60
' 3H:1V 2.64
4H:1V 2.64
1H:1V 1.98
2H:1V 1.97
9.1
3H:1V 1.96
S1-UU13 11.766 4H:1V 1.96
S1-UU14 13.2 15.9 18.0 51.6 33 53 0.3141 12.008 _
S1-UuUls 12.288 1H:1V 1.33
2H:1V 1.32
6.1
3H:1V 1.32
4H:1V 1.32
1H:1V 0.66
20 2H:1V 0.66
' 3H:1V 0.65
4H:1V 0.66
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 214
122 2H:1V 2.10
' 3H:1V 2.13
4H:1V 213
1H:1V 1.61
2H:1V 1.60
9.1
3H:1V 1.60
S1-UU17 105 15.3 16.9 37.9 35 47 0.3022 15.559 _
S1-UU18 16.231 1H:1v 109
2H:1V 1.09
6.1
3H:1V 1.09
4H:1V 1.09
1H:1V 0.55
20 2H:1V 0.55
' 3H:1V 0.55
4H:1V 0.55
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | 9a(kN/m*) | g (kN/m’) | S(%) | fu(deg) | Cyy(kPa) n Ex(MPa) | H(m) | dope | deformation
(cm)
1H:1V 1.69
oy | 2HV 170
' 3H:1V 1.66
4H:1V 1.66
1H:1V 1.29
2H:1V 1.29
9.1
3H:1V 1.28
S1-UU19 17.034 4H:1V 1.28
S1-UU20 9.8 16.6 18.2 426 34 89 0.3059 | 19.776 _
S1-Uu21 21.565 1H:1V 0.89
2H:1V 0.89
6.1
3H:1V 0.89
4H:1V 0.89
1H:1V 0.46
2H:1V 0.46
3.0
3H:1V 0.46
4H:1V 0.46
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m°) | S(%) fuw(ey) | Cy(kPa) n Ew(MPa) | H(m) | slope | deformation
(cm)
1H:1V 2.33
122 2H:1V 2.30
' 3H:1V 2.32
4H:1V 2.32
1H:1V 1.83
2H:1V 1.83
9.1
3H:1V 1.83
S1-UU22 14.296 4H:1V 1.83
S1-uu23 7.7 16.1 17.3 314 45 48 0.2265 19.440 -
S1-uu24 22.473 1H:1V 1.32
2H:1V 132
6.1
3H:1V 1.32
4H:1V 132
1H:1V 0.72
3.0 2H:1V 0.72
' 3H:1V 0.72
4H:1V 0.72
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | 94(kN/m’) |g,(kN/m’) | S(%) fu (deg) | Cyy(kPa) n E,x(MPa) | H(m) | slope | deformation
(cm)
1H:1V 1.17
122 2H:1V 1.10
' 3H:1V 1.16
4H:1V 1.17
1H:1V 0.91
2H:1V 0.91

9.1
3H:1V 0.91

S1-UU26 9.3 17.5 19.1 47.0 42 152 0.2486 | 32222 _

S1-UU27 37.121 1H:1v 0.64
61 2H:1V 0.64
' 3H:1V 0.64
4H:1V 0.64
1H:1V 0.34
2H:1V 0.34

3.0
3H:1V 0.34
4H:1V 0.34
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m°) | S(%) fu(deg) | C,y(kPa) n Ew(MPa) | H(m) | slope | deformation
(cm)
1H:1V 1.33
122 2H:1V 1.30
' 3H:1V 1.33
4H:1V 1.33
1H:1V 1.02
2H:1V 1.02
9.1
3H:1V 1.02
S1-uu28 26.436 4H:1V 1.02
S1-UU29 7.1 17.0 18.2 33.2 44 118 0.2339 27.388 _
S1-UuU30 36.450 1H:1V 0.72
2H:1V 0.72
6.1
3H:1V 0.72
4H:1V 0.72
1H:1V 0.39
20 2H:1V 0.39
' 3H:1V 0.39
4H:1V 0.39
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) | 94(kN/m’) |g,(kN/m’) | S(%) fu (deg) | Cyy(kPa) n E,x(MPa) | H(m) | slope | deformation
(cm)
1H:1V 1.19
192 2H:1V 117
' 3H:1V 1.17
4H:1V 1.17
1H:1V 0.91
2H:1V 0.91
9.1
3H:1V 0.91
sl-uu3? | 121 18.2 20.4 68.7 34 163 0.3059 | 27.449 j o6
S1-UU33 32.073 1H:1V :
2H:1V 0.64
6.1
3H:1V 0.64
4H:1V 0.64
1H:1V 0.34
2H:1V 0.34
3.0
3H:1V 0.34
4H:1V 0.34
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Table A.1. Embankment crest deformation for Soil 1 Forsyth - TSA (continued)

crest
TestsID | W (%) g (KN/m°) | g, (kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 373
12 2H:1V 3.69
' 3H:1V 3.69
4H:1V 3.69
1H:1V 312
2H:1V 312
9.1
3H:1V 312
S1-UU35 145 17.8 20.4 77.7 42 54 0.2486 9.513 j 536
S1-UU36 16.503 1H:1V :
2H:1V 2.36
6.1
3H:1V 2.36
4H:1V 2.34
1H:1V 141
30 2H:1V 141
' 3H:1V 141
4H:1V 141
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Table A.2. Embankment crest deformation for Soil 2 Lee- TSA

crest
TestsID | W (%) | 94(kN/m®) | g, (kN/m®) | S(%) f . (deg) Cyy (kPa) n Ei,(MPa) | H (m) slope deformation
(cm)
1H:1V 8.33
122 2H:1V 7.92
' 3H:1V 7.78
4H:1V 1.74
1H:1V 6.20
2H:1V 6.04
9.1
3H:1V 5.95
S2-UU10 2.010 4H:1V 5.92
S2-UU11 30.2 145 18.9 95.7 18 62 0.4086 2.868
: 4.2
S2-UuU12 2.979 1H:1V 9
2H:1V 4.15
6.1
3H:1V 412
4H:1V 4.06
1H:1V 221
3.0 2H:1V 2.19
' 3H:1V 2.15
4H:1V 2.15
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m) | S(%) | fu(deg) | Cy,(kPa) n Ew(MPa) | H(m) | slope | deformation
(cm)
1H:1V 3.07
122 2H:1V 2.93
' 3H:1V 2.90
4H:1V 2.89
1H:1V 2.32
2H:1V 2.30
9.1
3H:1V 242
S2-UU16 6.977 4H:1V 2.30
S2-UU17 25.1 15.5 19.4 91.6 29 08 0.3400 9.430 _
S2-UuU18 12.774 1H:1V 1.69
2H:1V 1.68
6.1
3H:1V 1.68
4H:1V 1.68
1H:1V 0.94
2H:1V 0.93
3.0
3H:1V 0.93
4H:1V 0.93
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | 94(kN/m’) |g,(kN/m’) | S(%) fu (deg) | Cyy(kPa) n E,x(MPa) | H(m) | slope | deformation
(cm)
1H:1V 1.57
192 2H:1V 157
' 3H:1V 157
4H:1V 1.57
1H:1V 1.16
2H:1V 1.16

9.1
3H:1V 1.16

S2-UU20 | 209 15.9 19.3 81.0 41 90 0.2559 22.989 :

S2-UU21 23.225 1H:1v 0.78
2H:1V 0.78

6.1
3H:1V 0.78
4H:1V 0.78
1H:1V 0.39
20 2H:1V 0.39
' 3H:1V 0.39
4H:1V 0.39
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 1.30
122 2H:1V 1.30
' 3H:1V 1.30
4H:1V 1.30
1H:1V 1.02
2H:1V 1.02
9.1
3H:1V 1.02
S2-UU25 22931 4H:1V 1.02
2-UU26 125 15.4 17.4 45.0 39 89 0.2704 27.799 _
S2-UU27 33.744 1H:1v 0.73
2H:1V 0.73
6.1
3H:1V 0.73
4H:1V 0.73
1H:1V 0.39
2H:1V 0.38
3.0
3H:1V 0.38
4H:1V 0.38
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 0.78
122 2H:1V 0.78
' 3H:1V 0.78
4H:1V 0.78
1H:1V 0.58
2H:1V 0.58
9.1
3H:1V 0.58
S2-UUS1 16.4 16.9 19.7 735 35 196 0.2989 42.094 _
S2-UU52 44.409 1H:1v 0.40
2H:1V 0.39
6.1
3H:1V 0.39
4H:1V 0.39
1H:1V 0.20
20 2H:1V 0.20
' 3H:1V 0.20
4H:1V 0.20
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest

TestsID | W (%) | g,(kN/m*) |g,(N/m) | S%) | fu(ed) | CkPa) | n | Ex(MPa) | H(m) | sope | deformation
(cm)

1H:1V 1.09

by |2V 1.09

3H:1V 1.09

4H:1V 1.09

1H:1V 0.86

o1 2H:1V 0.86

3H:1V 0.86

33333 15.2 17.4 20.1 73.9 51 119 0.1822 g?:ggg an:1v 086
S2-UU30 50.641 1H:1V 0.61
61 2H:1V 0.61

3H:1V 0.61

4H:1V 0.61

1H:1V 0.33

20 2H:1V 0.33

3H:1V 0.33

4H:1V 0.33
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) g (KN/m°) | g, (kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 2.01
122 2H:1V 1.98
' 3H:1V 1.97
4H:1V 1.97
1H:1V 1.53
2H:1V 151
9.1
3H:1V 151
S2-UU3l 13.507 4H:1V 151
2-UU32 21.1 16.8 20.3 9.9 32 174 0.3198 15.390 _
S2-UU33 17.468 1H:1v 1.05
2H:1V 1.04
6.1
3H:1V 1.04
4H:1V 1.04
1H:1V 0.55
2H:1V 0.55
3.0
3H:1V 0.55
4H:1V 0.55
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest

TestsID | W (%) | g,(kN/m*) |g,(N/m) | S%) | fu(ed) | CkPa) | n | Ex(MPa) | H(m) | sope | deformation
(cm)

1H:1V 0.88

by |2V 0.88

3H:1V 0.88

4H:1V 0.88

1H:1V 0.69

o1 2H:1V 0.69

3H:1V 0.69

338% 17.3 175 205 84.8 36 254 0.2919 4213:;?1% an:1v 069
S2-UU36 45.974 1H:1V 0.50
61 2H:1V 0.50

3H:1V 050

4H:1V 0.50

1H:1V 0.27

a0 | 2HAV 0.27

3H:1V 0.27

4H:1V 0.27
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 0.63
12 2H:1V 0.63
' 3H:1V 0.63
4H:1V 0.63
1H:1V 0.49
2H:1V 0.49
9.1
3H:1V 0.49
S2-UU38 12.6 17.2 19.4 50.3 41 243 0.2559 59.010 _
S2-UU39 69.549 1H:1v 0.35
2H:1V 0.35
6.1
3H:1V 0.35
4H:1V 0.35
1H:1V 0.18
20 2H:1V 0.18
' 3H:1V 0.18
4H:1V 0.18
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | 9a(kN/m*) | g (kN/m’) | S(%) | fu(deg) | Cyy(kPa) n Ex(MPa) | H(m) | dope | deformation
(cm)
1H:1V 5.58
199 2H:1V 5.56
' 3H:1V 555
4H:1V 5.55
1H:1V 4.34
2H:1V 4.33
9.1
3H:1V 4.33
S2-Uu4 4.756 4H:1V 433
S2-UUS 24.6 15.7 19.6 925 35 79 0.2989 5.928 _
S2-UU6 7.132 1H:1V 3.11
2H:1V 310
6.1
3H:1V 310
4H:1V 3.09
1H:1V 1.68
20 2H:1V 1.68
' 3H:1V 1.68
4H:1V 1.68
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | 9a(kN/m*) | g (kN/m’) | S(%) | fu(deg) | Cyy(kPa) n Ex(MPa) | H(m) | dope | deformation
(cm)
1H:1V 13.50
2H:1V 12.83
122 v 1261
4H:1V 12.50
1H:1V 9.84
2H:1V 951
9.1
3H:1V 9.42
S2-UuU7 1.338 4H:1V 9.33
S2-UUS 31.2 14.4 18.9 93.1 15 45 0.4257 1.515 _
S2-UU9 1.715 1H:1V 6.60
2H:1V 6.40
6.1
3H:1V 6.33
4H:1V 6.30
1H:1V 333
20 2H:1V 3.23
' 3H:1V 319
4H:1V 319
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m’) | S (%) f ., (deg) C,, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 1.52
122 2H:1V 152
' 3H:1V 152
4H:1V 152
1H:1V 1.20
2H:1V 1.20
9.1
3H:1V 1.20
2-UU23 19.4 17.2 20.6 91.7 49 143 0.1970 26.555 _
2-UU24 32,505 1H:1v 0.87
2H:1V 0.87
6.1
3H:1V 0.87
4H:1V 0.87
1H:1V 0.46
2H:1V 0.46
3.0
3H:1V 0.46
4H:1V 0.46
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | 9a(kN/m*) | g (kN/m’) | S(%) | fu(deg) | Cyy(kPa) n Ex(MPa) | H(m) | dope | deformation
(cm)
1H:1V 0.87
122 2H:1V 0.87
' 3H:1V 0.87
4H:1V 0.87
1H:1V 0.67
2H:1V 0.67
9.1
3H:1V 0.67
S2-Uu47 34.719 4H:1V 0.67
S2-UU48 16.1 17.8 20.7 83.8 39 276 0.2704 38.456 j 048
S2-UU49 51.274 1H1V :
2H:1V 0.48
6.1
3H:1V 0.48
4H:1V 0.48
1H:1V 0.26
2H:1V 0.26
3.0
3H:1V 0.26
4H:1V 0.26
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Table A.2. Embankment crest deformation for Soil 2 Lee - TSA (continued)

crest
TestsID | W (%) | 94(kN/m®) | g, (kN/m®) | S(%) fu (deg) Cu (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 0.67
122 2H:1V 0.67
' 3H:1V 0.67
4H:1V 0.67
1H:1V 0.53
2H:1V 0.53
9.1
3H:1V 0.53
S2-UU53 48.763 .
4H: 0.53
2-UU54 13.6 18.4 20.9 77.4 45 326 0.2265 57.319 _1V 05
S2-UUSS 71676 1H:1v -
2H:1V 0.38
6.1
3H:1V 0.38
4H:1V 0.38
1H:1V 0.21
20 2H:1V 0.21
' 3H:1V 0.21
4H:1V 0.21

139




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Appendix A3 - Deformation Tables for Soil 3 Randolph — Total Stress Analysis (UU Triaxial Parameters)

Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA

crest
Tests|D W (%) gy(KN/m®) | g, (kKN/m?) S (%) f . (deg) Cyy (kPa) n E.,(MPa) H (m) slope deformation
(cm)
1H:1V 4.65
122 2H:1V 4.50
' 3H:1V 4.50
4H:1V 4.50
1H:1V 3.61
2H:1V 3.59
9.1
3H:1V 3.59
S3-Uul 5.601 AH:1V 3.59
S3-UU2 20.7 155 18.7 78.6 35 57 0.3022 7.118 :
S3-UU3 9.387 1H:1V 2.59
2H:1V 2.58
6.1
3H:1V 2.58
4H:1V 2.58
1H:1V 141
3.0 2H:1V 141
' 3H:1V 141
4H:1V 141
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | g,(kN/m* |g (kN/m* | S(%) | fu(deg | CukPa) | N Ex(MPa) | H(m) | sope | deformation
(cm)
1H:1V 5.17
by |2V 5.10
' 3H:1V 5.09
4H:1V 5.08
1H:1V 4.07
2H:1V 4.05
9.1
3H:1V 4.05
S U0e 21.6 153 18.6 795 34 55 0.3084 g'ﬁg ARV 95
S3-UU5 : : : : ) : :
2. UU6 8.535 1H:1V 2.94
2H:1V 2.86
6.1
3H:1V 2.86
4H:1V 2.86
1H:1V 162
20 2H:1V 162
' 3H:1V 162
4H:1V 162
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | 94(kN/m°) | g, (kN/m’) | S(%) fu(deg) | Cy(kPa) n Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 5.42
122 2H:1V 534
' 3H:1V 533
4H:1V 532
1H:1V 4.25
2H:1V 4.19
9.1
3H:1V 4.19
S3-UU7 4.187 4H:1V 418
S3-UUS 22.3 15.3 18.8 82.6 31 65 0.3298 5.483 -
S3-UU9 7.180 1H:1V 3.01
2H:1V 2.99
6.1
3H:1V 2.99
4H:1V 2.99
1H:1V 167
3.0 2H:1V 1.66
' 3H:1V 1.66
4H:1V 1.66
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) g (KN/m®) | g, (kN/m?) | S(%) f L, (deg) Cyy (kPa) n E,(MPa) H (m) slope deformation
(cm)
1H:1Vv 3.54
122 2H:1V 3.52
' 3H:1V 3.45
4H:1V 3.45
1H:1Vv 2.76
2H:1V 2.75
9.1
3H:1V 2.75
S3-UU10 7.186 4H:1V 2.75
S3-UU11 159 154 179 59.7 32 74 0.3197 8.652 -
S3-UuU12 11.326 1H:1V 1.94
2H:1V 1.92
6.1
3H:1V 1.92
4H:1V 1.92
1H:1Vv 1.05
3.0 2H:1V 1.05
' 3H:1V 1.05
4H:1V 1.05
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | 94(kN/m°) | g, (kN/m’) | S(%) fu(deg) | Cy(kPa) n Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 2.82
oy |2V 2.80
' 3H:1V 2.72
4H:1V 2.72
1H:1V 2.30
2H:1V 2.28
9.1
3H:1V 2.28
S3-UU13 7.041 4H:1V 2.28
S3-Uu14 14.8 15.2 175 535 31 65 0.3280 9.597 -
S3-UuUl15 19.639 1H:1V 1.72
2H:1V 171
6.1
3H:1V 1.64
4H:1V 164
1H:1V 1.04
3.0 2H:1V 104
' 3H:1V 1.04
4H:1V 104
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | 94(kN/m°) | g, (kN/m’) | S(%) fu(deg) | Cy(kPa) n Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 3.59
122 2H:1V 3.57
' 3H:1V 3.57
4H:1V 3.57
1H:1V 2.73
2H:1V 2.73
9.1
3H:1V 2.72
S3-UuU22 8.210 4H:1V 2.72
S3-UuU23 14.5 16.5 18.9 67.5 36 89 0.2903 8.947 -
S3-Uuu24 12.162 1H:1V 1.94
2H:1V 193
6.1
3H:1V 1.93
4H:1V 193
1H:1V 1.04
3.0 2H:1V 104
' 3H:1V 1.04
4H:1V 104
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | 94(kN/m°) | g, (kN/m’) | S(%) fu(deg) | Cy(kPa) n Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 3.93
oy |2V 3.92
' 3H:1V 3.92
4H:1V 391
1H:1V 311
2H:1V 3.07
9.1
3H:1V 3.07
S3-UU26 15.8 16.5 19.1 69.6 37 73 0.2826 7.853 555
S3-Uu27 12.289 1H1V :
2H:1V 2.22
6.1
3H:1V 221
4H:1V 221
1H:1V 1.23
2H:1V 1.23
3.0
3H:1V 1.23
4H:1V 1.23
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest

TestsID | W (%) | gs(kN/m*) |g (kN/m’) | S(%) | fy,(deg) | Cy (kPa) n Fo(MPa) | H(m) | slope defo(rm?tion
cm

1H:1V 3.83

oy | 2HV 3.81

3H:1V 3.80

4H:1V 3.80

1H:1V 2.96

o1 2H:1V 2.94

3H:1V 2.94

et 6.623 4H:1V 2.94
28323 178 16.3 19.2 765 32 91 03174 1 916 1H:AV 2.09
61 2H:1V 2.08

3H:1V 2.05

4H:1V 2.05

1H:1V 112

20 2H:1V 112

3H:1V 112

4H:1V 112
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 7.53
122 2H:1V 7.48
' 3H:1V 7.29
4H:1V 7.28
1H:1V 575
2H:1V 5.71
9.1
3H:1V 5.66
S3-Uu37 3.044 AH:1V 5.66
S3-UuU3s 20.2 15.7 18.9 795 30 74 0.3311 4.081 -
S3-UU39 5.062 1H:1V 411
2H:1V 4.09
6.1
3H:1V 4.06
4H:1V 4.06
1H:1V 2.24
20 2H:1V 2.23
' 3H:1V 2.23
4H:1V 2.23
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) fu,(deg) | Cy, (kPa) n E,(MPa) | H(m) slope deformation
(cm)
1H:1V 2.63
12 2H:1V 2.60
' 3H:1V 2.60
4H:1V 2.60
1H:1V 1.97
2H:1V 1.96
9.1
3H:1V 1.96
S3-UU17 125 16.7 18.8 57.5 31 136 0.3261 11.727 _
S3-UU18 12.684 1H:1v 135
2H:1V 1.34
6.1
3H:1V 1.33
4H:1V 133
1H:1V 0.69
2H:1V 0.68
3.0
3H:1V 0.68
4H:1V 0.68
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) f (deg) Cyy, (kPa) n E,(MPa) H (m) slope deformation
(cm)
1H:1V 4.06
122 2H:1V 4.05
' 3H:1V 4.05
4H:1V 4.05
1H:1V 324
2H:1V 3.23
9.1
3H:1V 3.23
S3-UU20 15.3 16.4 18.9 66.9 40 67 0.2658 8.988 _
S3-UU21 11.322 1H:1v 2.35
2H:1V 2.29
6.1
3H:1V 2.29
4H:1V 2.29
1H:1V 1.26
20 2H:1V 1.26
' 3H:1V 1.26
4H:1V 1.26
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
Tests|D W (%) g (kN /m®) | g, (kN /m?) S (%) fyu (deg) C,, (kPa) n E,,(MPa) H (m) slope defo(rm?tion
cm
1H:1V 4.02
oy | 2HIV 4.00
3H:1V 3.98
4H:1V 3.98
1H:1V 3.08
o1 2H:1V 3.06
3H:1V 3.06
-Uu2 6.4821 4H:1V 3.06
§_333§ 15.4 16.8 19.4 712 3P 105 03202 | goucs 1y 516
o1 2H:1V 2.15
3H:1V 212
4H:1V 212
1H:1V 114
20 2H:1V 1.14
3H:1V 114
4H:1V 1.14
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Table A.3. Embankment crest deformation for Soil 3 Randolph - TSA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m) | S@®%) | fy,(deg) | Cy,(kPa) " Ew(MPa) | H(m) | slope | deformation
(cm)
1H:1V 7.84
199 2H:1V 7.80
' 3H:1V 7.79
4H:1V 7.78
1H:1V 6.35
2H:1V 6.16
9.1
3H:1V 6.09
S3-UU34 3.073 4H:1V 6.08
3-UU35 19.6 16.1 19.3 81.7 33 79 0.3160 3.962 _
S3-UU36 5.021 1H:1V 442
2H:1V 4.37
6.1
3H:1V 4.32
4H:1V 4.32
1H:1V 2.40
20 2H:1V 2.39
' 3H:1V 2.39
4H:1V 2.39

152




Appendix A4 - Deformation Tablesfor Soil 4 Rowan — Total Stress Analysis (UU Triaxial Parameters)

Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA

crest
TestsID | W (%) | 9o(kN/m®) [g (kN/m®) | S(%) | fy,(deg) | Cy(kPa) " Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 16.54
2H:1V 15.68
122 1561
4H:1V 15.58
1H:1V 12.68
2H:1V 12.27
9.1
3H:1V 12.22
4-UU1 1143 AH:1V 12.22
SA-UU?2 445 11.4 16.5 90.3 26 27 0.3590 1.667 _
S4-UU3 2514 1H:1v 9.19
2H:1V 9.17
6.1
3H:1V 9.15
4H:1V 9.04
1H:1V 5.15
20 2H:1V 511
' 3H:1V 5.10
4H:1V 511
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 3.08
122 2H:1V 3.04
' 3H:1V 3.04
4H:1V 3.04
1H:1V 2.37
2H:1V 2.36
9.1
3H:1V 2.36
$4-uu4 8.553 4H:1V 2.36
4-UU5 22.2 13.1 16.0 57.6 34 69 0.3046 11.466 -
4-UU6b 13.944 1H:1V 1.68
2H:1V 1.67
6.1
3H:1V 167
4H:1V 1.67
1H:1V 0.91
3.0 2H:1V 0.91
' 3H:1V 0.91
4H:1V 0.91
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) fuu(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 2.95
122 2H:1V 294
' 3H:1V 2.93
4H:1vV 2.93
1H:1V 231
2H:1V 2.27
9.1
3H:1V 2.27
$4-UU10 8.333 4H:1V 2.27
4-UU11 20.1 13.3 15.9 53.7 33 79 0.3151 11.786 -
HA-UU12 14.513 1H:1V 1.65
2H:1V 1.64
6.1
3H:1V 1.63
4H:1V 1.63
1H:1V 0.91
2H:1V 0.90
3.0
3H:1V 0.90
4H:1vV 0.90
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 3.39
oy |2V 3.32
' 3H:1V 3.27
4H:1V 3.27
1H:1V 2.65
2H:1V 2.59
9.1
3H:1V 2.55
$4-UU19 6.773 4H:1V 2.55
4-Uu20 29.7 13.3 17.3 80.2 30 74 0.3324 8.872 -
A-Uu21 11.852 1H:1V 1.89
2H:1V 184
6.1
3H:1V 1.82
4H:1V 1.82
1H:1V 1.04
3.0 2H:1V 1.03
' 3H:1V 1.03
4H:1V 1.03

156




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | 9q(kN/m®) | g (kN/m°) | S(%) fou(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 2.29
192 2H:1V 2.27
' 3H:1V 2.27
4H:1V 2.27
1H:1V 175
91 2H:1V 174
' 3H:1V 174
$4-UuU28 12.448 4H:1V 1.74
4-UU29 145 13.6 15.6 41.0 34 92 0.3094 13.614 127
4-UU30 18.113 1H1V :
2H:1V 1.22
6.1
3H:1V 122
4H:1V 1.22
1H:1V 0.65
2H:1V 0.65
3.0
3H:1V 0.65
4H:1V 0.65
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) fuu(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1VvV 243
122 2H:1V 242
' 3H:1V 2.38
4H:1V 2.38
1H:1VvV 184
2H:1V 1.83
9.1
3H:1V 183
4-Uui3 11.752 4H:1V 1.83
4-Uul14 22.3 14.6 17.9 73.1 33 121 0.3141 12.805 128
4-UUi15 15.386 1H1V :
2H:1V 127
6.1
3H:1V 127
4H:1V 127
1H:1VvV 0.67
2H:1Vv 0.66
3.0
3H:1V 0.66
4H:1V 0.66
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) fyu (deg) C,, (kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 3.72
12 2H:1V 3.60
' 3H:1V 3.58
4H:1V 3.58
1H:1V 2.78
2H:1V 274
9.1
3H:1V 2.74
4-Uu23 27.7 14.3 18.2 86.1 23 134 0.3777 6.956 j Tol
S4-UU24 7.919 1H:1V :
2H:1V 1.88
6.1
3H:1V 1.88
4H:1V 1.86
1H:1V 0.98
20 2H:1V 0.97
' 3H:1V 0.97
4H:1V 0.97
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) f (deg) Cyy, (kPa) n E,(MPa) H (m) slope deformation
(cm)
1H:1V 1.68
122 2H:1V 1.67
' 3H:1V 1.66
4H:1V 1.66
1H:1V 1.26
2H:1V 1.25
9.1
3H:1V 1.25
4-UU32 15.8 14.9 17.2 53.7 32 153 0.3211 18.872 _
4-UU33 19.793 1H:1v 0.86
2H:1V 0.85
6.1
3H:1V 0.85
4H:1V 0.85
1H:1V 0.43
2H:1V 0.43
3.0
3H:1V 0.43
4H:1V 0.43

160




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) fyu (deg) C,, (kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 1.84
122 2H:1V 1.84
' 3H:1V 1.83
4H:1V 1.83
1H:1V 141
2H:1V 141
9.1
3H:1V 141
4-Uu37 16.877 4H:1V 141
s4-UuU38 125 14.9 16.8 426 38 138 0.2785 19.181 j .99
S4-UU39 22.201 1H:1V :
2H:1V 0.99
6.1
3H:1V 0.99
4H:1V 0.98
1H:1V 0.51
2H:1V 0.51
3.0
3H:1V 0.51
4H:1V 0.51
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | gy(kN/m°) | g (kN/m’) | S(%) | fu,(deg) | Cy(kPa) n Ex(MPa) | H (m) sope deformation
(cm)
1H:1V 2.22
122 2H:1V 221
' 3H:1V 2.21
4H:1V 221
1H:1V 1.69
2H:1V 1.68
9.1
3H:1V 1.68
4-UU7 13.624 .
4H: 1.68
4-UU8 20.0 15.1 18.2 70.9 37 137 0.2883 15.364 _1V 17
SAUU9 17.314 1H:1v -
2H:1V 1.17
6.1
3H:1V 1.17
4H:1V 1.17
1H:1V 0.61
20 2H:1V 0.61
' 3H:1V 0.61
4H:1V 0.61
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) f (deg) Cyy, (kPa) n E,(MPa) H (m) slope deformation
(cm)
1H:1V 211
12 2H:1V 2.06
' 3H:1V 2.05
4H:1V 2.05
1H:1V 1.58
2H:1V 1.56
9.1
3H:1V 1.56
4-UU17 22.6 15.3 18.8 82.2 25 203 0.3691 12.888 _
4-UU18 13.969 1H:1v 109
2H:1V 1.08
6.1
3H:1V 1.08
4H:1V 1.07
1H:1V 0.56
20 2H:1V 0.55
' 3H:1V 0.55
4H:1V 0.55
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m) | S(@®%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 6.52
122 2H:1V 6.40
' 3H:1V 6.38
4H:1V 6.38
1H:1V 4.92
2H:1V 4.87
9.1
3H:1V 4.86
S$4-UU25 3.633 4H:1V 4.86
A-UU26 27.8 14.4 18.3 87.4 27 106 0.3540 4114 -
A-Uu27 5.121 1H:1V 3.46
2H:1V 3.39
6.1
3H:1V 3.38
4H:1V 3.38
1H:1V 1.80
3.0 2H:1V 179
' 3H:1V 179
4H:1V 179

164




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | 94(kN/m*) | g, (kN/m°) | S(%) | fy,(deg) | Cy (kPa) n Ex(MPa) | H(m) | dope | deformation
(cm)
1H:1V 175
192 2H:1v 175
' 3H:1V 1.75
4H:1V 175
1H:1V 132
2H:1V 131

9.1
3H:1V 131

S4-UU3s | 149 157 18.0 57.2 42 138 02515 | 20.985 _

$4-UU36 22.335 1H:1v 0-90
2H:1V 0.90

6.1
3H:1V 0.90
4H:1V 0.90
1H:1V 0.45
2H:1V 0.45

3.0
3H:1V 0.45
4H:1V 0.45
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Table A.4. Embankment crest deformation for Soil 4 Rowan - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 2.82
oy |2V 2.82
' 3H:1V 2.82
4H:1V 2.82
1H:1V 2.28
2H:1V 2.28
9.1
3H:1V 2.28
$4-UU40 12.388 4H:1V 2.28
A-UuU41 125 15.4 17.3 45.8 51 67 0.1790 21.370 -
A-Uu42 22.908 1H:1V 1.67
2H:1V 1.67
6.1
3H:1V 167
4H:1V 1.67
1H:1V 0.97
3.0 2H:1V 0.97
' 3H:1V 0.97
4H:1V 0.97
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Appendix A5 - Deformation Tablesfor Soil 5 Mecklenburg — Total Stress Analysis (UU Triaxial Parameters)

Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA

crest
TestsID | W (%) gy(KN/m®) | g, (KN /m?) S (%) f L, (deg) C,, (kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 3.04
122 2H:1V 2.99
' 3H:1V 2.98
4H:1V 2.98
1H:1V 2.26
2H:1V 2.24
9.1
3H:1V 2.23
S5-UU31 8.553 AH:1V 2.23
S5-UU32 18.8 155 184 68.3 28 79 0.3498 9.908 :
S5-UU33 10.210 1H:1VvV 155
2H:1V 154
6.1
3H:1Vv 153
4H:1V 153
1H:1V 0.78
2H:1V 0.78
3.0
3H:1Vv 0.78
4H:1V 0.78
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 2.84
122 2H:1Vv 2.78
' 3H:1V 2.76
4H:1V 2.76
1H:1V 213
2H:1V 2.09
9.1
3H:1V 2.08
S5-UU34 8.560 4H:1V 2.08
S5-UU35 16.6 155 18.0 60.0 26 86 0.3614 9.969 -
S5-UU36 10.982 1H:1V 1.46
2H:1V 144
6.1
3H:1V 143
4H:1V 143
1H:1V 0.75
2H:1V 0.74
3.0
3H:1V 0.74
4H:1V 0.74

168




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | 9q(kN/m®) | g (kN/m°) | S(%) fou(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 271
122 2H:1V 2.64
' 3H:1V 2.64
4H:1vV 2.63
1H:1V 2.02
2H:1V 1.99
9.1
3H:1V 1.98
S5-UuU1 9.316 4H:1V 1.98
S5-UU2 18.0 15.9 18.8 69.8 26 93 0.3602 9.691 -
S5-UU3 11.566 1H:1V 1.38
2H:1V 1.36
6.1
3H:1V 1.36
4H:1vV 1.36
1H:1V 0.70
3.0 2H:1V 0.70
' 3H:1V 0.70
4H:1vV 0.70
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 3.73
oy | 2HIV 3.63
' 3H:1V 3.62
4H:1V 3.62
1H:1V 2.89
2H:1V 2.79
9.1
3H:1V 2.79
S5-UU4 6.089 4H:1V 2.79
S5-UUS 20.8 155 18.8 76.0 29 62 0.3399 8.112 -
S5-UU6 9.580 1H:1V 2.00
2H:1V 1.99
6.1
3H:1V 1.98
4H:1V 198
1H:1V 1.09
3.0 2H:1V 1.08
' 3H:1V 1.08
4H:1V 1.08
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 231
oy | 2HIV 2.26
' 3H:1V 2.26
4H:1V 2.26
1H:1V 1.80
2H:1V 175
9.1
3H:1V 174
S5-UU7 9.815 4H:1V 1.74
S5-UUS 15.9 15.9 185 61.6 30 95 0.3320 14.077 -
S5-UU9 15.843 1H:1V 1.27
2H:1V 124
6.1
3H:1V 124
4H:1V 124
1H:1V 0.69
2H:1V 0.68
3.0
3H:1V 0.68
4H:1V 0.68
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) g (KN/m®) | g, (kN/m?) | S(%) fu,(deg) | Cy, (kPa) n E,(MPa) H (m) slope deformation
(cm)
1H:1V 4.03
122 2H:1V 3.85
' 3H:1V 3.78
4H:1V 3.77
1H:1V 3.04
2H:1V 2.90
9.1
3H:1V 2.89
S5-UU20 22.9 15.6 19.2 84.8 22 85 0.3850 6.931 _
S5-UU21 7.156 1H:1v 211
2H:1V 2.05
6.1
3H:1V 2.05
4H:1V 2.05
1H:1V 112
20 2H:1V 1.10
' 3H:1V 1.09
4H:1V 1.09
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | 9q(kN/m®) | g (kN/m°) | S(%) fou(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 2.38
122 2H:1V 2.35
' 3H:1V 2.35
4H:1vV 2.35
1H:1V 178
2H:1V 177
9.1
3H:1V 177
S5-UuU22 12.097 4H:1V 1.77
S5-UU23 13.7 15.8 18.0 52.0 33 83 0.3155 14.106 -
S5-UuU24 14.186 1H:1V 1.22
2H:1V 121
6.1
3H:1V 121
4H:1V 1.21
1H:1V 0.62
30 2H:1V 0.62
' 3H:1V 0.62
4H:1vV 0.62
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) fu,(deg) | Cy, (kPa) n E,(MPa) | H(m) slope deformation
(cm)
1H:1V 2.89
122 2H:1V 2.85
' 3H:1V 2.83
4H:1V 2.82
1H:1V 2.16
2H:1V 214
9.1
3H:1V 2.13
S5-UU37 9.438 4H:1V 2.12
S5-UU38 14.4 14.8 17.0 47.2 29 60 0.3395 10.357 _
S5-UU39 12.200 1H:1v 148
2H:1V 1.46
6.1
3H:1V 1.46
4H:1V 1.46
1H:1V 0.75
2H:1V 0.75
3.0
3H:1V 0.75
4H:1V 0.75
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | gs(kN/m®) | g, (kN/m*) | S(%) | fy,(deg) | Cy, (kPa) N Ex(MPa) | H(m) | slope | deformation
(cm)
1H:1V 2.27
oy |2V 2.22
' 3H:1V 221
4H:1V 2.20
1H:1V 1.68
2H:1V 1.67
9.1
3H:1V 1.66
S5-UU40 10.308 4H:1V 1.65
S5-UU41 10.8 14.4 16.0 334 24 76 0.3754 11.942 -
S5-UU42 13.011 1H:1V 1.15
2H:1V 113
6.1
3H:1V 113
4H:1V 113
1H:1V 0.58
2H:1V 0.58
3.0
3H:1V 0.58
4H:1V 0.58
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crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) fuu(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 182
122 2H:1V 179
' 3H:1V 178
4H:1V 1.77
1H:1V 135
2H:1V 133
9.1
3H:1V 132
S5-UU10 13.260 4H:1V 1.32
S5-UU11 14.5 16.7 19.1 63.2 23 149 0.3785 14.241 -
S5-UU12 15.150 1H:1V 0.91
2H:1V 0.90
6.1
3H:1V 0.89
4H:1vV 0.89
1H:1V 0.45
2H:1V 0.45
3.0
3H:1V 0.45
4H:1vV 0.45
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | gs(kN/m*) |g (kN/m’) | S(%) | fy,(deg) | Cy (kPa) n Fo(MPa) | H(m) | slope defo(rm?tion
cm

1H:1V 3.26

122 2H:1V 315

3H:1V 311

4H:1V 311

1H:1V 2.51

o1 2H:1V 2.49

3H:1V 2.49

ot 7.933 AH:1v 245
g_ggli 16.8 17.0 19.8 76.2 34 94 03031 | 437919 1H:AV 181
61 2H:1V 1.79

3H:1V 1.79

4H:1V 1.79

1H:1V 0.99

20 2H:1V 0.99

3H:1V 0.99

4H:1V 0.99

177




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | 9q(kN/m®) | g (kN/m°) | S(%) fou(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 3.90
122 2H:1V 3.79
' 3H:1V 3.78
4H:1V 3.77
1H:1V 2.96
2H:1V 2.94
9.1
3H:1V 2.93
S5-UU16 6.005 4H:1V 2.93
S5-UU17 20.1 16.5 198 84.7 29 75 0.3421 7.555 -
S5-UU18 9.158 1H:1Vv 2.10
2H:1v 2.08
6.1
3H:1V 207
4H:1V 207
1H:1V 112
3.0 2H:1V 112
' 3H:1V 112
4H:1V 1.12
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) fuu(deg) | Cy, (kPa) n E,(MPa) | H (m) slope deformation
(cm)
1H:1V 191
122 2H:1V 187
' 3H:1V 1.86
4H:1V 1.86
1H:1V 1.45
2H:1V 142
9.1
3H:1V 1.42
S5-UU25 12.869 4H:1V 142
11.3 17.2 191 52.8 29 158 0.3369
S5-UU27 18.531 1H:1V 1.01
2H:1V 1.00
6.1
3H:1V 1.00
4H:1V 1.00
1H:1V 0.54
2H:1V 0.53
3.0
3H:1V 0.3
4H:1V 0.53
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Table A.5. Embankment crest deformation for Soil 5 Mecklenburg - TSA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) f (deg) Cyy, (kPa) n E,(MPa) H (m) slope deformation
(cm)
1H:1V 2.58
122 2H:1V 2.56
' 3H:1V 2.55
4H:1V 2.55
1H:1V 2.02
2H:1V 2.01
9.1
3H:1V 2.01
S5-UU28 12.045 4H:1V 2.01
S5-UU29 9.4 16.8 18.3 413 43 91 0.2430 16.050 _
S5-UU30 20.479 1H:1v 148
2H:1V 1.48
6.1
3H:1V 1.46
4H:1V 1.46
1H:1V 0.80
2H:1V 0.80
3.0
3H:1V 0.80
4H:1V 0.80

180




Appendix B - Deformation Tablesfor Effective Stress Analysis (CU Triaxial Parameters)

Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table B.1. Embankment crest deformation for Soil 1 Forsyth - ESA

Appendix B1 - Deformation Tablesfor Soil 1 Forsyth — Effective Stress Analysis (CU Triaxial Parameters)

crest
TestsID | W (%) gy(kN/m®) | g, (kN /m?) S (%) f €deg) C¢kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 12.92
2H:1V 12.37
122 v 1208
4H:1V 12.07
1H:1V 10.80
2H:1V 10.27
9.1
3H:1V 10.12
S1-CU2 225 16.7 20.4 ~ 100 33 16 0.3160 2.663 :
S1-CU3 4213 1H:1v 7.89
2H:1V 7.51
6.1
3H:1V 7.51
4H:1V 7.50
1H:1V 491
2H:1V 4.89
3.0
3H:1V 4.89
4H:1V 4.89
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Table B.2. Embankment crest deformation for Soil 2 Lee - ESA

crest
TestsID W (%) gy(KN/m®) | g, (KN /m?) S(%) f §deg) C¢kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 8.68
129 2H:1V 8.09
' 3H:1V 797
4H:1V 7.65
1H:1Vv 6.59
2H:1V 6.48
9.1
3H:1V 6.48
S2-CUl 1.843 4H:1v 6.45
35.2 13.8 18.7 ~ 100 28 4 0.3490
S2-CU3 6.246 1H:1V 5.07
2H:1V 5.01
6.1
3H:1V 5.01
4H:1V 4.98
1H:1Vv 3.15
2H:1V 3.04
3.0
3H:1V 3.04
4H:1V 3.04
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Table B.2. Embankment crest deformation for Soil 2 Lee - ESA (continued)

crest
TessID | W (%) | g (N/m?) | g, (N/m) | S (%) f &deg) C&kpa) n E,(MPa) | H (m) dope | deformation
(cm)
1H:1V 5.47
122 2H:1V 5.22
' 3H:1V 5.20
4H:1V 5.03
1H:1V 4.18
2H:1V 4.11
9.1
3H:1V 4.10
S2-CU4 3.677 .
4H: 4.09
S2-CU5 21.6 17.1 20.8 ~ 100 29 38 0.3377 5.279 _1V 08
S2-CU6 7585 1H:1V .
2H:1V 3.02
6.1
3H:1V 3.02
4H:1V 3.01
1H:1V 1.76
20 2H:1V 1.75
' 3H:1V 1.75
4H:1V 1.75
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Table B.2. Embankment crest deformation for Soil 2 Lee - ESA (continued)

crest
TestsID | W (%) | g,(kN/m®) |g. (kN/m) | S(%) f ¢deg) C&kPa) N E,(MPa) | H (m) sope deformation
(cm)
1H:1V 3.16
122 2H:1V 2.94
' 3H:1V 2.93
4H:1V 2.93
1H:1V 2.40
2H:1V 2.37
9.1
3H:1V 2.37
S2-CU7 5.378 4H:1V 2.36
S2-CUS8 20.9 17.3 20.9 ~ 100 29 46 0.3430 10.174 _
S2-CU9 12.972 1H:1V 1.82
2H:1V 1.78
6.1
3H:1V 1.78
4H:1V 1.77
1H:1V 1.06
20 2H:1V 1.05
' 3H:1V 1.05
4H:1V 1.05
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Appendix B3 - Deformation Tablesfor Soil 3 Randolph — Effective Stress Analysis (CU Triaxial Parameters)

Table B.3. Embankment crest deformation for Soil 3 Randolph - ESA

crest
TestsID | W (%) gy(KN/m®) | g, (KN /m?) S (%) f §deg) C¢kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 12.77
2H:1V 1211
122 v 1211
4H:1Vv 12.10
1H:1V 10.75
2H:1V 10.15
9.1
3H:1V 10.13
S3-CcU1 1.440 AH:1V 9.97
s3-cU2 34.7 13.7 185 ~ 100 31 5 0.3284 2.207 :
o3.CU3 4823 1H:1V 7.96
2H:1V 7.48
6.1
3H:1V 747
4H:1Vv 7.46
1H:1V 4.82
2H:1V 4.80
3.0
3H:1V 4.80
4H:1Vv 4.80
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Table B.3. Embankment crest deformation for Soil 3 Randolph - ESA (continued)

crest
TestsID | W (%) | go(kN/m*) | g, (kN/m?) | S(%) f €deg) C¢kPa) n Ex(MPa) | H (m) slope defO(rm:;\tion
cm

1H:1v 16.89

2H:1V 16.83

122 hav 16.20

AH:1V 15.99

1H:1V 14.27

2H:1V 13.72

e Y 1370

S3-Cu4 1591 4H:1V 13.43
22832 29.7 147 19.1 ~ 100 37 0 0.2821 igg(z) Y T06E
2H:1V 10.21

e Y 1021

4H:1V 10.21

1H:1V 6.40

20 2H:1V 6.39

3H:1V 6.39

4H:1V 6.39
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Table B.3. Embankment crest deformation for Soil 3 Randolph - ESA (continued)

crest
TestsID | W (%) | g4(kN/m®) | g.(kN/m°) | S (%) f €deg) C¢kPa) n E,(MPa) | H(m) slope defo(rm?tion
cm
1H:1Vv 13.88
2H:1Vv 13.33
122 M 1317
4H:1V 1317
1H:1v 11.09
2H:1Vv 10.89
1 v 1088
S3-cu7 1627 4H:1V 10.54
g:gﬂg 28.9 14.9 19.2 ~ 100 36 2 0.2928 iggg 1H1Y 834
61 2H:1Vv 8.20
3H:1V 8.20
4H:1V 8.19
1H:1V 5.13
.0 2H:1V 5.12
3H:1V 512
4H:1V 5.12
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Table B.4. Embankment crest deformation for Soil 4 Rowan - ESA

Appendix B4 - Deformation Tablesfor Soil 4 Rowan — Effective Stress Analysis (CU Triaxial Parameters)

crest
Tests|D W (%) gy(KN/m®) | g, (KN /m?) S (%) f §deg) C¢kPa) n E,,(MPa) H (m) slope deformation
(cm)
1H:1V 9.77
122 2H:1V 9.42
' 3H:1V 9.40
4H:1V 9.39
1H:1V 7.61
2H:1V 7.41
9.1
3H:1V 7.40
#-CUl 2482 4H:1V 7.32
4-CU2 46.3 11.9 17.3 ~ 100 32 10 0.3169 3.154 -
$4-CU3 5.018 1H:1V 5.58
2H:1V 5.52
6.1
3H:1V 5.52
4H:1V 551
1H:1V 3.15
3.0 2H:1V 3.14
' 3H:1V 3.14
4H:1V 3.14

188




Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

Table B.4. Embankment crest deformation for Soil 4 Rowan - ESA (continued)

crest
TestsID | W (%) | Gy(N/m?) | g, (kN/mT) | S (%) f &deg) C&kpa) n E,(MPa) | H (m) dope | deformation
(cm)
1H:1V 9.95
199 2H:1V 0.88
' 3H:1V 9.87
4H:1V 9.61
1H:1V 8.00
2H:1V 7.86
9.1
3H:1V 7.85
s-cu4 2.433 : o
S4-CU5 35.8 13.6 184 ~ 100 36 5 0.2908 3.493 4H:1V e
SA-CU6 5994 1H:1V .
2H:1V 5.83
6.1
3H:1V 5.83
4H:1V 5.83
1H:1V 357
2H:1V 3.56
3.0
3H:1V 3.56
4H:1V 3.56
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Table B.4. Embankment crest deformation for Soil 4 Rowan - ESA (continued)

crest
TestsID | W (%) | g,(kN/m®) |g. (kN/m) | S(%) f ¢deg) C¢kPa) n E,(MPa) | H (m) sope deformation
(cm)
1H:1V 9.81
122 2H:1V 9.46
' 3H:1V 9.45
4H:1V 9.44
1H:1V 7.78
2H:1V 7.74
9.1
3H:1V 7.53
$4-CU7 2.306 4H:1V 7.44
342 13.9 18.6 ~ 100 34 14 0.3056
$4-CU9 5.322 1H:1V 5.79
2H:1V 5.76
6.1
3H:1V 5.72
4H:1V 5.72
1H:1V 3.35
2H:1V 334
3.0
3H:1V 334
4H:1V 334
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Appendix B5 - Deformation Tablesfor Soil 5 M ecklenburg — Effective Stress Analysis (CU Triaxial Parameters)

Table B.5. Embankment crest deformation for Soil 5 Mecklenburg - ESA

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m) | S(%) f &deg) C&kPa) " Fo(MP8) | H(m) | slope defo(rm?tion
cm
1H:1V 11.36
2H:1V 10.93
122 3H:1V 10.77
4H:1v 10.78
1H:1V 8.83
o1 2H:1V 8.59
3H:1V 8.56
UL 1,632 4H:1V 8.50
= U3 36.4 136 18.6 ~ 100 29 0 0.3412 1.056 1H-1V 6.50
2H:1V 6.45
6.1
3H:1V 6.43
4H:1V 6.43
1H:1V 3.89
2H:1V 3.87
30 3H:1V 3.87
4H:1V 3.87
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Table B.5. Embankment crest deformation for Soil 5 Mecklenburg - ESA (continued)

crest
TestsID | W (%) | 9o(kN/m’) | g, (kN/m°) | S(%) f §deg) C&kPa) n E,(MPa) | H(m) | slope | deformation
(cm)
1H:1V 13.68
2H:1V 12.48
122 v 1231
4H:1V 12.30
1H:1V 11.00
2H:1V 10.32
91 v 10.32
S5-CU4 1422 4H:1V 10.27
S5-CU5 32.8 14.3 19.0 ~ 100 32 3 0.3174 2.466 _
S5-CU6 4.437 1H:1V 7.98
2H:1V 7.93
6.1
3H:1V 7.92
4H:1V 791
1H:1V 4.93
2H:1V 4.92
3.0
3H:1V 4.92
4H:1V 4.92
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Table B.5. Embankment crest deformation for Soil 5 Mecklenburg - ESA (continued)

crest
TestsID | W (%) g (kN /m®) | g, (kN /m?) S (%) f §deg) CEkPa) n E,,(MPa) H (m) slope defo(rm?tion
cm

1H:1V 19.37

2H:1V 19.07

122 i 1907

4H:1V 19.06

1H:1V 15.71

H-1V 15.41

1 v 1541

- 1.447 4H:1V 15.40
ggﬂ; 318 145 19.1 ~ 100 43 0 02395 | 1y 515
2H:1V 1211

®1  ahav 1211

4H:1V 1211

1H:1V 7.61

20 2H:1V 7.61

3H:1V 7.61

4H:1V 7.61
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Appendix C - FailureLinesfor CU Tests

= = = = ESP ofS1-CU1: 0'C= 25 kPa
y=0.538x + 13.864

= = = = ESP ofS1-CU2: 6'C= 50 kPa R*=0.993 -

= = = = ESP 0ofS1-CU3: 0'C= 100 kPa

X u=0 failure criterion

50 100 150 200 250 300
p' (kPa)

Figure C.1. Effective stress paths and failure line for CU tests on Soil 1 Forsyth - samples compacted at standard

energy

- = = = ESP 0fS2-CU1: 0'C= 25 kPa

= = = = ESP 0fS$2-CU3: 0'C= 100 kPa

X u=0 failure criterion P
y =0.464x + 3.300
R*=1.000
20 40 60 80 100 120 140 160

P' (kPa)

Figure C.2. Effective stress path and failure line for CU tests on Sail 2 Lee - samples compacted at standard energy

194



180

160

140

180

160

Hassani et al. (2019) — Final Report for NCDOT RP 2015-05

- = = — ESP 0fS$2-CU4: 0'C= 25 kPa

= = = = ESP of$2-CUS: 6'C= 50 kPa

= = = = ESP 0f$2-CU6: 6'C= 100 kPa y =0.490x + 33.526

R*=1.000
X u=0 failure criterion .
4
‘
A}
1
I
]
)
!
’ 1 ’ \‘ /
’ ’ /
4 4 7/
4 / 4
0 50 100 150 200 250 300
p' (kPa)
Figure C.3. Effective stress path and failure line for CU tests on Soil 2 Lee - samples compacted at intermediate
energy

- = = = ESP ofS2-CU7: 0'C= 25 kPa

- = = — ESP 0ofS$2-CU8: ¢'C= 50 kPa fr, SO

= = = = ESP ofS2-CU9: ¢'C= 100 kPa - -

X u=0 failure criterion y =0.478x +40.122

R*=0.925
P Pt !
7 ’ ’
4
/ / 7 £
4 4 4
’ ’ e
0 50 100 150 200 250 300

p' (kPa)

Figure C.4. Effective stress path and failure line for CU tests on Soil 2 Lee - samples compacted at modified energy
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- = = = ESP0f$3-CU1: 0'C= 25 kPa

y=0.511x +4.271
- = = = ESP 0f$3-CU2: 0'C= 50 kPa

R*=1.000 ~ .-
- - = - ESP 0f$3-CU3: 0'C= 100 kPa -7
X u=0 failure criterion
\)1 £
0 50 100 150 200 250 300
p' (kPa)
Figure C.5. Effective stress path and failure line for CU tests on Soil 3 Randolph - samples compacted at standard
energy
- — — — ESP 0f$3-CU4: 0'C= 25 kPa -,
- = = = ESP 0f$3-CUS: 0'C= 50 kPa P !', 7™
- = = — ESP 0f$3-CU6: 0'C= 100 kPa )y 2 ¥ =0.607
X u=0 failure criterion o R*=0.984
7
7 7 2
7’
4
/.
o 7
i
x)
/) 7 ‘ !
s 1
’ ’ \
7 1
\ N 1
0 50 100 150 200 250 300 350 400
p' (kPa)

Figure C.6. Effective stress path and failure line for CU tests on Soil 3 Randolph - samples compacted at

intermediate energy
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160 -
- = = = ESP0fS3-CU7: 0'C= 25 kPa <
140 y=0.586x +1.246 _ .
= = = — ESP ofS$3-CU8: 0'C= 50 kPa R*= 0.988_ -
120 4 == -~ ESPofs3-CU9: o'C= 100 kPa 3
X u=0 failure criterion 7
100
~~
~
2
=
20
0 2 . , . ; .
0 50 100 150 200 250 300
p' (kPa)
Figure C.7. Effective stress path and failure line for CU tests on Soil 3 Randolph - samples compacted at modified
energy
100
— = = = ESPofS4-CU1: 0'C= 25 kPa
% T P’
- = = = ESP 0ofS4-CU2: 0'C= 50 kPa v =0.536x + 8.305
80 1 L - Espofsa-cus:o'C= 100 kPa R*= 0933 X
70 + X u=0 failure criterion o
~ 60 -
o~
& 50 |
N’
=2 40 - ]
1
30 - |
1
20 b
I
e ! \ I'
’ ! ’
0 T T T T l| T 1
0 20 40 60 80 100 120 140
p' (kPa)
Figure C.8. Effective stress path and failure line for CU tests on Soil 4 Rowan - samples compacted at standard
energy
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180 A

- = — — ESP 0fS4-CU4: ¢'C= 25 kPa
160 -

- — = - ESP 0f$4-CUS: 0'C= 50 kPa - _
140 9 _ _ _ _ Espofsa-CUs: 0'C= 100 kpa P

-
tore criter L y =0.590x + 3.989

120 X u=0 failure criterion - R*=0.994

O T rl T T T 1
0 50 100 150 200 250 300
p' (kPa)
Figure C.9. Effective stress path and failure line for CU tests on Soil 4 Rowan - samples compacted at intermediate
energy

180 -

— = = — ESP0fS4-CU7: 0'C= 25 kPa
160 -

- = = = ESP 0f$4-CU9: 0'C= 100 kPa =" 2
140 - %X us0 ;7 4

y.=0.560x + 11.790
R*=1.000
0 50 100 150 200 250 300
p' (kPa)
Figure C.10. Effective stress path and failure line for CU tests on Soil 4 Rowan - samples compacted at modified
energy
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120 -
- = = = ESP 0fS5-CU1: 0'C= 25 kPa
1004 ———- ESP of $5-CU3: ¢'C= 100 kPa
X u=o -
P~ y =0.482x
80 1 - R?= 1.000
? Ll o ’
& 60 S
S’ ’,
=
/7
!
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20 - \
\
" |
0 . ; / . i |
0 50 100 150 200 250
p' (kPa)
Figure C.11. Effective stress path and failure line for CU tests on Soil 5 Mecklenburg - samples compacted at
standard energy
140 -
- = = = ESP 0of S5-CU4: 0'C= 25 kPa
120 4 - - - - ESP ofS5-CUS: 0'C= 50 kPa St et M
= = = = ESP 0fS5-CU6: 0'C= 100 kPa - - y=0.535x + 2.756
100 X u=0 failure criterion e R*=0.998
~
~
z
=
0 T T T T T 1
0 50 100 150 200 250 300

p' (kPa)

Figure C.12. Effective stress path and failure line for CU tests on Soil 5 Mecklenburg - samples compacted at
intermediate energy
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200

- — = = ESP of $5-CU7: 0'C= 25 kPa
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Figure C.13. Effective stress path and failure line for CU tests on Soil 5 Mecklenburg - samples compacted at

modified energy
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