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This technical paper investigates the influence of sample size and geologic
characteristics on the geotechnical design of levee embankments. Sample
quality plays a vital role in quantifying engineering properties for levee
embankment projects, and numerous studies have highlighted the impact of
sample disturbance on such engineering properties. Despite this evidence,
conventional tube and piston samplers of different diameters continue to be
widely used, potentially leading to underestimation of shear strength. The paper
focuses on comparing 7.6 cm and 12.7 cm diameter undisturbed Shelby tube
samples andCPT data collected from three levee sites in theGreater NewOrleans
Area, Louisiana, USA, which encompass diverse geologic histories. The study aims
to assess the effect of industry used samples size and geology on levee
construction costs. The findings provide valuable insights into optimizing
sample collection methods and improving geotechnical design for earthen
embankments.
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1 Introduction

Measuring engineering properties for the geotechnical design of earthen embankments
is explicitly linked to the quality of soil sampling. Many studies have focused on quantifying
sample disturbance in the engineering behavior of soft clays, along with improving and
refining sampling techniques (Hvorslev, 1949; Lefebvre and Poulin, 1979; Baligh et al., 1987;
Gilbert, 1992; Lunne et al., 1997; Clayton and Siddique, 1999; Ladd and DeGroot, 2004;
DeGroot et al., 2005; Long, 2006). Despite the overwhelming evidence of sample
disturbance induced by the conventional tube and piston samplers, they are still
commonly used in soft soils (Jafari et al., 2019). Sample disturbance may lead to an
underestimation of the undrained shear strength (su), preconsolidation pressure (σ′p),
virgin compression index (Cc), and coefficient of consolidation (cv) (Mesri and Castro, 1987;
Gilbert, 1992; Ladd and DeGroot, 2004; Jafari et al., 2019). In particular, sample disturbance
decreases su and increases the strain at failure for unconsolidated undrained (UU) triaxial
tests of normally consolidated cohesive soils (DeGroot and Ladd, 2012), with su possibly
approaching half of the in-situ value (Gilbert, 1992). DeGroot and Ladd (2012) also suggest
that UU triaxial test results exhibit excessive scatter due to the reliance on the cancellation of
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three uncontrollable errors. The fast rate of shearing and the
disregard for anisotropic effects increases the measured su, while
sample disturbance decreases the measured su. Furthermore, UU test
results from a poor-quality sample can be 25%–50% lower than the
mobilized shear strength (Terzaghi et al., 1996).

For sampling related to flood protection projects, the U.S. Army
Corps of Engineers (USACE) Hurricane and Storm Damage Risk
Reduction System (HSDRRS) Design Guidelines requires 12.7 cm
tube sampling at a maximum of every 300 m of levee along the
centerline and toes of the levee (USACE, 2012). However, there is
limited evidence suggesting that 7.6 cm borings taken in soft,
normally consolidated soils are not suitable and that they should
be avoided. The 12.7 cm diameter borings increase the cost and time
requirements when compared to the 7.6 cm diameter borings due to
the added difficulty in sampling, transportation, and preparation.
The 12.7 cm diameter borings are generally performed using a 1.5 m
long tube, while the 7.6 cm diameter borings use a 1 m long tube.
This raises the question if the increase in site investigation cost is
necessary to achieve a more cost-effective design, especially when
over tens of kilometers of levees are proposed in the U.S, or if and
how 7.6 cm diameter borings can achieve similar results to that of
12.7 cm borings.

Both 12.7 cm and 7.6 cm sampling techniques analyzed in this
study use the same drilling and sampling practice, rotary wash with a
bentonite drilling mud, an upward discharging bit, and thin-walled
Shelby tubes with a fixed-piston type sampler for cohesive soils.
Thus, a difference in shear strength is likely attributed to core tube
diameter. The area ratio (AR), inside clearance ratio (ICR), and
diameter-to-wall thickness ratio (B/t) for both 7.6 cm and 12.7 cm
thin-walled tube samplers are all approximately equal. For sampler
tubes with dimensions adhering to ASTM (D1587-15), 2022 typical
AR values are 9.3% and 10.3%, and B/t values are 46.2 and 41.7 for
7.6 cm and 12.7 cm diameter tubes, respectively. Per USACE
guidance for 12.7 cm core tubes, multiple 3.6 cm diameter
specimens may be trimmed at the same elevation within an
individual sample for three-point triaxial testing. For a 7.6 cm
core tube, samples are taken vertically within the same 30 cm
(1 ft), which may increase the issue of vertical variability within
selected specimens.

Several geotechnical properties and overall behavior of soils are
affected by the local depositional geologic environments. Graham
and Shields (1985) report that properties such as the soil’s strength at
various depths and conditions depend on the geology of the deposit
and is affected by various environmental and climatic processes.
Koloski et al. (1989) illustrate the connection between geotechnical
properties for several types of soils ranging from clays to gravels,
including organics, to their geologic characteristics and depositional
environments ranging from alluvial to volcanic, including lacustrine.
The wide range of this list indicates that there is a strong connection
between geotechnical and geological characteristics of all types
of soils.

Accordingly, the main objective of this study is to evaluate the
effect of sample size and geology on earthen embankment design
and construction using 7.6 and 12.7 cm diameter undisturbed
Shelby tube samples and CPT data. To achieve this, controlled
site investigations conducted at three 3) levee sites within the
Greater New Orleans Area, Louisiana, USA that encompass
varying geological histories within HSDRRS were analyzed. The

study presents a comparative evaluation to assess the effect of the
sampling methodologies, which vary in sample diameter and
specimen size. Additionally, the data collection for this study
offers an opportunity to develop site-specific correlations that are
useful for engineering practice.

2 Site description

2.1 General geology of New Orleans

The Greater New Orleans area comprises diverse geologic
deposits, such as inland swamps, interdistributary deposits,
marsh, natural levee, point bar, and several abandoned
distributary channels (Dunbar and Britsch, 2008). The study
focuses on three specific sites: Lake Pontchartrain and Vicinity
(LPV-02.2), characterized by interdistributary deposits, overlain
by levee embankment material, marsh, and natural fill deposits,
and underlain by bay floor containing clays, silts, sands, shells, and
Pleistocene deposits; West Bank and Vicinity (WBV-14e.2),
consisting of interdistributary deposits overlain by swamp
deposits, underlain by prodelta and Pleistocene deposits; and
West Bank and Vicinity (WBV-09a), predominantly composed of
inland swamp deposits underlain by prodelta and Pleistocene
deposits. Additional data from the Inner Harbor Navigational
Canal (IHNC), West Shore Lake Pontchartrain (WSLP), and
additional HSDRRS were included in this study to supplement
lab test results for engineering properties (Figure 1). The IHNC
site is an inland swamp, while the WSLP site comprises inland
swamps, interdistributary, and prodelta deposits (Kolb and Van
Lopik, 1958).

The Greater New Orleans area is characterized by Holocene and
Pleistocene deposits, part of the Mississippi Deltaic Plain. Typically,
the Holocene fill ranges from 17 to 24 m thick and can reach depths
of up to 45 m, where point bar deposits formed by the Mississippi
River dip gently towards the Gulf of Mexico (Dunbar and Britsch,
2008). These Holocene deposits mainly consist of organic clays,
peats, and high-water content clays, with limited silts and sands
(Kolb and Saucier, 1982). Thinner Holocene fills (e.g., 7.5–15 m) can
also be found in some areas. Notably, the engineering properties of
Holocene and Pleistocene deposits exhibit distinct differences. The
Holocene deposits generally display undrained strengths of
10–50 kPa, while undrained strengths of 150–200 kPa were
reported in the Pleistocene (Kolb et al., 1975). The local geology
and general stratigraphy for each site are described in the following
sections (see Figure 1 for locations). The shear strength comparison
focuses on LPV-02.2, WBV-09a, and WBV-14e.2 sites, revealing
both similarities and differences influenced by construction/stress
history and geology across sites.

LPV-02.2, located within the Central Gulf Coastal Plain area,
runs parallel to Lake Pontchartrain’s shoreline from the Elmwood
Pump Station to the Lake Pontchartrain Causeway Bridge. The
underlying interdistributary soft clays exhibit relatively stiffer soil
characteristics due to longer stress history from embankment
loading and consolidation. Table 1 displays the index properties
(from boring logs in Supplementary Figures S1-S3) for each layer at
this site, mainly comprising interdistributary deposits. The natural
water content (wn), liquid limit (LL), and plasticity index (PI) values
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alignwith reported values for interdistributary deposits (Saucier, 1994)
(see Figure 2 for histograms).WBV-09a, situated on the west bank of
the Mississippi River, is approximately at Mile 70. Prior to the
2012 levee construction, the site was located on virgin/tupelo swamp
areas, indicating a shorter construction or stress history. Table 1
presents the engineering index properties (from boring logs in

Supplementary Figures S4-S7) for this site, primarily comprised
of inland swamp deposits with values consistent with those reported
by Saucier (1994). WBV-14e.2, located on the west bank of the
Mississippi River and north of Lafitte, LA, had its levee construction
completed in 2012. The site investigation (see boring logs in
Supplementary Figures S8-S10) revealed the upper 3.7 m

FIGURE 1
Greater New Orleans sites included in shear strength analysis and index property correlations (Google Earth image).

TABLE 1 Engineering index properties for soils along analyzed sites.

LPV-02.2 Depth (m) USCS γsat (kN/m3) wn (%) LL (%) PI (%)

Levee embankment and natural fill 2.50–4.25 CL, CH 15.4–19.3 16–65 33–84 17–58

Marsh deposits (organics) 4.25–5.80 Pt - 264–437 - -

Interdistributary deposits 5.80–15.20 CL, CH 14.8–19.2 32–88 30–122 9–90

WBV-09a

Inland swamp deposits 0–1.20 CL 19–23

1.20–1.70 SM 16–23

1.70–4.25 CH 14.9–15.6 32–90 97–121 70–91

4.25–4.90 OH, Pt 10.4–12.9 144–215 208–245 142–183

Interdistributary deposits 4.90–6.70 SM 30–42 48 30

6.70–15.20 CH 14.6–17.8 31–90 43–113 22–88

WBV-14e.2

Swamp deposits 0–3.70 OH, Pt 11.6–13.0 110–289 184–291 140–232

Interdistributary deposits 3.70–15.20 CH 14.6–16.7 43–96 45–98 25–70
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consisting of very soft to soft high plasticity clays, with organics and
peats layers starting at 1.5 m deep. From 3.7 m to the termination
depth of 15.2 m, the soil comprised soft to medium stiff high
plasticity clays with occasional layers of silty sand and lean clay
lenses. Decaying wood, roots, and shells were encountered
throughout the depth. Similar to LPV-02.2, this site is mainly
composed of interdistributary deposits.

Figure 2 displays histograms for each site’s data (in filled bars) with
mean μ) and standard deviation σ) values (enclosed). The black line
represents typical values for interdistributary deposits (Hdi) and inland
swamp deposits (Hds) as reported by Saucier (1994), with μ and σ for
these values (no enclosure). LPV-02.2 (Hdi) data aligns with typical
values, especially for LL and PI. Although the μ and σ values for wn are
higher, the histogram follows the same distribution as the typical values.
WBV-09a (Hds) data also corresponds to typical values, although wn

mean and standard deviation are lower than literature values.
Nevertheless, the data for the three index properties follow the same
distribution. WBV-14e.2 (Hdi) data follows the general distribution of
typical interdistributary deposits but with higher frequencies and μ and
σ values for all three index properties.

While all three sites generally conform to the distribution of
their depositional environments, notable differences exist between

interdistributary and inland swamp deposits. Interdistributary
deposits approximate a lognormal distribution, while inland
swamp deposits exhibit a broader lognormal distribution with
tendencies toward a uniform distribution in some areas and
higher values for the upper ranges of each index property. This
broader distribution is also evident from higher standard deviation
values compared to interdistributary deposits (Saucier, 1994).
Consequently, differences in site behavior can be expected.

2.2 General index properties

Table 1 summarizes the soil classification and index
properties obtained from engineering reports (see
Supplementary Figures S1-S10). Water content was collected
at 0.30 m intervals along the borings, and unit weight
measurements were obtained during the consolidation, UU
triaxial, and Unconfined Compression (UC) tests. Correlations
with engineering properties were established using available data,
including the unit weight and water content correlation
presented in Figure 3B, which is particularly significant for
soils in the Greater New Orleans area due to the frequent

FIGURE 2
Histograms for wn, LL, and PI for sites LPV-02.2 (A, D, G), WBV-14 (B, E, H), and WBV-09a (C, F, I), respectively. Colored bars represent current
analyzed data. Continuous line represents data found in Saucier (1994).
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water content measurements during soil investigations
(USACE, 2012).

Figure 3 shows correlations between engineering index
properties from the HSDRRS project sites. CH-OA and CH-OC
classifications were used to further separate organic-rich CH soils
based on guidance from USACE New Orleans Division (USACE,
2012). In particular, CH-OC corresponds to PI > 115 and CH-
OA includes soils with a PI between 75 and 115. Very few points
were classified as CH-OB, so they were grouped with CH-OA.
Nearly all data falls above the A-line and below the U-line in
Figure 3A, classifying it as high plasticity clay to organic clay
according to USCS. Figure 3B displays trend lines between

saturated unit weight (γsat) and wn, divided into two groups
below and above 100%. Figure 3C depicts the relationship
between liquidity index (LI) and wn data, with the majority of
classified soils exhibiting LI < 1. However, some CL and CH
classified soils from the WSLP site show LI values above unity,
indicating potential sensitive behavior (Terzaghi et al., 1996).
Figure 3D provides an analytical weight-volume relationship for
specific gravity (Gs) as a function of wn, where Gs remains
relatively constant at 2.5 with wn approaching 100%, typical
for inorganic soils (Holtz et al., 2011). In the presence of
increasing organic soils (CH-OA and CH-OC), Gs

dramatically decreases between wn of 100%–200%. The

FIGURE 3
Physical index properties of HSDRRS project sites: (A) Plasticity chart, (B) Saturated unit weight, (C) Liquidity index, and (D) Specific gravity.
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equation and plot in Figure 3D help determine Gs values from wn

for water content values less than <330%.

3 Developing shear strength profiles

3.1 In-situ and laboratory tests

The geotechnical site investigation focused on comparing UU
triaxial test results from 7.6 cm (3 in) and 12.7 cm (5 in) Shelby tube
borings and assessing their influence on undrained shear. Three
borings were performed at each site according to ASTM (D1587-15).
All tests were performed to the side of the embankment, at least 30 m
away from the embankment centerline so as to avoid the constructed
embankment. The investigation was concluded in November 2015
(see Supplementary Figures S1-S10). Additionally, a piezocone
penetration test (CPTu) in accordance with ASTM (D5778-20),
2017 was also performed at each site using a 4.5-tonne capacity
10 cm2 cone. Figure 4 shows the general layout of the borings and
CPTu. The investigation included UU triaxial, 1-D incremental
loading (IL) consolidation, and index properties tests. Moisture
content and Atterberg limits tests were conducted in accordance
with ASTM (D2216-19), 2007 and ASTM (D4318-17e1), 2010,
respectively.

The UU triaxial tests were carried out in three ways: 1) 1-point
7.1 cm diameter UU triaxial test from the center of a 7.6 cm diameter
Shelby tube; 2) 3-point 3.6 cm diameter UU triaxial tests vertically
trimmed within the same 30 cm of a 7.6 cm diameter Shelby tube;
and 3) 3-point 3.6 cm diameter UU triaxial tests trimmed from
quadrants of a 12.7 cm diameter at the same depth, all according to
ASTM (D2850-15), 2008. Supplementary Figure S11 provides
additional details on the sampling arrangement for the UU tests.
The 1-D IL consolidation tests, according to ASTM (D4546-21),

2011, used two diameter specimens: 1) two 5.1 cm diameter samples
trimmed from the 7.6 cm diameter Shelby tube; and 2) one 5.1 cm
diameter sample and one 10.2 cm diameter sample from a 12.7 cm
diameter Shelby tube.

3.2 Shear strength and consolidation data
QA/QC

UU triaxial tests and their correlations to CPTu are widely used
in U.S. engineering practice (Stark and Delashaw, 1990; Wei et al.,
2010; Zein, 2017). However, assessing sample disturbance is
challenging as UU triaxial specimens are not reconsolidated to
the initial effective stress, limiting the quantification of in-situ
versus laboratory void ratio changes, which directly evaluates soil
structure (Terzaghi et al., 1996; Lunne et al., 1997; Jafari et al., 2018).
Brandon et al. (2011) proposed criteria to classify the quality of
three-point UU triaxial tests, based on the following criteria: 1) Peak
deviator stress must be reached at an axial strain ≤5%; 2) Mohr
circles must have approximately the same diameter; 3) Initial water
content and void ratio must be within ±5% from each other; 4)
Degree of saturation must be at least 95%; 5) All stress-strain curve
should exhibit a smooth appearance; and 6) All specimens should
exhibit an approximately equal initial tangent modulus. These
criteria were ranked on a one to five scale, with five being the
highest quality. If five or more conditions were met, the sample
quality was classified as “very good”. If four conditions were met, the
sample was assessed as “fair”. If three or less conditions were met,
the sample was assigned a “poor” rating. These qualitative
classifications correspond to the terminology used by Lunne et al.
(1997). Among the 204 data points analyzed, 82 points (40%) were
classified as poor and were excluded from shear strength analyses
and CPTu correlation (Table 2). Table 2 presents the number of tests

FIGURE 4
Layout of CPTu and coring locations for LPV and WBV sites.
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analyzed for each combination of core diameter and sample
diameter, hereafter referred to as sample designation.

To facilitate the sample size comparison between 7.6 cm and
12.7 cm diameter cores and its effect on earthen embankment design
and construction comparison, the 7.1 cm sample from the 7.6 cm
was assessed only with the applicable criteria because only one point
was tested for each depth. The criteria regarding the peak deviator
stress, water content and initial void ratio, and initial tangent
modulus were missed in the vast majority of these points. The
coefficient of variation (COV) values for the sample arrangements
containing three tests per elevation are summarized in
Supplementary Figure S13 and presented per site and sample
designation. In the LPV site, the poor tests from both the 7.6 cm
and 12.7 cm core tubes exhibited higher COV values than the good/
fair tests. In theWBV-09 andWBV-14 sites, only the poor tests from
the 7.6 core tubes presented higher COV values than the good/fair
points. In general, the COV values were higher for the 7.6 cm core
tubes compared to those from the 12.7 core tubes only in the LPV-02
andWBV-14 sites. Table 2 summarizes the total number of total and
poor tests points for all core tubes and sites.

For the 1-D IL consolidation tests, sample quality was
evaluated using three criteria: specimen quality designation
(SQD) from Terzaghi et al. (1996), Δe/eo from Lunne et al.
(1997), and the one to five ranking proposed by Brandon et al.
(2011). Brandon et al. (2011) provided criteria for consolidation
tests: 1) Strain upon reloading to in situ vertical stress must be
less than 3%; 2) Degree of saturation must be at least 95%; 3) The
sample must be taken at a depth greater than 1.5 m; 4) The
difference between σ′p as determined by Casagrande and Sowers
must be less than 25%; 5) A well-defined break must be observed
in the compression curve at the transition from recompression to
virgin compression; 6) The End of Primary (EOP) consolidation
must be achieved at every load increment; and 7) The time rate of
consolidation curves must exhibit a smooth and reasonable shape
at each load increment. Terzaghi et al. (1996) introduced SQD as
a rating index based on volumetric strain (εv) under in-situ
effective vertical stress in a 1-D IL consolidation test, with
higher εv values indicating less sample quality. This sample
quality characterization applies to cohesive soils with OCR

less than three to 5. Furthermore, Lunne et al. (1997) also
proposed a methodology to assess sample quality from 1-D
consolidation test data and for soils with OCR = one to two.

The available 1-D IL consolidation tests were analyzed according
to these criteria (Figure 5). WBV-09 test data showed the lowest
quality, possibly due to Holocene deposits undergoingmultiple levee
embankment loadings, consolidation, and thus strength gain in the
LPV site, while the WBV sites, because the construction of the
embankments is more recent, were likely still undergoing primary
consolidation during the time of the investigation. Additionally,
WBV-09a is mainly comprised of inland swamp deposits while the
other two sites are mainly composed of interdistributary deposits
according to their location (Saucier, 1994). Sample quality decreased
with depth, showing good agreement between Lunne et al. (1997)
and Terzaghi et al. (1996) methodologies, and aligning with what
Brandon et al. (2011) proposed. UU test data indicated that sample
size 7.6C-3.6S produced the highest amount of poor data points,
while no clear distinction in sample quality was observed when
analyzing 1D consolidation data with different core tube/
specimen diameters.

3.3 CPTu - UU analyses

The calibration of the cone factor (Nkuu) for CPTu data to obtain
undrained shear strength (su) was performed using su = (qt - σv)/
Nkuu, where qt = corrected cone tip resistance, σv = total stress, and
Nkuu = empirical cone factor (Stark and Delashaw, 1990). Stark and
Delashaw (1990) reported that Nkuu varied from 8.5 to 13.5 for
normally to lightly overconsolidated clays (OCR ~1 – 5). Wei et al.
(2010) reported values of cone factor ranging between 10 and 15.
Zein (2017) reported cone factor values of 12–32 for soft Holocene
clays in Hungary. The CPTu data was analyzed and plotted for each
site, including the laboratory UU triaxial tests for the various sample
designations. Nkuu values were varied between 8 and 20 to coincide
CPT data with the UU triaxial tests, while being assessed by the
su(mob)/σ′v = 0.22 trend line (Figures 6–8). This relationship was
initially introduced by Mesri (1975) with σ′p and was used in this
study with σ′v to compare to su from normally consolidated soils.

TABLE 2 Summary of sample quality analyses.

Site boring Sample designationa Test points Poor tests

LPV-02-B1 7.6C-7.1S 10 2

LPV-02-B2 12.7C-3.6S 30 9

LPV-02-B3 7.6C-3.6S 30 18

WBV-09-B1 7.6C-7.1S 10 1

WBV-09-B2 12.7C-3.6S 30 9

WBV-09-B3 7.6C-3.6S 30 18

WBV-14-B1 7.6C-7.1S 10 1

WBV-14-B3 12.7C-3.6S 24 3

WBV-14-B2 7.6C-3.6S 30 21

Total 204

aSample designation follows core to sample diameter, e.g., 7.6 cm core and 3.6 cm sample corresponds to 7.6C-3.6S.
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These figures show the variation of shear strength through depth.
Because the sites have different elevations relative to mean sea level
(MSL), elevation is shown as the y-axis instead of depth. Poor
sample quality data were excluded from the analysis, and only very
good and fair test points were used to create strength profiles.
Removing the poor data had a minimal effect on Nkuu values for

the 7.6C-7.1S and 12.7C-3.6S sample designations. Nevertheless, the
Nkuu values for 7.6C-3.6S sample were reduced from 15 to 13, 13 to
12, and 16 to 13 for the LPV-02.2, WBV-09a, and WBV-14e.2 sites,
respectively, and thus, the undrained shear strength slightly
increased with improved sample quality. The inclusion of poor
quality data increased scatter and uncertainty in design profiles,

FIGURE 5
Sample quality from 1-D IL consolidation tests using (A) Lunne et al. (1997) and (B) Terzaghi et al. (1996) assessments.

FIGURE 6
Calibrated CPTu strength profiles (A-C) and unit weight profile (D) at LPV-02.2 site.
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potentially affecting failure probability predictions in reliability
analyses (Duncan, 2000).

At the LPV-02.2 site, 12.7C-3.6S and 7.6C-3.6S sample
designations produced the same Nkuu value and strength profile,
likely due to site history and stiffer Holocene deposits. At WBV-
14e.2, the Nkuu values varied from 12 to 14. The consolidation tests
from this site indicate that the OCR is approximately 1.3 for the
interdistributary clay at ~12 m. When accounting for slight over-

consolidation, the su(mob)/σ′p = 0.22 line plots directly over the UU
test data. Despite more poor data points, a Nkuu of 13 was estimated
for the 7.6C-3.6S data. The WBV-09 site, constructed on virgin
swamp areas, showed Nkuu variability from 10 to 15, with the
12.7 cm sampler producing the lowest Nkuu of 10. These deltaic
clays are normally consolidated with OCR values of 0.6 – 1. In such
environments, a larger sampler diameter may provide a more
accurate indication of undrained shear strength, as per HSDRRS

FIGURE 7
Calibrated CPTu strength profiles (A-C) and unit weight profile (D) at WBV-14e.2 site.

FIGURE 8
Calibrated CPTu strength profiles (A-C) and unit weight profile (D) at WBV-09a site.
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design guidelines (USACE, 2012). The average calibrated Nkuu was
13, lower than average values reported in the literature.

Terzaghi et al. (1996) describe that soils under levee embankments
undergo three modes of shearing along the failure surface: CU triaxial
compression (TC) and triaxial extension (TE) simulate the active and
passive modes of shear, respectively, while direct simple shear (DSS) tests
simulate the mode of shear along the horizontal or slightly inclined
portions of the failure surface. For levee embankments, a general
assumption is made that the failure surface consists of equal segments
of compression, direct shear, and extensionmodes of shear. Consequently,
an average of the shear strengths obtained by the TC, DSS, and TE tests
can be considered as the mobilized shear strength. The best estimate for
the average mobilized undrained strength ratio, regardless of the PI and
for a sliding circular arc surface, is su(mob) = 0.22 σ′p.

Additionally, Terzaghi et al. (1996) compared UC andUU tests and
found that the results from both tests differed only by a small percentage
for saturated soft clays and high-quality samples. The sample
disturbance in these tests was almost offset by the effect of rapid
strain, resulting in the undrained shear strength obtained by UU/
UC tests being almost equal to that obtained by TC tests. However,
when analyzing su(UC) from Shelby tubes, a 70% reduction in strength
was observed when compared to block samples. Accounting for this
70% reduction, an initial relationship of su(TC)/σ′p = 0.32 reduces to
0.22, which is the value reported as the best estimate for mobilized
undrained shear strength. Therefore, the effect of rapid strain and
compression mode counteracts soil disturbance, and su from UC and
UU can be used to determine the mobilized shear strength (see the
CPTu-UU strength profiles presented in Figures 6–8).

FIGURE 9
Slope stability cross-sections and critical failure surfaces for (A) LPV-02.2, (B) WBV-14e.2, and (C) WBV-09a.
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Furthermore, unit weight profiles are also included in Figures
6–8. These profiles illustrate the γsat values obtained from the
borings, along with a comparison to the γsat derived from the
correlation with wn (see Figure 3B). The agreement between both
is evident, shown by the proximity between both sets of data. This
γsat and wn correlation is highly relevant, as it was also used to
determine the overburden stress in the CPT profiles.

4 Slope stability analyses

To quantify the influence of sample size on Nkuu values and
factor of safety (FS), limit equilibrium slope stability analyses were
performed for each site and each sampling method. The cross-
sections used in the stability analyses correspond to the as-built levee
cross-sections for LPV-02.2 Reach 3-2, WBV-14e.2a Reach IIIc, and
WBV-09a Swamp Reach (see Figure 9). For comparison purposes,
one failure surface extending into the interdistributary clay was
chosen for each profile. Additionally, the hurricane storm surge
loading applied for the analyses was 5.5 m, 3.2 m, and 5.5 m for the
LPV, WBV-14, and WBV-09 sites, respectively. These hurricane
surge loads correspond to a 100-year return interval obtained from
the geotechnical report for each site.

In Figures 6–8, the shear strength design line (straight, thick line)
was selected following the CPTu-estimated su(mob) for all the
interdistributary clay layers and used for analyses. However, for the
silt layers, values for c’ = 10 kPa (200 psf) and ϕ’ = 15° were assumed
(USACE, 2012). Where sand layers were encountered, ϕ’ ranged from
30° to 40° andwere determined fromCPTu correlations (Robertson and
Cabal, 2015). The low and high plasticity clays overlying the
interdistributary clays (depth to ~9.15 m) exhibit similar strengths
across the three sampling techniques for each site. These soils
exhibit constant strength values as shown in the profiles. In contrast,
the interdistributary clay layer found around 9.15 m–15.25 m depth
exhibits varying strengths across the three sites. Furthermore, the
strength of this layer increases linearly with depth.

All analyses were performed using the GLE/Morgenstern-Price
method in Rocscience Slide2 software (Rocscience, 2022). Table 3
presents the summarized results of the slope stability analyses for
each sampling technique. For the LPV site, the levees were
constructed decades ago, and thus the interdistributary clay
layers have previously undergone multiple consolidation stages
throughout the years. As a result, a difference in FS was not
found between the strength profiles derived from 12.7C to 3.6S
and 7.6C-3.6S. A slightly higher FS was reported for 7.6C-7.1S. The
boring logs for the interdistributary clay (~7–14 m) in the LPV site
report the presence of silty sand lenses and traces of shell fragments
within the CL and CH soils, which might alter the shear strength on
some tests. Caution must be exercised when interpreting the UU
tests on these depths, specifically with the 7.6C-7.1S sample,
considering there is only one-point data per depth. The multiple
tests per depth in 12.7C-3.6S and 7.6C-3.6S (samples from the same
depth or within 0.30 m, respectively) provide a better understanding
of the shear strength along the profile. In general, it can be concluded
that sample designation does not influence the FS results at
the LPV site.

The WBV-14e.2 site results show a similar trend to that of the
LPV site. The sample designation does not highly influence the

undrained shear strengths and thus FS. The consolidation tests on
this site show an OCR = ~1.3. All sample designations at this site
show similar strength profiles and yield a similar FS. In contrast to
what was observed at LPV-02.2, 7.6C-7.1S shows slightly lower shear
strength values than 12.7C-3.6S and 7.6C-3.6S. A factor contributing
to this may be that the WBV-14e.2 boring log for the 7.6C-7.1S
sample shows slightly higher water contents and lower unit weights
than the other two sample designations. This trend was not observed
in the other two sites. Moreover, because there is only one-point per
depth, it is uncertain if additional tests at the same depth of this
sample designation may show shear strengths comparable to those
of 12.7C-3.6S and 7.6C-3.6S. In general, 12.7C-3.6S and 7.6C-3.6S
show similar FS results, and either sample designation could be used
to adequately assess slope stability.

The results for the WBV-09a site present a different scenario
(Figure 8). The stress history of this levee is limited, with the clay
approaching normally consolidated to levee embankment loading
only in the past several years. The site’s soft consistency explains why
sample designation significantly affects the FS predictions. For
example, the FS decreased from 1.75 for 12.7C-3.6S to 1.47 for
7.6C-3.6S, which corresponds to an almost 19% reduction in FS. The
FS obtained from 7.6C to 7.1S is 1.26, signifying a reduction of nearly
39% when compared to that of 12.7C-3.6S. This shows that the
sample designation provides a controlling influence in the
undrained shear strength results for these normally consolidated
deltaic soils.

Sample designation does not have a controlling influence on
the undrained shear strength on all of the sites, but it does in the
inland swamps (WBV-09). The two other sites, LPV and WBV-
14, characterized by interdistributary deposits, show consistent
FS results across the three sample designations. As stated
previously, when comparing the LPV data to the typical
values reported by Saucier (1994), the same distribution, and
a similar μ and σ can be observed, especially for LL and PI. In
addition to the stress history, interdistributary deposits are not
highly influenced by varying sampling techniques. WBV-14e
slightly drifts from the typical values found in literature, which
explains the slight variation in FS values for this site. Inland
swamps at WBV-09a are notably susceptible to changes in the
sampling technique, mainly due to higher standard deviations in
the typical values of the inland swamp environment reported by
Saucier (1994) compared to interdistributary deposits
(see Figure 2).

5 Practical implications to levee design
and construction

The effect of sample designation and geology on levee design
and construction practices can be analyzed by examining the
differences in FS for each site and sampling technique used. This
section focuses on evaluating how these factors impact the selection
of the Nkuu factor. Table 3 and previous discussions reveal that, in
general, the LPV site exhibits consistent Nkuu values for different
sample designations when analyzing CPT and lab data, resulting in
similar FS values. TheWBV-14 site also showsminimal variations in
FS among different sample designations. However, this is not the
case for WBV-09, where differences in FS are mainly attributed to
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geologic factors. WBV-09 is a normally consolidated, deltaic site
with no prior levee construction history, primarily composed of
inland swamp deposits.

Table 2 displays the number of poor data points for all sample
designations. Generally, each sample designation for the three sites has a
similar amount of poor data points. Themost significant differences are
observed in siteWBV-14, where sample designation 12.7C-3.6S exhibits
better sample quality, while 7.6C-3.6S shows slightly less sample quality
compared to the same sample designations in the other two sites. As
discussed in previous sections, these poor data points were not utilized
in deriving Nkuu values in Figures 6–8. However, when considered, the
effect was more pronounced in 7.6C-3.6S, which had the highest
number of poor data points, leading to increased Nkuu values. This
effect was more significant in the WBV-14 site, which had the most
number of low quality tests.

Geology had the most significant impact on the slope stability
analysis results. This is evident in the variation of Nkuu and FS values
across different sample designations for all sites. The FS results for LPV
and WBV-14 sites, characterized as interdistributary deposits, exhibit
remarkable similarity. Figure 2 displays histograms of index properties
for all sites, along with data from literature. While LPV data aligns well
with what was reported in Saucier (1994), WBV-14 data shows slight
variation from the literature’s distribution, particularly at higher values
of index properties, which explains the slight variation in FS values
across sample designations in WBV-14. In contrast, the histogram for
the WBV-09 site, characterized as inland swamp, exhibits a broader
distribution of index properties, explaining the wider variability in FS
across different sample designations.

The cost impacts of variations in FS on levee embankment
construction can be quantified by evaluating site investigation and
levee embankment fill activities. HSDRRS guidelines require borings to
be taken at amaximum of 150 m, alternating between 12.7 cm diameter
Shelby tube borings and 7.6 cm diameter Shelby tube borings or CPT.
The analyses in this study showed that LPV-02 and WBV-14 sites
reported minimal FS variations due to sample designation or geology.
Considering a 3 km long levee section, the costs associated with the site
investigation (i.e., drilling and sampling, grouting, engineer hours, crew
mobilizations) of 12.7 cm borings were approximately 1.5 times higher
(a difference of ~$30,000) than 7.6 cm borings. Because FS variations
were negligible due to changes in sample designation, reducing the
quantity of 12.7 cm borings in favor of 7.6 cm borings can result in cost
savings for site investigation.

In contrast, the WBV-09 site reported high FS variation due to
sampling technique and geologic factors. In this case, replacing
12.7 cm borings with 7.6 cm borings is not advisable as this
influences Nkuu factor derivation and, consequently, FS. However,
samples from 12.7 cm borings yielded higher undrained shear
strength values, suggesting possible cross-section optimization by

adequately calibrating Nkuu factors from different sample
designations. The cross-section presented in Figure 8C for the
WBV-09 site was chosen due to its highest variability and clear
distinction between sampling techniques. Adhering to the HSDRRS
guidelines and considering the same 3.05 km long levee section,
using 12.7 cm borings increases site investigation costs. However,
the levee fill costs significantly outweigh the site investigation costs.
With an FS of 1.75 considering the 12.7C-3.6S sample designation,
optimizing the cross-section by reducing its area lowers the FS to
1.47, resulting in a cost reduction of ~$4.5 million from a total cost of
~$41.5 million per 3.05 km of levee construction. Such cost savings
would be even more significant when considering other levee
projects, like the new construction of the West Shore Lake
Pontchartrain levee, which spans 30.3 km. Further optimizing the
cross-section decreases the FS to 1.26, similar to the result obtained
with the 7.6C-7.1S sample, representing a total cost reduction of
~$6.5 million (15.8%) per 3.05 km of levee construction.

6 Conclusion

Based on the testing data derived from both 7.6 cm and 12.7 cm
borings and the slope stability analyses conducted for the different
cross-sections examined in this study, the following conclusions are
summarized:

• The study demonstrates that sample designation has limited
impact on levee design and construction for the LPV and
WBV-14 sites, as consistent Nkuu values result in similar FS
values. However, for the WBV-09 site, variations in FS are
mainly influenced by geologic factors, specifically the site’s
normally consolidated, deltaic composition of inland
swamp deposits.

• Geology plays a significant role in slope stability analysis, as
evident from the variation in Nkuu and FS values across
different sample designations for some sites. Sites with
prior levee construction and consolidation like LPV-02.2,
characterized as interdistributary deposits, exhibit similar
FS values. Site WBV-14, which has no prior levee
construction but is also mainly comprised of
interdistributary deposits, exhibits minimal variation of FS
values. On the other hand, the WBV-09 site, comprised of
normally consolidated, deltaic soils with no prior construction
loading, is characterized as inland swamp and shows wider
variability in FS due to a broader distribution of index
properties (see Figure 2).

• The cost implications of FS variations on levee embankment
construction were assessed. For sites with minimal FS

TABLE 3 Summary of Nkuu and FS values for each sampling technique.

Site LPV-02.2 WBV-14e.2 WBV-09a

Sample designation (S) Nkuu FS Nkuu FS Nkuu FS

7.6C-7.1 11 1.55 14 1.43 15 1.26

12.7C-3.6 13 1.38 12 1.60 10 1.75

7.6C-3.6 13 1.38 13 1.52 12 1.47
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variation due to sample designation or geology (LPV-02 and
WBV-14), either 7.6 cm or 12.7 cm borings can produce
comparable results, but the 7.6 cm boring is suggested due
to its ease of drilling and overall reduced costs during the site
investigation. Using more 7.6 cm borings instead of 12.7 cm
borings for site investigation can result in cost savings, as
12.7 cm borings are approximately 1.5 times costlier.

• For the WBV-09 site with high FS variation, replacing 12.7 cm
borings with 7.6 cm borings is not recommended due to the
influence on Nkuu factor derivation and FS. However,
calibration of Nkuu factors derived from different sample
designations can optimize the cross-section, leading to
potential cost reductions in levee fill and construction
activities. The optimization process, especially for the
3.05 km levee section, resulted in significant cost savings,
and these savings would be more substantial for larger
levee projects, emphasizing the importance of careful
consideration of sampling techniques to achieve cost-
effective levee construction.
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