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K1 Soil Data Report – 
17th Street Canal 

Introduction 

This is an interim data report detailing the data collected by the 
Interagency Performance Evaluation Task Force (IPET) to support the 
analysis of the I-wall section that breached at the 17th Street canal as a 
result of Hurricane Katrina on August 29, 2005.  The location of the 17th 
Street canal is shown in Figure K1-1.  The site of the breach, located on 
the east bank near the north end of the canal, is also noted on Figure K1-1.  

The data will be used in the Floodwall and Levee Performance 
Analysis task as part of its effort to determine how the flood protection 
structures performed in the face of the forces to which they were subjected 
by Hurricane Katrina, and to compare this performance with the design 
intent, the actual as-built condition, and observed performance.  This 
effort includes understanding why certain structures failed catastrophically 
and why others did not.  The effort will determine, in detail, how the 
levees and floodwalls performed during Hurricane Katrina. The studies 
being conducted under this effort involve compiling available information 
concerning the as-built conditions of the levees and floodwalls, and eye-
witness accounts of their performance during the hurricane to establish the 
underlying set of facts; performing field investigations, including mapping 
and soil borings to determine post-failure conditions; performing 
laboratory tests to determine properties of soils and structural materials for 
use in analyses of performance; developing analytical models in the form 
of cross sections at areas where breaches occurred and areas where the 
levees and floodwalls were stable; and performing limit equilibrium and 
soil-structure interaction analyses to develop a full understanding of the 
performance of the levees and floodwalls and to provide guidance for 
future design analyses. These studies will be documented in a series of 
reports.  The series of reports will start with data reports detailing the data 
collected on the site conditions at 17th Street canal, London Avenue canal, 
Orleans canal, and Inner Harbor Navigation canal, as noted on Figure K1-1. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Figure K1-1. Location of Orleans Parish canals. 

The key data obtained for the breach site and documented as part of this 
report include: 

a. Geology of the area. 

b. Description of soil stratigraphy. 

c. Representative pre-Katrina cross section through the breach area. 

d. Soil undrained shear strength profiles.  

These data were obtained from a variety of sources, including the project’s 
General Design Memorandum, design documents, and surveys prepared prior to 
Katrina.  In addition, this report contains information obtained from field and 
laboratory investigations and surveys conducted after the Hurricane Katrina 
event.   This report was prepared with the intent to provide numerical and 
physical modelers with the information needed to build their models. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Geology 
Introduction 

Before examining the individual failure areas at the 17th Street canal, a 
review of the geology is presented to familiarize the reader with the broader 
context of the geology of the delta plain, its stratigraphy, and the soils comprising 
the foundations at the different failure areas.  For comparison purposes, the 
general geology of the 17th Street, Orleans, and London Avenue canals levee 
breaches is reviewed.  The geology of the New Orleans area has been determined 
from detailed mapping studies of the Louisiana Coastal Plain (LCP), from a 
review of the published literature, from data collection activities at each of the 
failure sites by an IPET study team, and from an evaluation of preexisting and 
recently drilled engineering borings from each of the failure areas. 

Previous Studies 

A review of the past geologic literature from the New Orleans area identifies 
the US Army Corps of Engineers (USACE) as being actively involved with much 
of the regional and focused geologic studies that have been performed in the 
eastern LCP or deltaic plain (Dunbar and others, 1994 and 1995; Dunbar, Torrey, 
and Wakeley, 1999; Fisk, 1944; Kemp and Michel, 1967; Kolb, Smith, and Silva, 
1975; Kolb, 1964; Kolb and Van Lopik, 1958a and 1958b; Kolb and Schultz, 
1954; Kolb and Saucier, 1982; May and others, 1984; Michel, 1967; Saucier, 
1963, 1984, and 1994; and Schultz and Kolb, 1950).  Many of these studies and 
associated geologic maps are available from a USACE-sponsored website on the 
geology of the Lower Mississippi Valley that is accessible to the public at 
lmvmapping.erdc.usace.army.mil. 

Geologic History and Principal Physiographic Features of the New 
Orleans Area 

To better understand the soils beneath the 17th Street, Orleans, and London 
Avenue canals, and the engineering properties of these soils, a brief summary of 
the geologic history of the New Orleans area is presented.  Detailed descriptions 
of the geologic history are presented in Saucier (1964 and 1994); Kolb, Smith, 
and Silva (1975); Kolb and Saucier (1982); and Kolb and Van Lopik (1958). 

The geology and stratigraphy of the New Orleans area are young in terms of 
its age.  Generally, sediments comprising the New Orleans area are less than 
7,000 years old.  Formation of the present day New Orleans began with the rise 
in global sea level, beginning about 12,000 to 15,000 years before the present.  
The rise in sea level was caused by melting of continental glaciers in the 
Northern Hemisphere and the release of ice-bound water to the oceans.  At the 
maximum extent of continental glaciation, eustatic sea level was approximately 
300 ft (~100 m) lower that the present level.  In addition, the ancestral coastal 
shoreline was much farther south of its current location, probably near the edge 
of the continental shelf. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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The underlying Pleistocene surface throughout much of coastal Louisiana was 
subaerial, and exposed to oxidation, weathering, and erosion.  These conditions led 
to the development of a well-developed drainage network across its surface, and 
created a distinct soil horizon in terms of its engineering properties.  The 
Pleistocene horizon is easily recognizable in borings because of its distinct physical 
properties as compared to the overlying Holocene fill (i.e., oxidized color, stiffer 
consistency, higher shear strength, lower water content, and other physical 
properties.).  The axis of the main valley or entrenchment of the Mississippi River 
was located west of New Orleans, in the vicinity of present day Morgan City, LA 
(Figure K1-2).  Consequently, development of the early Holocene deltas was 
concentrated near the axis of Mississippi entrenchment when sea level rise began to 
stabilize sometime between 5,000 to 7,000 years before the present.  New Orleans 
is located on the eastern edge of this buried entrenchment or alluvial valley. 

The Pleistocene surface in the New Orleans area is variable, but generally 
ranges between 50 and 75 ft below sea level as determined from detailed mapping 
and examination of boring data (Kolb and Van Lopik 1958; Kolb, Smith, and Silva 
1974; Saucier 1994; and Dunbar and others 1994 and 1995).  Various sea level 
curves for the Louisiana coast are presented and discussed in Kolb, Smith, and 
Silva (1975) and Tornquist and Gonzalez (2002).  These curves generally indicate 
that sea level transgression in the New Orleans area generally occurred between 
6,000 to 9,000 years before the present, based on the mapped depths to the top of 
the Pleistocene surface. 

As the rate of the sea level rise declined and stabilized, it led to the 
development of five, short-lived delta complexes across the Louisiana coast by 
deposition of Mississippi River sediments (Figure K1-2).  Individual delta 
complexes are composed of numerous, branching distributary channels.  These 
channels transport and deposit fluvial sediments along the margin of the delta and 
build land seaward into shallow coastal water.  Distributary channels from the St. 
Bernard delta are responsible for filling the shallow Gulf waters in the greater New 
Orleans area (Frazier 1967). 

Bayou Sauvage is a major distributary involved in the filling of the shallow 
Gulf waters in the New Orleans area (Figure K1-3).  This channel extends eastward 
from the Mississippi River and is composed of Bayous Metairie, Gentilly (or 
Gentilly Ridge), and Sauvage.  Natural levees of this distributary channel form a 
pronounced physiographic feature in the northern New Orleans area (Figure K1-3). 
 Similarly, Mississippi River’s natural levees are some of the highest land 
elevations found in New Orleans, and these were the first areas to be settled by the 
early inhabitants in the 1700s.  Distributary channels in New Orleans are 
pronounced physiographic features, and are associated with the St. Bernard delta 
complex as determined from radiocarbon dating of organic sediments (Frazier, 
1967; Kolb and Van Lopik 1958; McFarlan 1961; Britsch and Dunbar 1999; and 
Smith, Dunbar, and Britsch 1986). 

Equally important to the development and filling history of the New Orleans 
area is the presence of a buried, barrier beach ridge which formed approximately 
4,500 to 5,000 years before the present.  This beach extends northeast in the 
subsurface along the southern shore of Lake Ponchartrain (Figure K1-4).  Sea  

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Figure K1-2. Location and approximate chronology of the Mississippi River 

Deltas, major distributary channels are numbered, note Bayou 
Sauvage (No. 11) which extends across the New Orleans area 
and forms the Bayou Metairie/Gentilly Ridge (after Frazier, 1967). 
Morgan City, LA, located along axis of maximum Mississippi River 
entrenchment. 
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Figure K1-3. New Orleans area map from 1849 showing city limits and topography.  Note the location of 
Bayous Metairie and Gentilly (i.e., Bayou Sauvage) and the identified cypress swamp north 
of the city at this time (Work Projects Administration 1943). 

level was 10 to 15 ft lower than the current level when the beach ridge formed.  
A stable sea level permitted sandy sediments from the Pearl River to the east to 
be concentrated by longshore drift, and formed a sandy spit or barrier beach 
complex in the New Orleans area as shown by Figure K1-3 (Saucier 1994). 

The presence of the barrier beach affected sedimentation patterns and the 
subsequent locations for advancing distributary channels in the New Orleans 
area.  The beach complex likely prevented the Mississippi River and later St. 
Bernard distributaries from completely filling Lake Ponchartrain with sediment.  
Consequently, foundation soils beneath the 17th Street, Orleans, and London 
Avenue canal breaches are affected by their proximity to the buried beach 
complex.  As shown by Figure K1-4, the breach at the 17th Street canal is located 
on the protected or land side of the beach ridge, while both of the London canal 
breaches are located over the thickest part or axis of this ridge complex.  The 
beach ridge cuts across the Orleans canal with the north portion on the landside 
and south portion over the axis of this ridge complex. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



Appendix K   The Performance – Flood Wall and Levee Performance Analysis  K-9 

 

 
Figure K1-4a. Pine Island buried beach complex in the New Orleans Area (from Saucier 1994). Course 

of Bayou Sauvage (i.e., Bayous Metairie and Gentilly) identified in red. Note the presence 
of the barrier beach prevented this distributary course from extending northward into 
present day Lake Ponchartrain and filling the lake. Canal breaches are identified in blue 
with 17th Street breach behind the thickest part of the beach ridge, while both the London 
North and South breaches are on the axis of the barrier. See Figure K1-3b for close-up of 
canal areas. 

 

 
Figure K1-4b. Close-up view of the buried beach ridge, and the locations of the 

canal breaches to the buried beach (after Saucier 1994).  The 
17th Street breach is located behind the axis of the beach ridge 
while the London Canal breaches are located on the axis of the 
ridge.   Bayou Metairie is identified in red and forms the Bayou 
Sauvage distributary course (No. 11) in Figure K1-2 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Surface and Subsurface Geology of the New Orleans Area 

A geologic map of the New Orleans area is presented in Figure K1-5 and 
identifies the major environments of deposition at the surface in the vicinity of 
the 17th Street, Orleans, and London Avenue canals.  Located on the surface of 
the New Orleans area are natural levee and  point bar deposits adjacent to the 
Mississippi River, abandoned distributary courses (Bayou Sauvage-Metairie 
north of the Mississippi River and Bayou des Families south of the Mississippi 
River, respectively), and extensive marsh-swamp deposits at the surface (see also 
Figure K1-3).  Land reclamation occurred in the 1920’s along the shore of Lake 
Ponchartrain by dredging, and this area is identified as spoil deposits. 

Figure K1-5. Geology map of the New Orleans and Spanish Fort Quadrangles showing the distribution 
of environments at surface.  Elevation of the Pleistocene surface shown in red along with 
borings used to map this surface.  Cross-section C-C’ in blue extends through 17th Street 
and London Canal Areas (areas identified in red).  See website 
lmvmapping.erdc.usace.army.mil for nearby maps and other cross-sections identified.  
Portion of cross-section C-C’ above is presented as Figure K1-6 (from Dunbar and others 
1994 and 1995) 

A portion of cross-section C-C from the Spanish Fort Quadrangle is 
presented as Figure K1-6 to identify the general subsurface stratigraphy beneath 
the 17th Street and London canal breaches.  Boring data from this section 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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identify distinct depositional environments in the subsurface that are stacked 
vertically and form a stratigraphic record of the filling history during the 
Holocene period.  Major stratigraphic units in the subsurface, beginning with the 
oldest, include the Pleistocene (older fluvial and deltaic deposits), bay 
sound/estuarine, relic beach (Pine Island Beach ridge) lacustrine/interdistributary, 
and marsh/swamp deposits.  A summary description of the different depositional 
environments in the New Orleans area is presented in Appendix A (from Dunbar, 
Torrey, and Wakeley, 1999).  Additionally, detailed descriptions of the different 
depositional environments are contained in Saucier (1994), Kolb (1962), and 
Kolb and Van Lopik (1958). 

 
Figure K1-6. Portion of cross section C-C” from the Spanish Fort Quadrangle 

which extends through the 17th and London Canal breaches and 
identifies the stratigraphic environments in the subsurface (from 
Dunbar and others 1995) 

Besides mapping the horizontal and vertical limits of the various 
environments of deposition, relationships between these environments and key 
engineering properties of the respective soils have been developed.  These 
relationships have been tabulated and are published in Kolb (1962), Montgomery 
(1974), and Saucier (1994).  A summary of these engineering relationships is 
presented in Appendix A.  Similarly, relationships have been developed from the 
engineering properties and laboratory soil test data from 17th Street, Orleans, and 
London Avenue canals.  These data are presented in later sections of this 
summary as related to discussions of their engineering significance. 

Geologic information from the New Orleans area helped the IPET focus its 
investigation and collection of data for the 17th Street, Orleans, and London 
Avenue canal breaches.  An understanding of the geology was an important first 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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step to systematically collecting and evaluating stratigraphic and engineering 
data from these breach areas. 

Development of Cross Sections 
Pre-Katrina Sections 

A significant amount of information was obtained from General Design 
Memorandum No. 20 – 17th Street Outfall Canal – Volume 1 (GDM No. 20) in 
the development of  pre-Katrina cross sections.  This document was completed in 
March 1990 in preparation for upgrading the New Orleans levee system to 
provide increased flood protection against a stronger revised design hurricane.   

Figures K1-7 and K1-8 show longitudinal profiles of the east and west bank 
levees of the northern half of the 17th Street Outfall canal, respectively.  These 
figures, obtained from GDM No. 20, show boring locations and the soil types 
obtained during the explorations for the project upgrade.  It is noted that odd 
numbered borings are located on the west bank, and even numbered borings are 
located on the east bank.  Noted on the figures is the location of the breach site 
which is situated on the east bank of the canal between Stations 560+50 and 
564+50.   

A more detailed representation of the soil stratigraphy profile along the 
centerline in the breach area is shown in Figure K1-9.  This profile was 
constructed using additional soil data acquired during the post-Katrina soil 
exploration conducted during September through October 2006.  The additional 
borings included B1, B2, B3, B4, B5, NO-1-05U, and  NO-2-05U.  A plan view 
showing the locations of both old and new borings is shown in Figure K1-10.  
The new borings were needed because only the two old borings, B62 and B64 
(reported in GDM No. 20), were in the immediate vicinity of the breach.  The 
new borings extended the depth of the investigation in this area from 
approximately Elevation -50 ft NGVD to Elevation -115 ft NGVD.  Additionally, 
data from cone penetration testing, from the new exploration program, were used 
to supplement soil data from the old and new borings and refine the stratigraphy 
in the breach area.  Since the levee was destroyed in the breach area during the 
storm, the new borings, B1 through B4, were drilled from a barge in the canal 
and were offset from the centerline.   Data acquired from these borings were 
projected back to the centerline in an effort to improve the interpretation of the 
stratigraphy. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Figure K1-10. Boring and CPT Location Map 

The information presented on Figure K1-9 yielded the following 
interpretation of the subsurface stratigraphy in the breach area.  The subsurface in 
the breach area was simplified into six basic groups of soil types over the depth 
of the investigation: 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Table K1-1 
Major Soil Groups at the 17th Street Outfall Canal Breach Site 

Layer 

Approximate 
Elevation of 
Top of Layer, 
ft (NGVD) 

Approximate 
Elevation of 
Bottom of 
Layer 
(NGVD) Soil Type Consistency 

Embankment 6.5 -10 Clayey (CL’s 
and CH) 

Stiff 

Marsh -10 -15 Organic/Peat Very Soft 
Lacustrine -15 -35 Clays  (CH) Very Soft 
Beach Sand -35 -45 Sand  
Bay Sound/Estuarine -45 -75 Clayey  (CH) Stiff to V. Stiff 
Pleistocene 
(Undifferentiated) 
Prairie Formation 

-75  Clays – 
Generally CH 
with some 
sand 

Stiff 

 
An additional word about the Marsh deposit may be useful.  The marsh is 

represented as an organic soil and a peat-type material.  Examination of the 
drilling logs suggests that since wood was encountered at the top part of the 
layer, this layer may be more fibrous near the top and more amorphous at the 
bottom of the layer.  Further investigation of the peat layer may be necessary to 
better quantify the differences between the top and bottom of the layer.   

Transverse Cross Sections through the Breach Site 

Three representative transverse cross sections through the levee breach site 
were prepared from the data at hand.  These three sections were developed from 
Station 8+30, Station 10+00, and Station 11+50.  Station 8+30 is the most 
northerly station of the three.   These cross sections were prepared with the intent 
that they represent the conditions that existed immediately before the arrival of 
Katrina.  Data from a pre-Katrina airborne LIDAR (Light Detection and 
Ranging) survey on the New Orleans Levee System that was conducted during 
the year 2000 were used to improve the surface topography in the breach area 
from that presented in the GDM No. 20 and the design documents.  The LIDAR 
data is the best data available for establishing the cross sections before Katrina, 
because accurate ground survey data were not available during the preparation of 
this report.  The surveys generate points of X, Y, and Z data that are accurate to 
the nearest foot.  A typical LIDAR section is shown in Figure K1-10.  The 
LIDAR surveys were particularly useful in establishing the levee dimensions, 
slope, and toe elevations on the protected side of the floodwall.  Unfortunately, 
the LIDAR system cannot penetrate through water, so it was not possible to use 
this technology to acquire the ground topography in the canal.  A hydrographic 
survey was obtained immediately after Katrina, on August 31, 2006, to obtain the 
surface elevations of the canal between the floodwalls on the east and west 
banks.  The data obtained from the hydrographic surveys are reflected in the 
cross-sections described in the next paragraph. 

The three representative cross sections for Station 8+30, Station 10+00, and 
Station 11+50 are shown in Figures K1-11, K1-12, and K1-13, respectively.  
Three sections were prepared because the levee dimensions are variable in the  
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breach area on the east bank.  Each cross section shows the conditions across the 
entire canal from the west bank to the east bank where the breach site is located.  
A degree of interpretation was necessary, particularly pertaining to the east bank 
protected side, to complete the cross sections because of the lack of soil boring 
data in this area.  Thus, the marsh/peat layer was interpreted to be thinner under 
the centerline of the levee than at the toe due to consolidation from the surcharge 
caused by the weight of the levee.  Also, an interpretation was made to include a 
2- to 3-ft layer of topsoil over the top of the peat in this area.  This effect may be 
cultural in nature because the protected side of the east bank was located in a 
residential area with houses having well-kept lawns.   

It is also noted that the levee cross section at Station 11+50, the southernmost 
section of the three and shown in Figure K1-13, is the location where the post-
Katrina surveys showed that the most scour occurred while water was flowing 
through the breach.   

Uncertainties 

Many uncertainties pertaining to the subsurface in the breach area will be 
difficult, if not impossible, to resolve because the levee in this area was destroyed 
and drastically changed due to emergency relief efforts.  There was a lack of 
subsurface information on the protected side of the levee during the 1990 levee 
raising project described in GDM  No. 20.  There are efforts planned by the IPET 
to obtain more information in the vicinity immediately north and south of the 
breach area to better define soil strengths and thickness of the top soil and peat 
layers.  

Soil Properties 
Introduction 

The following is a summary of the current soil data available in the breach 
area of the 17th Street canal.  The soil’s data for the breach include all borings 
and cone penetrometer tests (CPT) in the breach area.  This area was chosen 
because the geology and soil types are very similar to the soil types and geology 
found at the breach area.  The breach area and breach location are shown in 
Figure K1-7.   In addition, some soil data from the west levee will be used for the 
breach area because of similar geology and soil types.  This area is shown in 
Figure K1-8. 

The stratigraphy in the breach area is divided into Levee Embankment, 
Marsh Stratum, Lacustrine Stratum, and Beach Sand Stratum.  The data for each 
stratum are presented below.  These data consist of GDM borings, new borings 
(taken in 2005), and CPTs.  Testing is not complete on all of the samples from 
new borings.  In addition, field vane shear tests and CPTs are scheduled to occur 
in the next couple of weeks, which will provide more data in the breach area. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Levee Embankment 

Data on the levee embankment consist of five borings shown in the 1990 
General Design Memorandum (GDM) and four cone penetrometer tests (CPT).  
Of the five GDM borings, four borings collected 3-in. (diameter) undisturbed 
samples, and one boring collected 5-in. (diameter) undisturbed samples.  From 
the 3-in. samples, four unconfined compression (UC) tests were performed, and 
five one-point unconsolidated-undrained triaxial compression tests (UU-1), 
confined at existing overburden pressure, were performed.  From the 5-in. 
samples, four one-point unconsolidated-undrained triaxial compression tests 
(UU-1), confined at existing overburden pressure, were performed.  From these 
laboratory tests, moisture content and wet unit weights were determined.  The 
moisture contents (%w) in the breach area are shown in Figure K1-14.  In 
addition, these moisture content data were also plotted (Figure K1-15) with the 
moisture content data collected for the entire east levee on the canal.  Also, the 
moisture content data for the entire west levee on the canal are shown in 
Figure K1-16.   

The wet unit weight data in the breach area are shown in Figure K1-17.  Wet 
unit weight data from the breach area plotted with wet unit weight data for the 
entire east levee are shown in Figure K1-18.  Wet unit weight for the entire west 
levee on the canal is shown in Figure K1-19. 

The undrained shear strength determined from the laboratory tests conducted 
on samples in the breach area is shown in Figure K1-20.  Interpretation of the 
undrained shear strength from the CPTs using Mayne’s method is plotted with 
laboratory test results in Figure K1-21.  Interpretation of the undrained shear 
strength from the CPTs using the bearing capacity equation (Nk=15) is plotted 
with laboratory test results in Figure K1-22.  These interpretations were provided 
by Dr. Thomas Brandon (Virginia Tech).  Undrained shear strength data in the 
breach area plotted with undrained shear strength data for the entire east levee are 
shown in Figure K1-23.  Undrained shear strength data for the entire west levee 
are shown in Figure K1-24. 

Marsh Stratum 

The data for the marsh stratum will be divided into two groups:  Data on the 
marsh stratum under the levee embankment, and data on the marsh stratum at the 
toe of the levee.   

Under the Levee Embankment 

Data on the marsh stratum under the levee embankment consist of five 
borings shown in the 1990 General Design Memorandum (GDM) and four cone 
penetrometer tests (CPT) taken on the east levee.  Of the five GDM borings, four 
borings collected 3-in. (diameter) undisturbed samples and one boring collected 
5-in (diameter) undisturbed samples.  From the 3-in. samples, five unconfined 
compression (UC) tests were performed.  From the 5-in. samples, no shear 
strength data were available.  From these laboratory tests, moisture content and 
wet unit weights were determined.  The moisture contents (%w) in the breach  
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area are shown in Figure K1-25.  In addition, this moisture content data were also 
plotted (Figure K1-26) with the moisture content data collected for the entire east 
levee on the canal.  Also, the moisture content data for the entire west levee on 
the canal are shown in Figure K1-27.   

The wet unit weight data in the breach area are shown in Figure K1-28.  Wet 
unit weight data from the breach area plotted with wet unit weight data for the 
entire east levee are shown in Figure K1-29.  Wet unit weight for the entire west 
levee on the canal are shown in Figure K1-30. 

The undrained shear strength determined from the laboratory tests conducted 
on samples in the breach area is shown in Figure K1-31.  Interpretation of the 
undrained shear strength from the CPTs using Mayne’s method is plotted with 
laboratory test results in Figure K1-32.  Interpretation of the undrained shear 
strength from the CPTs using the bearing capacity equation (Nk=15) is plotted 
with laboratory test results in Figure K1-33.  These interpretations were provided 
by Dr. Thomas Brandon (Virginia Tech).  Undrained shear strength data in the 
breach area plotted with undrained shear strength data for the entire east levee are 
shown in Figure K1-34.  Undrained shear strength data for the entire west levee 
are shown in Figure K1-35. 

At the Toe of Embankment 

Data on the marsh stratum under the toe of the levee embankment consist of 
five borings taken in 2005 on the protected side, four borings taken in 2005 on 
the canal side, three borings on the west levee toe shown in the 1990 GDM.  Of 
the borings on the protected side of the east levee, four borings collected 5-in. 
(diameter) undisturbed samples, and one boring collected 3-in. (diameter) 
undisturbed samples.  Of the borings on the canal side of the east levee, three 
borings collected 5-in. (diameter) undisturbed samples, and one boring collected 
3-in. (diameter) undisturbed samples.  Of the three GDM borings taken on the 
protected side of the west levee, two borings collected 3-in. (diameter) samples, 
and one boring collected 5-in. (diameter) undisturbed samples.  From the 3-in. 
samples, four unconfined compression (UC) tests were performed, and two one-
point unconsolidated-undrained triaxial compression tests (UU-1), confined at 
existing overburden pressure, were performed.  From the 5-in. samples, 14 UC 
tests were performed, and six unconsolidated-undrained triaxial compression 
tests (Q) were performed.  From these laboratory tests, moisture content and wet 
unit weights were determined.  The moisture contents (%w) in the breach area 
are shown in Figure K1-36.  In addition, this moisture content data were also 
plotted (Figure K1-37) with the moisture content data collected for the entire east 
levee on the canal.  Also, the moisture content data for the entire west levee on 
the canal are shown in Figure K1-38.   

The wet unit weight data in the breach area are shown in Figure K1-39.  
Wet unit weight data from the breach area plotted with wet unit weight data for 
the entire east levee are shown in Figure K1-40.  Wet unit weight for the entire 
west levee on the canal is shown in Figure K1-41. 
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The undrained shear strength determined from the laboratory tests conducted 
on samples in the breach area is shown in Figure K1-42.  Undrained shear 
strength data in the breach area plotted with undrained shear strength data for the 
entire east levee are shown in Figure K1-43.  Undrained shear strength data for 
the entire west levee are shown in Figure K1-44. 

Lacustrine Stratum 

The data for the lacustrine stratum will be divided into two groups:  data 
from under the levee embankment, and data from the toe of the levee.   

Under the Levee Embankment 

Data on the lacustrine stratum under the levee embankment consist of five 
borings shown in the 1990 GDM, and four cone penetrometer tests (CPT) taken 
on the east levee.  Of the five GDM borings, four borings collected 3-in. 
(diameter) undisturbed samples, and one boring collected 5-in. (diameter) 
undisturbed samples.  From the 3-in. samples, ten unconfined compression (UC) 
tests were performed.  From the 5-in. samples, four UC tests were performed, and 
two one-point unconsolidated-undrained triaxial compression tests (UU-1), 
confined at existing overburden pressures, were performed.  From these 
laboratory tests, moisture content and wet unit weights were determined.  The 
moisture contents (%w) in the breach area are shown in Figure K1-45.  The wet 
unit weight data in the breach area are shown in Figure K1-46. 

Interpretation of the undrained shear strength from the CPTs using the bearing 
capacity equation (Nk=15) is plotted with laboratory test results in Figure K1-47.  
These interpretations were provided by Dr. Thomas Brandon (Virginia Tech).   

At the Toe of Embankment 

Data on the marsh stratum under the toe of the levee embankment consist of 
five borings taken in 2005 on the protected side, four borings taken in 2005 on 
the canal side, and three borings on the west levee toe shown in the 1990 GDM.  
Of the borings on the protected side of the east levee, four borings collected 5-in. 
(diameter) undisturbed samples, and one boring collected 3-in. (diameter) 
undisturbed samples.  Of the borings on the canal side of the east levee, three 
borings collected 5-in. (diameter) undisturbed samples, and one boring collected 
3-in. (diameter) undisturbed samples.  Of the three GDM borings taken on the 
protected side of the west levee, two borings collected 3-in. (diameter) samples, 
and one boring collected 5-in. (diameter) undisturbed samples.  From the 3-in. 
samples, 14 UC tests were performed, and five one-point unconsolidated-
undrained triaxial compression tests (UU-1), confined at existing overburden 
pressure, were performed.  From the 5-in. samples, 25 UC tests were performed, 19 
unconsolidated-undrained triaxial compression tests (Q), and 7 one-point 
unconsolidated-undrained triaxial compression tests (UU-1), confined at existing 
overburden pressure, were performed.  From these laboratory tests, moisture 
content and wet unit weights were determined.  The moisture contents (%w) in the 
breach area are shown in Figure K1-44.  The wet unit weight data in the breach area 
are shown in Figure K1-49.   
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The undrained shear strength determined from the laboratory tests conducted 
on samples in the breach area is shown in Figure K1-50.  The Su/P ratio for the 
shear strengths samples is shown in Figure K1-51. 

Beach Sand Stratum.  Forty standard penetration tests (SPT) were 
conducted in the beach sand stratum in the breach area.  The field (uncorrected) 
standard penetration number for the beach sand stratum is shown in Figure K1-
48.  Interpretation of the SPT number from the CPTs will be provided later.  
Dissipation tests with the CPT were conducted at this stratum at 17-2.05c and 17-
6.05c.  At 17-2.05c, the head in the sand was about 7.8 ft below the top of the 
hole or at elevation -3.68 (NAVD 88).  At 17-6.05c, the head in the sand was 
about 6 ft below the top of the hole or at elevation -1.3 (NAVD 88). 

Assessment of Shear Strength Data 
The assessment of strength data described in the following sections had three 

objectives: 

1. To develop a “shear strength model” for use in stability analyses and soil-
structure interaction analyses of the I-walls at the 17th Street Canal, using all data 
available in February 2006.  This strength model includes strengths for the levee 
fill, the strengths of the peat, the clay, and the sand in the foundation. 

2. To compare this strength model to the strength model that was used for 
design of the I-walls in the area where the breach occurred. 

3. To compare the strengths in the breach area with strengths in other 
sections of the 17th Street Canal I-wall. 

Stratigraphy 

The northern section of the 17th Street Canal where the breach occurred is 
shown in the longitudinal sections in Figures K1-7, K1-8, and K1-9, and by the 
cross sections for Station 8+30 (Figure K1-11), Station 10+00 (Figure K1-12), 
and Station 11+50 (Figure K1-13). 

The levee fill is compacted CL or CH material, with an average Liquid Limit 
of about 45.  The average moist unit weight of the fill is about 110 pcf. 

Beneath the fill is a layer of peat or “marsh” 5 ft to 10 ft thick.  The peat is 
composed of organic material from the cypress swamp that occupied the area, 
together with silt and clay deposited in the marsh.  The average moist unit weight 
of the peat is about 80 pcf.  Water contents of the peat are as high as 737%, the 
average water content is approximately 112%.  The peat is fibrous at the top of 
the layer, and more amorphous near the bottom, indicating more advanced 
decomposition of the older organic materials at depth. 
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Beneath the peat is a clay or “lacustrine” layer, with an average Liquid Limit 
of about 95%.  The clay is normally consolidated throughout its depth, having 
been covered and kept wet by the overlying layer of peat.  The average moist unit 
weight of the clay is about 109 pcf, and the average water content is 
approximately 65%. 

Beneath the clay is a layer of Pine Island Beach sand, a silty sand with 
Standard Penetration blow counts ranging from 2 to 50.  This layer is not 
involved in observed or calculated mechanisms of instability, and its strength is 
therefore of little importance in stability analyses, except as a more resistant layer 
beneath the clay. 

Sources of information on shear strengths 

A considerable number of borings were drilled in the breach area and in 
neighboring areas before the failure.  Additional borings have been drilled, cone 
penetration tests have been performed, and test pits have been excavated since 
the failure. 

Several hundred unconfined compression tests, UU tests performed using 
only one confining pressure rather than a range of confining pressures (called 
UU-1 tests), and conventional UU tests performed using a range of confining 
pressures have been conducted on the soils at the site.  Tests were performed on 
specimens trimmed from three-inch and five-inch diameter samples.  Statistical 
analyses have been performed on the data from these tests to compute minimum, 
maximum, and average values of strength, and standard deviations of strength for 
the levee fill, the peat, and the clay. 

Four cone penetration tests with pore pressure measurements (CPTU tests) 
were performed near the area of the breach after the failure, which have proven to 
be very useful for evaluating the undrained strength of the clay, and for 
distinguishing the clay from the overlying peat and the underlying sand. 

The evaluation described here focused on undrained shear strengths of the 
levee fill, the peat and the clay.  Because the water loads that resulted in failure 
of the I-walls increased over a period of hours, there is little doubt that the levee 
fill and the clay beneath the peat were undrained during the event.  Determining 
whether the peat should be modeled as drained or undrained will require 
laboratory consolidation tests to determine how quickly it drains when subjected 
to changes in load.  Those tests are being performed at this time.  The discussion 
below considers only undrained strength of the peat.  If it is determined that the 
drained strength, or partially drained strength, is more appropriate for the peat, 
additional tests will be needed. 

Shear strength of levee fill 

Data is available from two borings in the breach area (Borings 62 and 64) 
and several more in the neighborhood of the breach.  In all, about 125 strength 
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tests were performed on the fill materials.  Much of the fill is below the static 
water table, and an su = c, φu = 0 strength interpretation is therefore appropriate.  
Shear strengths measured in unconfined compression tests are lower than those 
measured in UU-1 or UU tests. 

The measured shear strengths scatter very widely, from about 120 psf to 
more than 5,000 psf.  With such widely scattered values, an average value may 
not be meaningful, and considerable judgment is needed to select a representative 
value.  Placing greatest emphasis on data from UU tests on five-inch diameter 
samples, su = 900 psf appears to be a reasonable value to represent the levee fill.  
This strength can be compared to a value of 500 psf used in the design analyses. 

Shear strength of peat 

The peat (or marsh) deposit is stronger beneath the levee crest where it had 
been consolidated under the weight of the levee, and weaker at the toe of the 
levee and beyond, where it has not been compressed.  The same types of tests 
were used to measure peat strengths as were used for fill strengths, and samples 
were performed on three-inch and five-inch diameter samples.  Tests were also 
performed on two-inch diameter samples, but these were not included in the 
evaluation described here, because it was considered that such small samples 
would likely be too disturbed to be representative of field conditions. 

The measured shear strengths scatter very widely, from about 50 psf to about 
920 psf.  Values of su = 400 psf beneath the levee crest, and su = 300 psf beneath 
the levee toe appear to be reasonably representative of the measured values.  
These strengths can be compared to a value of 280 psf used in the design 
analyses. 

Shear strength of clay 

The clay is normally consolidated, and its undrained shear strength increases 
with depth.  Figure K1-53 shows variations of undrained shear strength with 
depth determined using Mayne’s method (Mayne 2003)1.  Mayne’s method uses 
the relationship among undrained strength, effective overburden pressure, and 
preconsolidation pressure that was proposed by Ladd (1991)2, and has been 
found to give more reasonable values of undrained shear strength than use of 
constant values of the cone factors Nk or Nkt. 

Whereas other methods of interpreting undrained shear strength from cone 
results are based on bearing capacity theory, Mayne’s method considers tip 
resistance in relation to pore pressure and overburden pressure.  For this reason it 
does not correspond to a single value of Nkt. 
                                                      
1 Mayne, P. W. (2003).  “Class ‘A’ Footing Response Prediction from Seismic Cone 

Tests,” Proceedings, Deformation Characteristics of Geomaterials, Vol. 1, Lyon, France. 
2 Ladd, C. C. (1991) “Stability Evaluation During Staged Construction,” Terzaghi 

Lecture, ASCE Journal of Geotechnical Engineering, 117 (4), 540-615. 
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With Mayne’s method, the undrained shear strength is related to cone tip 
resistance by the equation 

( ) ( )0.2 0.8
u v t vs 0.091 ' q= σ − σ  (1) 

where su = undrained shear strength, σ’v = effective vertical stress, qt = total cone 
tip resistance adjusted for pore pressure effects, and σv = total vertical stress. 

The undrained shear strength calculated with this method is assumed to be 
equal to that measured using Direct Simple Shear (DSS) tests.  This strength is 
lower than that measured by conventional triaxial compression tests and greater 
than that measured by triaxial extension tests.  Ladd (1991) suggests that this is a 
reasonable average value for design purposes. 

For the soft and very soft clay along the 17th Street Canal, the values of 
undrained shear strength are very close to values calculated using Nkt = 15, a 
value often used for computing undrained strengths of soft clays from CPTU test 
results. 

As shown in Figure K1-53, the variations of undrained strength with depth 
within the clay computed using Equation (1) are very nearly the same for all four 
CPTU tests.  The straight line representing the average undrained shear strength 
in the clay has a slope of 11 psf per foot of depth.  This rate of strength increase 
with depth compares to values of 8.4 psf per foot of depth to 13.5 psf per foot of 
depth determined using laboratory strength test results for samples from borings 
B-1, B-2, B-3, B-4, and B-6, which appeared to have the most consistent test 
results. 

The rate of increase of strength with depth is directly related to the su/p’ ratio 
for the clay, and its buoyant unit weight, as follows: 

' '

u
u u

buoyant

s
s rateof increaseof s with depth z
p rateof increaseof p withdepth γ

Δ
Δ= =  (2) 

The value of γbouyant for the clay is 109 pcf – 62.4 pcf = 46.6 pcf.  Thus the 
value of su/p’ is: 

11 0.24
' 46.6

us psf per ft
p pcf

= =  (3) 

which is a reasonable value for this normally consolidated clay. 

These values provide a good basis for establishing undrained strength 
profiles in the clay.  The undrained strength at the top of the clay is equal to 0.24 
times the effective overburden pressure at the top of the clay, and the undrained 
strength increases with depth in the clay at a rate of 11 psf per foot.  With this 
model, the undrained shear strength of the clay varies with lateral position, being 
greatest beneath the levee crest where the effective overburden pressure is 
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greatest, and varying with depth, increasing at a rate of 11 psf per foot at all 
locations. 

This model does not consider details of the stress distribution beneath the 
levee, which would result in “load spread” effects.  These effects would result in 
rotation of principal stresses beneath the levee, and in components of stress due 
to the levee load decreasing with depth.  Including these complex effects would 
complicate the model considerably.  In our opinion, such refinement would make 
the model impractical, and is not justified.  The model described in the previous 
paragraphs uses a simple stress distribution beneath the levee that satisfies 
vertical equilibrium, and it reflects the fact that the undrained strength is 
proportional to consolidation pressure, certainly the most important aspect of the 
strength of the clay. 

The computer program SLIDE1 uses two-dimensional interpolation to 
compute strengths that vary in both the horizontal and vertical direction, as is the 
case with the strength model described above.  This feature provides a 
convenient means for representing the New Orleans levee clay strengths in 
stability analyses performed with SLIDE. 

Shear strength of sand 

Correlations with Cone Penetration tip resistance were used to estimate a 
value of φ’ = 35 degrees for the silty sand beneath the clay.  As noted previously, 
the sand layer is not involved in observed or computed failure mechanisms, and 
the value of φ’ assigned to it therefore has no influence on computed factors of 
safety. 

Comparison with strengths used in design 

The design analyses used undrained strengths for the levee fill, the peat, and 
the clay, and a drained friction angle to characterize the strength of the sand layer 
beneath the clay, as does the strength model described above.  Thus the strengths 
are directly comparable. 

The values of strength for the levee fill, the peat, and the sand that were used 
in the design analyses for the 17th Street Canal I-wall, Stations 552+70 to 
635+00 (new Stations 0+00 to 82+30) are shown in Table K1-2.  This interval 
includes the breach area, which extends approximately from new Station 7+50 to 
new Station 12+20. 

                                                      
1 Available from Rocscience Inc., 31 Balsam Avenue, Toronto, Ontario, Canada M4E 3B5 
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The design strength values shown in Table K1-2 are taken from Plate 56 of 
the 17th Street Canal Geotechnical Design Memorandum (GDM)1.  Also shown 
in Table X are the values of strength from the strength model discussed above. 

Table K1-2 
Comparison of strengths of levee fill, peat and sand used in design 
for Stations 552+70 to 635+00 with the strength model based on all 
data available in February 2006 

Material Strength uses for design 
Strength model based on all data available  
in February 2006 

Levee fill su = 500 psf, φ = 0 su = 900 psf, φ = 0 
Peat su = 280 psf, φ = 0 su = 400 psf, φ = 0 beneath levee crest 

su = 300 psf, φ = 0 beneath levee toe 
Sand φ’ = 30 degrees φ’ = 35 degrees 

 

It can be seen that the strengths for the levee fill, the peat and the sand used 
in design are consistently lower that those estimated using all of the data 
available in February 2006. 

The values of strength for the clay vary with depth and laterally, as discussed 
above.  The values of undrained strength used in design are compared with those 
described above in Figures K1-54, K1-55, and K1-56.  These figures show the 
strengths for the strength model discussed previously as dotted lines, 
superimposed on photocopies of the GDM figure.  Minor variations in the 
strengths at Stations 8+30, 10+00 and 11+50 occur because the thicknesses of the 
levee fill and peat are slightly different in the three cross sections, and the 
effective stresses at the top of the clay are therefore slightly different. 

In each of the three cases the rate of increase of strength with depth (11 psf 
per foot) are essentially the same in the strength model as for the design 
strengths.  Beneath the levee crest, the design strengths are very close to those 
determined from the strength model.  At the toe of the levee, however, the 
strengths used in design are considerably higher than the strengths from the 
strength model. 

Comparison of strengths within the breach area with strengths 
elsewhere 

Field observations and preliminary analyses show that the most important 
shear strength is the undrained strength of the clay.  Critical slip surfaces 
intersect only small sections within the peat and the levee fill, and do not 
intersect the sand layer beneath the clay at all.  Therefore the strengths of these 
materials have small influence on stability, and minor variations in these 
strengths from section to section would not control the location of the failure.  

                                                      
1 Design Memorandum No. 20, General Design, Orleans Parish – Jefferson Parish, 17th Street 

Outfall Canal, U. S. Army Engineer District, New Orleans, March 1990. 
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For this reason, the comparison of strengths in the breach area with strengths 
elsewhere has been focused on the undrained strength of the clay. 

Within the breach area, only two borings drilled before the failure (Borings 
62 and 64) are available.  The strengths measured on undisturbed specimens from 
these borings are listed in Table K1-3. 

Table K1-3 
Undrained strengths of clay for specimens from the breach area. 
Boring 62 

Depth Test type su Average 
24 ft UC 305 psf 
34 ft UC 260 psf 
42 ft UU-1 178 psf (very loose clayey sand – ignore) 

 
280 psf 

Boring 64 

Depth Test type su Average 
22 ft UC 103 psf 
33.5 ft UC 383 psf 
41.5 ft UC 168 psf (likely disturbed – ignore) 

 
240 psf 

 

The strengths summarized in Table K1-3 can be compared with the strengths 
of specimens from borings to the north and south of the breach, which are 
summarized in Tables K1-4 and K1-5. 

Table K1-4 
Undrained strengths of clay for specimens from borings north of 
the breach area. 
Boring 66 

Depth Test type su Average 
28.5 ft UC 235 psf 
38.5 ft UC 398 psf 

 
317 psf 

Boring 68 

Depth Test type su Average 
33 ft UC 340 psf 
33 ft UU 360 psf 
39 ft UU 360 psf 
42.5 ft UU-1 250 psf (likely sand, not clay – ignore    
42.5 ft UU 240 psf (likely sand, not clay - ignore 

 
 
353 psf 
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Table K1-5 
Undrained strengths of clay for specimens from borings south of 
the breach area. 
Boring 60 

Depth Test type su Average 
24 ft UC 200 psf 
29 ft UC 365 psf 
29 ft UU 380 psf 
34 ft UC 385 psf 
39 ft UC 323 psf 
39 UU UU 300 psf 
44 ft UU-1 243 psf (loose clayey sand – ignore) 

 
 
 
326 psf 

Boring 58 

Depth Test type su Average 
24 ft UC 183 psf 
29 ft UC 313 psf 
39 ft UC 475 psf 

 
324 psf 

Boring 56 
Depth Test type su  
29 ft UC 295 psf 
39 ft UC 315 psf 

 
305 psf 

 

The average strengths from Tables K1-3, K1-4, and K1-5 are compared in 
Table K1-6 and Figure K1-57. 

Table K1-6 
Comparison of undrained strengths from breach area borings with 
strengths from borings north and south of the breach. 
Area Range of su Average su 
Breach (Borings 62 and 64) 240 psf to 280 psf 260 psf 
North of breach (Borings 66 and 68) 317 psf to 353 psf 335 psf 
South of breach (Borings 56, 58 and 60) 305 psf to 326 psf 318 psf 

 

Although the data is sparse, it is fairly consistent, and it appears that the clay 
strengths in the areas north and south of the breach are higher than those in the 
breach.  Based on the average values shown in Table X4 and Figure X4, the 
undrained strengths of the clay in the areas adjacent to the breach are 20% to 
30% higher than those in the breach area.  Strength differences of this magnitude 
are significant.  They indicate that the reason the failure occurred where it did is 
very likely that the clay strengths in that area were lower than in adjacent areas to 
the north and south. 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



K-72 Appendix K   The Performance – Flood Wall and Levee Performance Analysis 

Figure K1-53.  Undrained shear strength calculated from CPTU tests using 
Mayne’s method. 
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Figure K1-54. Comparison of undrained shear strength profiles used for 17th 
Street I-wall design with strength profiles interpreted from data 
available in February 2006, for Section 8+30. 
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Figure K1-55. Comparison of undrained shear strength profiles used for 17th 
Street I-wall design with strength profiles interpreted from data 
available in February 2006, for Section 10+00. 
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Figure K1-56. Comparison of undrained shear strength profiles used for 17th 
Street I-wall design with strength profiles interpreted from data 
available in February 2006, for Section 11+50. 
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Figure K1-57. Comparison of undrained strengths from breach area borings with 
strengths from borings north and south of breach. 
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Appendix A: 
Description of New Orleans Area Geology, 
Environments of Deposition, and General 

Engineer Properties of these Environments 
 
 

Extracted from  
 

Dunbar, J. B., Torrey, V. H., III, Wakeley, L. D., 1999.  “A Case History of Embankment 
Failure, Geological and Geotechnical Aspects of the Celotex Levee Failure, New 
Orleans, Louisiana,” Technical Report GL-99-11, Engineer Researach and Development 
Center, Waterways Experiment Station, Vicksburg, Mississippi 
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1 Introduction 
 
 
    The following summary describes the geology and the Holocene history of the New 
Orleans area, and the relationships between the associated environments of deposition 
and general engineering properties.  This information has been extracted from a technical 
report on the geological and geotechnical aspects of the Celotex Levee failure, which 
occurred along the west bank of the Mississippi River in 1985 in the greater New Orleans 
area (Figure 1).  Only the geology sections are presented in this Appendix.  This 
information serves as background information for evaluation of the various canal failures 
during Hurricane Katrina. 
 
    The geologic portions of the Celotex Report were presented in Chapter 2 and 
Appendix A.  Chapter 2 describes the geologic history and geology of the New Orleans 
area as determined from a review of the technical literature, an evaluation of numerous 
engineering borings, aerial photo interpretation, and preparation of several detailed cross-
sections (Figures 2 through 5 of Chapter 2, see enclosed).  Appendix A of this same 
report provides detailed descriptions and information about the engineering properties of 
the depositional environments that are present at the surface and in the subsurface.  
Chapter 2 and Appendix A are presented here in their original order of presentation 
because of their logical arrangement in the text.  The descriptions of the environments are 
important when examining soil types and physical properties from the respective 
environments. 
 
    Additionally, various references are identified in the text and are presented at the end 
of this summary appendix.  Many of the Corps of Engineer cited publications and maps 
for the New Orleans area are now presented at the ERDC website on the Geology of the 
Lower Mississippi Valley (see lmvmapping.erdc.usace.army.mil)  
 
    A final note, the lacustrine environment is not identified in the summary description 
and is an important lithostratigraphic unit.  This environment is unique to this area 
because of the protection afforded by the now buried Pine Island beach complex during 
the filling of the New Orleans area with subsequent sediment by the various Mississippi 
River distributary channels during the Middle to Late Holocene.  The lacustrine 
environment has been mapped for the back or northern side of the beach ridge in various 
GDMs, while the front or seaward side has been mapped as being interdistributary.  This 
distinction is primarily a matter of semantics, as opposed to any significant differences 
between lithology and/or engineering properties of these respective two environments.  
For purposes of this discussion and overall context, these two environments are nearly 
identical.  The discussion of the interdistributary environment will be representative for 
the lacustrine environment identified throughout many of the GDMs.   
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2   Geolo gy

Physio graphy

The study area is located in the southern portion of the lower Mississippi
Valley and is a part of the Mississippi River’s deltaic plain.  Broad natural levees
associated with the Mississippi River and Bayou des Familles, a prehistoric
distributary channel, are the most prominent physiographic features in this area. 
Surface topography is generally of low relief with surface elevations ranging
from approximately 25 ft (7.6 m) NGVD along the levee crests to sea level
throughout much of the study area.  Over a significant part of the New Orleans
Metropolitan area the surface elevation is at or below sea level.

 In the New Orleans area, the meander pattern of the Mississippi River is
distinctive, making four nearly right angle turns which have changed very little
during the past 100 years (Figure 1).  The width of the Mississippi River within
the study area (river mile 91.0 to 106.0 (146.45 to 170.59 km)) ranges from
1,750 to 2,700 ft (533 to 823 m).  The river thalweg elevations through this reach
range from -70 ft (-21 m) to about -190 ft (-58 m) NGVD.  The top of the bank
elevation through the study reach averages about 10 ft (3 m) NGVD.  Channel
bendways are characterized by deep “permanent” scour pools separated by
shallower crossings.  Revetment protection along the river corresponds to the
deeper scour pools at Avondale, Carrollton, Greenville, Gretna, Gouldsboro, and
Algiers (Figure 1).

Geolo gic Settin g and History

The scope of this study permits a summary of the major events to explain the
significance of the engineering geology in the study area.  The general geologic
chronology that has been defined for the Mississippi River’s deltaic plain is
based upon thousands of engineering borings drilled during the past 50 years,
hundreds of radiometric age determinations of organic deltaic sediments, and
numerous geologic studies conducted in this region (Fisk 1944; Kolb and Van
Lopik 1958a and 1958b; Kolb 1962; Kolb, Smith, and Silva 1975; Autin et al.
1991; Frazier 1967; Saucier 1969 and 1974;  May et al. 1984; Dunbar et al. 1994
and 1995; Smith, Dunbar, and Britsch 1986).  Boring data identify a diverse
surface and subsurface geology that is related to the different course shifts by the
Mississippi River and associated deltaic advances during the Holocene (last
10,000 years).
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To better understand the geology of the area, it is first necessary to briefly
review the geologic history of coastal Louisiana since the late Pleistocene
(17,000 to 10,000 years ago).  Approximately 17,000 years ago, glaciers covered
much of North American and sea level was approximately 300 ft (91 m) below
the present level (Kolb, Smith, and Silva 1975).  The Gulf shoreline was much
farther seaward than at its present location.

The ancestral Mississippi River and its tributaries below Baton Rouge, LA,
were entrenched into the underlying Pleistocene surface and had developed a
broad drainage basin, approximately 25 miles (40 km) wide, which extended
southeasterly beneath the present deltaic plain (Kolb and Van Lopik 1958a). 
Geologic mapping (Kolb and Van Lopik 1958a and 1958b; May et al. 1984)
indicates that the axis of the valley entrenchment occurs in the vicinity of
Houma, LA, approximately 45 miles (72 km) southwest of New Orleans.

The underlying Pleistocene surface represents deposits from a much older
Mississippi River deltaic plain sequence and associated nearshore environments. 
These sediments were deposited during the previous interglacial cycle (Sanga-
mon interglacial period), approximately 125,000 to 70,000 years ago.  Fisk
(1944) collectively called these Pleistocene sediments the Prairie Formation. 
Sediments of the Prairie Formation outcrop at the surface just north of Lake
Pontchartrain.

Sea level began rising approximately 17,000 years ago because of glacial
melting and reached its present level between 4,000 and 6,000 years before the
present.  Rising sea level corresponds to a period of valley-wide aggrading of the
ancestral alluvial valley by the existing fluvial systems.  Melting glaciers
released large quantities of sediment to the Pleistocene drainage system and
filled the entrenched valley with coarse sediments (sand and gravel).  A dense
network of shallow and swiftly flowing braided stream courses formed within
the ancestral alluvial valley because of overloading by the massive influx of
glacial outwash.  Along the length and width of the Lower Mississippi Valley,
basal substratum sands are present in the subsurface which represent the relic
braided stream or outwash plain sediments from glacial melting (Fisk 1944; Kolb
et al. 1968; Krinitzsky and Smith 1969; Saucier 1964 and 1967; Smith and Russ
1974).  The change in deposition from a braided system to a meandering
Mississippi River system occurred approximately 12,000 years before the
present (Saucier 1969; and Krinitzsky and Smith 1969).

Advent of the modern sea level began creation of the modern deltaic plain
and led to the present land surface.  Present day coastal Louisiana is the product
of numerous, but generally short lived, seaward prograding delta systems.  These
deltas are subsequently reworked by coastal transgressive processes and
modified.  Five major deltaic systems have been built seaward during the past
6,000 years as shown by Figure 2 (after Frazier 1967).  Each delta system con-
sists of several major distributary channels and numerous individual delta lobes
(Figure 3).  The relative ages of these delta systems are generally well
established by radiocarbon dating techniques.  Limits of the different delta sys-
tems and the chronology of the major distributary channels associated with each
system are summarized in Figures 2 and 3 (after Frazier 1967).

K-81This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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The first advance of a major delta system into the New Orleans area occurred
with the St. Bernard system.  The present course of the Mississippi River
through the New Orleans area was established during the active St. Bernard
delta.  Partial Mississippi River flow continued to pass through the New Orleans
reach following abandonment of the St. Bernard system for the Lafourche delta
complex.  During the active Lafourche system, the Mississippi River flowed
southward at Donaldsonville, through Bayou Lafourche, and to the Gulf of
Mexico.  After abandonment of the Lafourche system approximately 500 years
ago, nearly full Mississippi River flow returned to the present day course.

Geolo gic Structure

The study area is part of the seaward thickening wedge of Quaternary sedi-
ments which dip gently gulfward and fill the Gulf of Mexico geosyncline.  Major
structures within this sedimentary prism are piercement salt domes and growth
faults.  In the study area there are no buried salt domes.  The vast majority of
Louisiana’s salt domes are located south and west of the New Orleans area (New
Orleans Geological Society 1962 and 1983; and Halbouty 1967).

Faulting has been identified in the subsurface throughout the deltaic plain and
in the Pleistocene deposits exposed at the surface north of Lake Pontchartrain
(Wallace 1966; and Snead and McCulloh 1984).  These faults are not
tectonically active.  Instead, they are related to sedimentary loading of the Gulf
of Mexico basin.  Faulting has been identified in the Pleistocene sediments
beneath Lake Cataouatche (approximately 8 miles (12.8 km) southwest of New
Orleans) and beneath Lake Pontchartrain (Wallace 1966; and Kolb, Smith, and
Silva 1975).  Fisk (1944) identified several normal faults in the buried Pleisto-
cene sediments beneath New Orleans.  He interpreted these faults based on the
orientation of stream courses, lake shores, and the Mississippi River.  The
presence of these faults based solely on this type of evidence is speculative
without more detailed stratigraphic evidence to support their existence.  Non-
tectonic geomorphic and stratigraphic processes can produce these types of
linear features without faulting as the underlying mechanism.  A detailed engi-
neering study of Pleistocene sediments in the New Orleans area by Kolb, Smith,
and Silva (1975) did not identify subsurface faults near the Celotex failure site or
for the general New Orleans area.  Their study identified only one fault in the
New Orleans area (in Lake Pontchartrain) and was based on combined boring
and geophysical (subbottom profiling) data.

No faults were identified during this investigation in the study area.  Surface
faults in Holocene sediments are difficult to detect, because unconsolidated sedi-
ments tend to warp rather than shear.  Geologic mapping and boring data
evaluated during the course of this study did not identify any surface or subsur-
face faulting in the study area.
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Geolo gy and Environments of Deposition

Surface geolo gy

The first objective of this investigation was to map and define the surface and
subsurface geology of the study area.  Definition of the geology was accomplish-
ed by examination and interpretation of historic aerial photography, subsurface
data (engineering borings and electrical logs), different hydrographic survey
periods, historic maps, and by review of the available geologic literature (Autin
et al. 1991; Eustis Engineering Company 1984; Frazier 1967; Kemp 1967; Kolb
1962; Kolb and Van Lopik 1958a and 1958b; Kolb, Smith, and Silva 1975; Kolb
and Saucier 1982; Miller 1983; Saucier 1963; Self and Davis 1983).  A map of
the surface geology for the study area is presented in Figure 4.

Environments of deposition mapped at the surface in Figure 4 include natural
levee, point bar, inland swamp, fresh marsh, and several abandoned distributary
channels.  A complete description of the different environments of deposition
present in the study area is contained in Appendix A.  Natural levee deposits
identified on the geologic map in Figure 4 are shown with the underlying
environment of deposition.  The surface geology consists primarily of
Mississippi River natural levee and point bar deposits, several abandoned dis-
tributary channels, and their associated fluvial and deltaic deposits.

Formation of the study area is directly related to the past and present courses
of the Mississippi River and its abandoned distributary channels.   Abandoned
distributary channels within the study area are associated with two major
distributary systems, Bayou des Familles-Barataria and Bayou Sauvage-Metarie
Bayou (Figure 4).  Bayou Des Familles-Barataria is a major St. Bernard
distributary channel or Mississippi River course which extends due south from
the Mississippi River at the Celotex failure site to Barataria, LA.  This
distributary system was active from approximately 2,000 to 3,400 years before
the present (Frazier 1967).

The second major distributary course mapped in the study area is Bayou
Sauvage-Metarie Bayou.  According to Frazier (1967), this course was active
from about 800 to 1,800 years before the present (Figure 3).  However, Saucier
(1963) and Kolb and Van Lopik (1958a) indicate that this system may have been
active even earlier.  Radiocarbon dates from organic sediments beneath the
natural levees of Metarie Bayou range from 2,300 to 2,600 years before the
present and indicate that a marsh surface was developed within this area. 
Metarie Bayou intersects the Mississippi River at Kenner and extends eastward,
branching into two segments north of Algiers Point.  The northern branch
extends northeast toward Chef Menteur, Louisiana, as Bayou Sauvage.  The
southern branch, labeled Unknown Bayou by Saucier (1963), intersects the
Mississippi River at Algiers Point (Figures 1 and 4), follows the Mississippi
River between Algiers Point and Gretna, and then extends due southeast where it
intersects the Mississippi River at 12 Mile Point.

K-85This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Figure 4. Geologic map of the study area showing boring and cross section locations

Subsurface geolo gy

Eight geologic cross sections were constructed from borings collected and
evaluated during this study.  The locations of the cross sections are shown on the
geologic map in Figure 4.  Cross sections A through H are presented as
Figures 5a through 5k, respectively.  The longer cross sections are presented as
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two separate sections or figures for illustration purposes.  A legend of symbols
and soil types identified on the sections is presented in Figure 5l.  Sections were
constructed such that each revetment reach includes sections parallel and
perpendicular to the river bank.  Parallel sections were constructed for only the
cutbank or concave side as this is the side for maximum erosion and potential
bank instability.  The majority of soil types shown on the geologic sections are
classified according to the Unified Soil Classification System (USCS).  Borings
not using the USCS (e.g., borings from private engineering companies) are
shown with their textural soil types identified.  The geologic cross sections show
the vertical and horizontal limits of the various environments of deposition
adjacent to the river as well as the soil types that form these different
environments.  Depositional environments present in the subsurface include
interdistributary, intradelta, and nearshore gulf.  A general description of these
environments is contained in Appendix A.  For readers desiring further engi-
neering soils data beyond what is presented in this report, a detailed summary of
soil engineering properties for the various environments of deposition is
presented by Kolb (1962) and Montgomery (1974).

Beneath the nearshore gulf sequence is the Pleistocene surface.  The near-
shore gulf sediments represent the deposits formed by the transgression of sea
level onto the Pleistocene surface.  These sediments were deposited under shal-
low-water conditions, before the advancement of the two major St. Bernard
distributary systems into the study area.  Establishment of the St. Bernard dis-
tributary systems into the study area produced the interdistributary sediments
that were deposited into shallow-water, freshwater areas between the active
distributary channels.  Interdistributary sediments over time filled these shallow -
areas, and emergent vegetation in the form of fresh marsh began developing
when interdistributary filling approached sea level.  Closer to the active distrib-
utary systems, overbank deposition from the active distributary channels devel-
oped well drained natural levees and inland swamps.

A generalized contour map of the Pleistocene surface is presented in Figure 6
(Kolb, Smith, and Silva 1975).  In general, the Pleistocene surface throughout
the study area dips to the south and southwest at approximately 3 ft per mile
(1 m per 1.6 km).  Surface elevations on this surface are variable due to erosion
by the preexisting Pleistocene drainage system and later Holocene scouring by
past and present courses of the Mississippi River and its distributaries. 
Elevations of the Pleistocene surface range from -50 ft (-15 m) NGVD to greater
than -150 ft (-46 m) NGVD in the bendways of the present Mississippi River
channel.

Pleistocene deposits are characterized by a significant increase in stiffness
and shear strength as compared to the overlying Holocene sediments.  Pleisto-
cene soils are fairly resistant to erosion from fluvial scouring.  Where these soils
occur in the riverbank, they represent a “hard point” which restrains the river’s
migration and deepening.  Pleistocene deposits in the bed and bank of the river
have had a significant influence on the river’s ability to meander through the
study area.  There has been very little migration of the channel during the past
100 years as determined from comparison of old hydrographic surveys in
Chapter 3 of this report.
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Figure 5a.   Geologic cross section A-A’ (see Figure 5l for symbol legend)
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Figure 5b.   Geologic cross section A’-A’‘ (see Figure 5l for symbol legend)
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Figure 5c.   Geologic cross section B-B’ (see Figure 5l for symbol legend)
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Figure 5d.   Geologic cross section B’-B’‘ (see Figure 5l for symbol legend)
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Figure 5e.   Geologic cross section C-C’ (see Figure 5l for symbol legend)
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Figure 5f.   Geologic cross section C’-C’‘ (see Figure 5l for symbol legend)
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Figure 5g.   Geologic cross section D-D’ (see Figure 5l for symbol legend)
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Figure 5h.   Geologic cross section E-E’ (see Figure 5l for symbol legend)
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Figure 5i.   Geologic cross section F-F’ (see Figure 5l for symbol legend)
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Figure 5j.   Geologic cross section G-G’ (see Figure 5l for symbol legend)
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Figure 5k.   Geologic cross section H-H’ (see Figure 5l for symbol legend)
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Figure 5l.   Legend for the geologic sections of Figures 5a through 5k
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Figure 6. Generalized contour map of the Pleistocene surface (modified after Kolb, Smith, and Silva
1975)

Each of the different depositional environments present in the study area has
distinct physical characteristics reflected by differences in soil types and associ-
ated engineering properties.  Therefore, the geology of the study area will have a
major influence on river scouring, lateral migration, and bank stability.
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Geolo gy of Selected Revetment Reaches

Celotex failure site and Greenville Bend revetment

This riverbank reach extends from river mile 98.3 to 102.0 (158.2 to
164.1 km) on the right descending bank.  The subsurface geology of the Celotex
failure site is shown by cross sections B-B’ (Figure 5c) and F-F’ (Figure 5i). 
The locations of these sections are shown in Figure 4.  Areal photography and
boring data identify a point bar sequence (Figure 4 and 5c) associated with
Bayou des Familles (Figure 5i).  This distributary channel was a major course of
the Mississippi River during the active St. Bernard delta complex.

The exact intersection and lateral limits of Bayou des Familles at the Missis-
sippi River are not well defined from areal photography because this area has
been extensively developed by industrial and residential construction.  The
position and lateral extent of the Bayou des Familles channel at the Mississippi
River was interpreted from available historic charts, maps, and boring data.

Soil types within the point bar-abandoned distributary sequence are primarily
coarse-grained, consisting mainly of silty sands (SM) and well sorted or poorly
graded sands (SP).  The available boring data indicate that the point bar-
abandoned distributary sequence extends approximately 100 ft (30.5 m) below
the ground surface before encountering the oxidized and erosion-resistant
Pleistocene surface.

The geology immediately upstream and downstream from the Bayou des
Familles point bar sequence consists of interdistributary deposits underlain by a
generally coarser nearshore gulf sequence (CL, ML, SM, and SC).  Soil types are
variable within these two depositional environments.  Interdistributary sediments
consist primarily of clay (CL and CH) with disseminated organics.

Carrollton Bend and Carrollton Bend revetment

This bank reach extends from about river mile 102.0 to 105.0 (164 to 169 km)
and encompasses the Carrollton Bend revetment which is on the left descending
bank.  The subsurface geology of the Carrollton Bend reach is shown on cross
sections A-A’ (Figure 5a), A’-A” (Figure 5b), and D-D’ (Figure 5g) (see
Figure 4 for section locations).  The geology consists of natural levee,
interdistributary, intradelta, and nearshore gulf sediments.  Soil types are
variable within the individual environments as shown by the cross sections.  The
Pleistocene surface ranges between elevations -50 to -75 ft (-15.2 to -22.9 m)
NGVD.  Where the Mississippi River has entrenched itself into the Pleistocene,
the river has formed thick point bar sediments in excess of 120 ft (36.6 m) deep.

Gretna Bend and Gouldsboro revetments

This revetted bank lies between river miles 95.5 and 98.3 (153.6 and
158.2 km).  The Gretna Bend and Gouldsboro revetments are contiguous from
upstream to downstream, respectively, along the right descending bank.  The
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subsurface geology of the Gretna Bend and Gouldsboro Revetment reach is
shown by cross sections B’-B” (Figure 5d) and G-G’ (Figure 5j) (see Figure 4
for section locations).  The geologic sequence is similar to the two upstream
revetment reaches already described.  The Pleistocene surface ranges between
elevations -55 to -70 ft (-16.8 to -21.3 m) NGVD and is overlain by nearshore
gulf, interdistributary, and natural levee sediments. 

As shown by the surface geology map in Figure 4, there is an abandoned
distributary channel which intersects the Mississippi River and extends southeast
at approximately river mile 96.5 (155.3 km).  The existence of this former
distributary channel is indicated by the presence of well-developed natural
levees several miles southeast of the Mississippi River.  The intersection of this
distributary channel with the present Mississippi River is indicated by boring
W96.5GT.  At this location, a thick sand sequence was encountered in the
subsurface.

Algiers Point revetment

This revetment reach lies between river mile 93.7 and 95.5 (150.8 and
153.7 km) on the right descending bank.  The subsurface geology of Algiers
Point is shown by cross sections C-C’ (Figure 5e), C’-C” (Figure 5f), and H-H’
(Figure 5k).  The permanent scour pool along Algiers Point is one of the deepest
of the Mississippi River entrenchment below Baton Rouge.  River thalweg
elevations have historically been between -175 and -200 ft (-53.3 and -61 m)
NGVD.  At Algiers, along the point bar side of the river, fluvial scouring has
created a 170-ft (51.8-m) thick point bar sequence (see cross section H-H’ of
Figure 5k).  Soil types are variable within this thick sequence, but are primarily
coarse-grained. 

Along the concave or left bank of the river, the subsurface geology at Algiers
Point consists of interdistributary sediments, separated by point bar deposits and
an abandoned interdistributary channel (see Figure 4 and cross section C-C’ of
Figure 5e).  These sediments are underlain by the Pleistocene surface.  The
lateral and vertical limits of the different depositional environments are shown
by the surface geology map and the respective geologic cross sections.  Soil
types are highly variable as defined by the sections.

The abandoned distributary channel shown in Figure 4 is a former St. Bernard
distributary which branches from the main Bayou Sauvage-Metarie Bayou
course northwest of Algiers Point.  The intersection of this distributary channel
at the Mississippi River is defined by coarse-grained sediments in the subsurface
in borings located within the former distributary channel (see sections C-C’ of
Figure 5e and H-H’ of Figure 5k).

K-102This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.
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Appendix A
Environments of Deposition

General

This appendix provides a general description of the environments of deposi-
tion which produced the surface and subsurface geology encountered in the
study reach.  The distribution of surface deposits is shown by the geologic map
in Figure 4 of the main text.  Subsurface limits of the various depositional envi-
ronments are shown by the cross sections in Figures 5a through 5k.  A geologic
legend is presented in Figure 5l that identifies symbols used in the geologic cross
sections.

In addition to the general descriptions of the individual environments of
deposition, this appendix also provides a very generalized indication of the
engineering properties for each environment.  Correlation of engineering prop-
erties and soil types to the different environments of deposition is based pri-
marily on work by Kolb (1962)  and is summarized in Table A1.  Additionally,1

Montgomery (1974) expanded upon Kolb’s original work for several of the
major depositional environments which form the bulk of the land area in the
deltaic plain.  Montgomery’s work is summarized in Table A2 and provides
further engineering data on the following selected environments of deposition: 
natural levee, point bar, backswamp, prodelta, intradelta, and interdistributary
deposits.

In terms of their engineering significance, the biggest contrast occurs between
the Pleistocene and Holocene age sediments as shown by the engineering data in
Table A1.  Pleistocene sediments have higher cohesive strengths, lower water
contents, and are much denser than Holocene soils.  Holocene deposits in
contrast are less consolidated, have higher water contents, and are more variable
in density.

The biggest contrast in Holocene soils occurs between the high- and low-
energy depositional environments.  High-energy environments are generally
associated with maximum fluvial and/or wave activity and are mainly composed
of coarse-grained sediments.  These environments include point bar, substratum,
abandoned course, abandoned distributary, beach, nearshore gulf, estuarine/bay
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sound, and intradelta deposits (Table A1).  Low-energy environments are
composed primarily of fine-grained sediments and include marsh, swamp,
natural levee, prodelta, and interdistributary.  Only the environments of
deposition that are present in the study area are examined in the following
section.  The environments are presented and described by their order and dis-
tribution of occurrence.  Deltaic environments not present in the study area but
identified in Table A1 are described in further detail by Kolb (1962) or Kolb and
Van Lopik (1958a,b) for readers desiring further information.

Surface Environments
of Deposition

Natural levee

 Natural levees are vertical accretion deposits formed when the river overtops
its banks during flood stage and sediment suspended in the flood flow is
deposited immediately adjacent to the channel.  The resulting landform is a low,
wedge-shaped ridge decreasing in thickness away from the channel.  The limits
of natural levee deposits in the study area are shown in Figure 4 of the main
report.  Natural levee deposits are mapped in Figure 4 with the underlying
environment of deposition (i.e., interdistributary, point bar, or inland swamp). 
Natural levee deposits cover approximately 40 percent of the study area and
involve the Mississippi River and abandoned distributary channels from the
active St. Bernard delta complex (i.e., Bayou des Familles-Barataria, Metairie
Bayou, Bayou Sauvage, and two unnamed bayous).

Natural levee widths in the study area vary from about 3/4 to approximately
2 miles wide along the Mississippi River, and between 1/4 and 1/2 mile wide
along the abandoned St. Bernard distributary channels (Figure 4).  Natural levees
are thickest adjacent to the main channel, ranging from 10 to 20 ft in thickness
(Figures 5a to 5k).  Their thickness decreases away from the river, eventually
merging with inland swamp deposits.

Natural levee deposits in the study area are composed primarily of clay and
silt with minor sand lenses.  Soils associated with natural levee deposits are
identified in Figures 5a through 5k of the main report.  These deposits are gen-
erally coarser-grained near the channel, composed of silt (ML) and silty clay
(CL), and become finer-grained (i.e., CL and CH) further from the river.  Color
varies from reddish brown or brown near surface to grayish brown, and medium
to dark gray with depth.  Darker colored natural levee soils are due to the higher
organic content.  Organic content is generally low and is in the form of small
roots and occasionally disseminated wood fragments.  Larger wood fragments
are uncommon as oxidation has reduced organic materials to a highly
decomposed state.  Frequently associated with natural levee deposits are small
calcareous nodules, formed as a result of groundwater percolating through the
permeable soils and precipitated from solution.  Natural levee soils are well-
drained, have low-water contents, and generally have a stiff to very stiff consis-
tency (Tables A1 and A2).
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Table A1.   Engineering Properties of Depositional Environments from the Mississippi River Deltaic Plain (from Kolb 1962)
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Inland swamp

Before describing characteristics of inland swamps and their distribution in
the study area, a clarification of terminology is in order.  Usage of the term
inland swamp is restricted to the deltaic plain, whereas the term backswamp is
restricted to the Mississippi River alluvial valley.  Mapping by May et al. (1984)
adopted the usage of the term inland swamp and defined the upvalley margin of
this environment.  Inland swamps are not bounded by valley margins or older
meander belt ridges as in the alluvial valley.  Instead, inland swamps in the
deltaic plain are areas of high ground and woody vegetation formed because of
the high sediment rates from advancing distributary channels.

Kolb (1962) recognized that the term backswamp was inappropriate for the
deltaic plain and had reservations about using this term to describe swamp sedi-
ments below Donaldsonville, LA.  May et al. (1984) have placed the boundary
between backswamp and inland swamp near the vicinity of Houma, LA.  The
boundary separating the two swamp types occurs at the junction of Bayou Teche
and Bayou LaFourche, two former Mississippi River courses.  Consequently, the
summary descriptions and engineering properties in Tables A1 and A2 for
backswamp are more appropriate to inland swamp as the samples were derived
primarily from inland swamp sediments.  The primary distinction here is in
process and the ultimate nature of the sediments derived by these processes.  In
theory, inland swamp sediments are considered to be much finer-grained than
backswamp sediments since they are transported by smaller-scale distributary
channels to locations on the deltaic plain that are well removed from the main
channel.  As shown by Figure 3 in the main report, primary Mississippi River
flow was not confined to a single main channel during the period of active
Holocene delta building but rather was shared by several smaller major
distributary courses.

Inland swamps are vertical accretion deposits that receive sediment during
times of high-water flow, when the natural levees are crested and suspended
sediment in the flood waters is deposited in areas well removed from the main
distributary channel.  Inland swamp environments are low, often poorly drained,
tree-covered areas flanking the main distributary channel.  Inland swamps are
low areas that are settling basins for flood flow and sediment, and represent one
of the final stages in land building by the passing delta front.  Sediment supply is
sufficient to elevate the land surface to above sea level and allow woody
vegetation to develop and become stable.

Inland swamps are the dominant surface environment in the study area and
comprise approximately 50 percent of the Holocene deposits depicted in Fig-
ure 4.  The surface of the inland swamp environment begins at about the 0 ft
NGVD elevation.  These deposits are approximately 10 to 15 ft thick with the
base of this sequence grading into marsh and interdistributary sediments between
-10 to -15 ft NGVD (Dunbar et al. 1994).

Inland swamps are composed of uniform, very fine-grained soils, primarily
silty clay (CL) and clay (CH).  Sand (SM and SP) and silt (ML) may be present
but is considered a minor constituent of the total depositional sequence
(Table A1 and A2, and Figures 5a through 5k of the main report).  These
deposits typically contain moderate to high organic contents in the form of
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decayed roots, leaves, and wood.  Disseminated pyrite is a common but a very
minor constituent of these soils and is commonly found in more poorly drained
areas which promotes reducing conditions.  Inland swamp soils may become
well drained during times of low water and undergo short periods of oxidation,
lending a mottled appearance to the soil.  Inland swamp soils are gray, dark gray,
or occasionally black.  Inland swamp soils have generally high-water contents,
between 30 and 90 percent, as shown by Tables A1 and A2 (backswamp
environment).  

Point bar

Point bar deposits are lateral accretion deposits formed as a river migrates
across its flood plain.  River channels migrate across their floodplain by eroding
the outside or concave bank and depositing a sandbar on the inside or convex
bank.  With time the convex bar grows in size and the point bar is developed. 
Associated with the point bar are a series of arcuate ridges and swales.  The
ridges are formed by lateral channel movement and represent relic lateral bars
separated by low lying swales.  The swales are locations for fine-grained
sediments to accumulate.  Point bar deposits are as thick as the total depth of the
river that formed them.  These deposits become coarser-grained with increasing
depth.  Maximum grain size is associated with the river’s bedload (coarse sand
and fine gravel) while the fine-grained soils occur near the surface.  The basal or
coarse-grained portion of the point bar sequence is deposited by lateral accretion
while the fine-grained or upper portion of the point bar sequence is deposited by
vertical accretion.  

Point bar deposits in the study area are considered to be young, generally less
than 3,500 years old.  They began forming along Bayou des Familles-Barataria
when the St. Bernard delta system was active but didn’t fully develop along the
main river until the present Mississippi River course began forming less than
1,000 years before the present. 

Soil types in a point bar sequence grade upward from coarse-grained sands
and fine gravels near the base to clays near the surface.  These deposits are
variable, but in the study area are generally composed of at least 50 percent
poorly graded fine sand (Figures 5a through 5h and Tables A1 and A2).  Point
bar deposits are separated into two distinct units, a predominantly fine-grained
upper sequence or point bar top stratum, and a coarse-grained lower sequence or
point bar substratum.  Soil types associated with each unit are identified in the
geologic sections in Figures 5a through 5f of the main report.

Abandoned course

An abandoned course as the name implies is a relic fluvial course that is
abandoned in favor of a more hydraulically efficient course.  An abandoned
course contains a minimum of two meander loops and forms when the river’s
flow path is diverted to a new position on the river’s floodplain.  This event
usually is a gradual process that begins by a break or a crevasse in the river’s
natural levee during flood stage.  The crevasse forms a temporary channel that
may, over time, develop into a more permanent channel.  Eventually, the new
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channel diverts the majority of flow and the old channel progressively fills. 
Final abandonment begins as coarse sediment fills the abandoned channel seg-
ment immediately downstream from the point of diversion.  Complete filling of
the abandoned course is a slow process that occurs by overbank deposition.  The
complete filling process may take several hundreds or even thousands of years to
complete.

The Bayou des Familles-Barataria abandoned course is a prominent physio-
graphic feature that extends due south from the Mississippi River at approxi-
mately river mile 100 (Figures 1 and 4 of the report).  The abandoned course
extends well beyond the limits of the study area and continues south to Barataria
Bay (May et al. 1984, Dunbar et al. 1994).  It contains broadly developed natural
levees which are easily identified on aerial photography and topographic maps. 
Well developed natural levees and a meandering plan form distinguish the
abandoned course from its short lived predecessor, the crevasse channel.

Boring information from the greater New Orleans area indicates channel fill
from the Bayou des Familles abandoned course consists primarily of thick sand
deposits capped by a thin layer of silt and clay. Detailed boring information from
the abandoned course at its confluence with the Mississippi River is presented in
Figures 5c and 5i of the main report.  Engineering properties of abandoned
course sediments are not sufficiently categorized in Table A1 due to lack of
boring data.  However, these sediments are considered to be similar in com-
position to sandy point bar deposits for which data are present.

Abandoned distributar y channel

Distributary channels are channels that diverge from the trunk channel dis-
persing or “distributing” flow away from the main course.  By definition, dis-
tributary channels do not return flow to the main channel on a delta plain (Bates
and Jackson 1987).  Distributary channels originate initially as crevasse channels
during high flow periods when the main channel is unable to accommodate the
larger discharge.  If the flood is of sufficient duration, a permanent distributary
channel is soon established through the crevasse.  Abandonment of a distributary
channel or distributary network occurs either as a major course shift upstream or
the distributary becomes over extended and loses its gradient advantage in favor
of a much shorter distributary channel.  Complete abandonment usually occurs
because of an improved gradient advantage by the new distributary.

Distributary channel abandonment closely parallels the abandonment of a
course.  During abandonment, the base of the channel is filled with poorly sorted
sands, silts, and organic debris.  As the channel continues to fill, the flow
velocities are decreased, and the channel is filled by clay, organic ooze, and
peats.  Abandoned distributaries in the study area are approximately their
original width, but only a fraction of their original depth due to infilling.  Aban-
doned distributary channels in the study area are Metairie Bayou, Bayou
Sauvage, and two unnamed distributaries that intersect the Mississippi River on
the east and west banks (Figure 4).  These distributary channels have all been
partially or completely filled with sediments.
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Often the distal ends of abandoned distributaries have been buried due to
subsidence, destroyed by coastal erosion, or closer to the trunk channel, buried
by later natural levee deposits (Figure 4).  Metarie Bayou in the northern portion
of the study area has been buried by later Mississippi River natural levee
deposits and altered by the historic activities of man north of the river.  Natural
levees are ideal for urban development since these areas are topographically
higher than the surrounding area.

Abandoned distributaries are recognized on aerial photographs by their 
natural levees and the urban development associated with these levees.  In the
subsurface, distributary sediments are recognized by soil types (Table A1) and
sedimentary structures characteristic of channel fill deposits.  Engineering
properties of abandoned distributary sediments are not sufficiently categorized in
Table A1 due to lack of boring data.  Upper channel fill consists of parallel and
wavy laminated silts and silty clays, interbedded with highly burrowed clays
with high-water contents.  Distorted bedding, slump structures, organic layers,
and minor shell material are also common in abandoned distributary deposits.

Freshwater marsh

In the southwestern portion of the study area there is an area of freshwater
marsh, a nearly flat expanse where grasses and sedges are the only vegetation. 
Organic sedimentation plays an important role in the formation of marsh depos-
its.  Peats, organic oozes (mucks), and humus are formed as the marsh plants die
and are buried.  Decay is largely due to anaerobic bacteria in stagnant water. 
Vegetative growth and sedimentation maintain the surface elevation at a fairly
constant level, and the marsh deposits thicken as a result of subsidence over
time.  When marsh growth fails to keep pace with subsidence, the marsh surface
is eventually inundated by water.

Peats are the most common form of marsh strata remains, and they consist of
black fibrous masses of decomposed plants.  Detrital organic particles, carried in
by marsh drainage, and vegetative tissues form the mucks.  Mucks are watery
oozes that can support little or no weight.  Sedimentation occurs in the marsh
when floodwater overtops the natural levees, depositing clays and silts onto the
marsh surface.  Sediments are also transported to the marsh during lunar tides,
wind tides, and hurricane tides when sediment laden marine waters inundate the
marsh surface.

Marsh sediments are found in the subsurface as peats (Figures 5b through 5k)
and represent a time during the Holocene where the land surface was at sea level
and supporting marsh vegetation.  Often marsh deposits grade vertically upward
in a prograding delta system into inland swamp, followed by natural levee
deposits.  The reverse sequence is also true (i.e., marsh, natural levee, inland
swamp, marsh).  Engineering properties of marsh sediments are identified in
Table A1.
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Subsurface Environments
of Deposition

Interdistributar y

Interdistributary deposits are sediments deposited in low areas between active
distributary channels, usually under brackish water conditions.  Sediment laden
waters overtop the natural levees of distributary channels during flood stage and
deposit the coarsest sediment (silt) near the channel. The finer sediment (silty
clay and clay) is transported away from the active distributary channel and
settles out of suspension as interdistributary deposits.  In this manner,
considerable thicknesses of clay are deposited as the distributary builds seaward. 
Interdistributary clays often grade downward into prodelta clays and upward into
the highly organic clays of swamp and marsh deposits.

Interdistributary deposits are found throughout the study area in the subsur-
face (Figure 5b through 5k of the main report).  These deposits range in thick-
ness from 30 to 60 ft and start between 0 to -10 ft NGVD as shown by the cross
sections in Figures 5b through 5k.  Interdistributary deposits consist of saturated
gray clays which are highly bioturbated and contain some silt laminae.  Shell
fragments and minor amounts of organic debris are also commonly distributed
throughout the interdistributary sequence as shown by Tables A1 and A2.

Buried beach

Interdistributary sediments associated with Metairie Bayou, an abandoned
St. Bernard distributary in the northern edge of the study area, overlie and grade
laterally with buried beach deposits.  Buried beach deposits are part of the Pine
Island Beach trend, an early Holocene beach trend associated with active
sedimentation from the Pearl River (Saucier 1963).  Approximately 5,000 years
ago, when sea level was slightly lower than the present, longshore drift created a
southwest to northeast trending offshore spit or barrier beach complex in the
New Orleans area.  Sediments forming the spit were derived from sandy fluvial
sediments transported by the Pearl River.  This spit originated at the river’s
mouth and extended southwest to the vicinity of New Orleans.  This buried
beach complex forms the southern shore of Lake Pontchartrain and acted as a
natural barrier for filling of Lake Pontchartrain by advancing distributary
channels during the active St. Bernard stage of delta growth.

Metairie Bayou (Figure 4) follows the seaward edge of the Pine Island Beach
trend and was blocked from entering the main body of Lake Pontchartrain by the
higher topography of the relic beach.  Instead, Metairie Bayou follows the relic
beach trend northeast toward the coastal mainland as the Bayou Sauvage
distributary channel.  Coastal drainage into Lake Pontchartrain from the
Pleistocene uplands breached the beach ridge and formed “The Rigolets,” a pass
into Lake Pontchartrain at the eastern edge of the deltaic plain (Figure A1 from
Saucier 1963).
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Figure A1.   Topography of the buried Pine Island beach trend (Saucier 1963)

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers. K-112



Appendix A   Environments of Deposition A13

The beach trend grades laterally into intradelta and abandoned distributary
deposits (Figure A1).  Boring data identifies the buried beach deposits as con-
sisting of uniform, fine to medium grained, quartz sand, ranging in color from
gray to tan, and white upon exposure at the surface (Saucier 1963).  Beach sand
is generally well sorted and contains shell fragments.

Intradelta

Intradelta deposits form at the mouth of distributary channels and consist of
coarse-grained or sandy sediments.  At the mouth of a distributary, the water
velocity decreases upon entering open water, depositing coarse-grained sedi-
ments from suspension as distributary mouth bars.  The coarse sediments are
deposited on the bar crest or as fans along the sides of the bars.  As the distribu-
tary is built seaward, it may cut through or split around the bar.  The process is
then repeated in each of the smaller, branching distributary channels.  These
deposits interfinger and merge with interdistributary clays.

Intradelta deposits are identified in the subsurface in borings near the Mis-
sissippi River (Figures 5a, 5b, 5e, and 5g).  They consist primarily of clean sands
and silty sands with some silts.  Intradelta deposits are thickest nearer the
distributary channels or channel source areas.  Engineering properties of intra-
delta sediments are summarized in Tables A1 and A2.

Nearshore gulf

Nearshore gulf deposits are generally coarse-grained sediments formed by the
transgression and interaction of the rising Holocene sea level with the drowned
Pleistocene surface.  Nearshore gulf deposits represent sediments eroded,
transported, and deposited at the land/sea level interface, often at maximum
wave energy and under storm conditions.  These deposits generally consist of
coarse-grained sediments and are primarily characterized by sand and shell hash. 
Available engineering data is presented in Table A1.  The subsurface distribution
of this depositional environment is shown by the cross sections in Figures 5a
through 5k of the main report.  Generally, this environment directly overlies the
Pleistocene surface throughout the deltaic plain region.

Estuarine and ba y sound

Both of these environments are marine and are a minor environment in the
subsurface (see Figures 5a through 5l).  Both of these environments directly
overlie the Pleistocene surface.  These two environments were formed early
during the Holocene, or perhaps even Late Pleistocene, when sea level advanced
onto the Pleistocene surface.  As sea level advanced, it drowned the existing
Pleistocene drainage network and created small estuaries and bays.

An estuary is a river valley where fresh water comes into contact with sea
water (Bates and Jackson 1987).  A bay sound is a partly enclosed brackish
water body which is sheltered from direct access to the Gulf and is dominated by
both fluvial and marine processes.  Since the bay sound is partly restricted from
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the Gulf, the depositional energy and associated geomorphic processes are less
severe than those associated with the nearshore gulf environment.  Sediments
deposited within an estuary or bay sound environment have a much greater range
in grain size than sediments deposited within the nearshore gulf environment
(Table A1).  Silt and clay are usually more common within the estuarine and the
bay sound environment than the nearshore gulf environment as shown by
Table A1.

Substratum

Substratum or “braided stream/outwash plain” deposits related to glacial
melting and sea level rise are not present in the study area.  Substratum deposits
as identified in this report are coarse-grained sediments associated with the point
bar environment. The term substratum as used in this report and on the cross
sections in Figures 5a through 5k is used in conjunction with and is a modifier of
the point bar environment.  Point bar substratum deposits are typically the lateral
accretion or coarse-grained component of the point bar sequence. The upper
boundary occurs at the base of the fine-grained or vertical accretion component
of the point bar sequence and is defined by the first nearly continuous silty sand
(SM) contact.

Pleistocene

Pleistocene deposits are present only in the subsurface and are correlative to
the Prairie Formation.  The Prairie Formation is the youngest of Fisk’s (1944)
four major interglacial fluvial and deltaic sequences and was deposited during
Sangamonian time, approximately 70,000 to 125,000 years ago.  The Prairie
Formation is similar in origin to the Holocene age deposits which overlie the
Prairie.  They were both envisioned by Fisk (1944) as fining upward from a
coarse-grained substratum to a fine-grained top stratum.  Both are products of
rising sea level and deposition following continental glaciation.  However,
detailed analysis of glacial chronology from the midwest, combined with
detailed geologic mapping from the Lower Mississippi Valley in recent years,
indicates that the four-cycle model of Pleistocene glaciation and the accompa-
nying interglacial deposition are an oversimplification (Autin et al. 1991). 
Recent studies indicate that the geology of the Prairie Formation in the study
area is highly complex (Cullinan 1969; Kolb, Smith, and Silva 1975; Saucier
1977; Dunbar et al. 1994). 

Lithologic and stratigraphic data on the Prairie Formation are based on sur-
face exposures north of Lake Pontchartrain in St. Tammy, St. Helena, Tangi-
pahoa, and Washington Parishes, Louisiana, and foundation engineering borings
from the greater New Orleans metropolitan area.  Pleistocene age soils
outcropping on the north shore of Lake Pontchartrain were mapped by Cullinan
(1969) as being typically light gray, light brown, or yellowish orange in color
and composed of muddy, fine sandstones or fine to very fine sandy siltstones. 
Beneath the Holocene sediments in the New Orleans area, numerous engineering
borings drilled into the Pleistocene surface identify the Prairie as being
composed primarily of clay and silty clay and having the following characteris-
tics (Kolb and VanLopik 1958a,b, Kolb 1962):  (a) oxidized tan, yellow, or
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greenish gray color, (b) a marked decrease in water content, (c) distinctive
stiffening in soil consistency and a general increase in shear strength, and (d) the
presence of concretions.  Pleistocene age soils forming the subsurface in the
New Orleans area are usually easily distinguished from Holocene age soils by
their sharp contrast in engineering properties, lithology, and stratigraphy.  Soil
color, water content, and shear strength are the most diagnostic criteria
distinguishing Pleistocene from Holocene soils (Table A1).

Between the fine-grained Pleistocene sediments beneath the New Orleans
area and the more coarse-grained sediments that outcrop at the surface north of
Lake Pontchartrain, there is a transition which may be due to variations within
environments of deposition or stratigraphy during the Late Pleistocene.  The
New Orleans area Pleistocene soils may have formed under several depositional
settings, including inland swamp, interdistributary, bay sound, and/or estuarine
environments, while the coarser-grained soils north of Lake Pontchartrain are
perhaps related to mainland beach and terrestrial fluvial environments draining
the Pleistocene uplands.  The Prairie surface is a highly complex stratigraphic
sequence that consists of multiple depositional facies which formed over a
period of several tens of thousands of years, followed by thousands of years of
subaerial oxidation and erosion during maximum glacial episodes and lowered
sea levels, and then later burial by Holocene sediments.

The Pleistocene surface dips gently to the south and southwest at about 3 to
5 ft per mile (Figure 6 of the main report).  Elevations on the Pleistocene surface
range from approximately -60 ft NGVD in the northern portions of the study area
to more than -100 ft NGVD south of the Mississippi River.  The base of the
Prairie Formation beneath the Celotex failure site occurs somewhere between
elevation -500 and -600 ft NGVD (Cullinan 1969).  
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K2 – Limit Equilibrium (Slope 
Stability) Analysis of 17th 
Street Canal 

Limit equilibrium analyses is used to examine stability of the levees and 
I-wall section of the floodwall, and to examine possible mechanisms of failure at 
each breach site. The results of these analyses are interpreted in terms of factors 
of safety and probabilities of failure. This interim report will examine the factors 
of safety for the 17th Street Canal levee and I-wall section based on the IPET 
shear strength model described in the Data Report – 17th Street Canal in this 
Appendix K. 

Objectives 
The analyses of stability described in the following sections were performed 

to answer these questions: 

(1) What are the factors of safety for the 17th Street Canal I-wall based 
on the IPET shear strength model, and how do the factors of safety 
vary with water level in the canal? 

(2) How are these factors of safety affected by assuming that a crack 
forms between the canal side of the wall and the levee fill, as the 
water level rises on the canal side of the wall? 

(3) What water level is needed for a factor of safety equal to 1.0, and 
how does this differ for Stations 8+30, 10+00, and 11+50? 

(4) How do factors of safety calculated using the New Orleans District 
Method of Planes compare to factors of safety calculated using 
Spencer’s Method? 

(5) How do factors of safety calculated for design compare with those 
calculated using the IPET shear strength model and Spencer’s 
Method? 

(6) How do factors of safety calculated for the breach area compare to 
factors of safety calculated for adjacent reaches of the I-wall, north 
and south of the breach area? 
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(7) What are the probabilities of failure in the breach and adjacent 
areas? 

 
Conditions Analyzed 

Fifteen slope stability analyses (Cases 1 through 15 in Table K4-1) were 
performed for cross sections at Stations 8+30, 10+00, and 11+50 which are 
shown in Figures K1-11, K1-12, and K1-13 of the data report.  The shear 
strength profiles for these analyses are shown in Figures K1-54, K1-55, and 
K1-56 of the shear strength evaluation report.  These strengths are identified as 
“IPET” in Table K2-1. 

Five slope stability analyses (Cases 16 through 20 in Table K2-1) were 
performed using the cross section and strength profile used in the 17th Street 
Canal design memorandum1.  These are identified as “GDM 20” in Table K2-1. 

Average values of moist unit weight were used in the analyses: γsat = 109 pcf 
for the levee fill, γsat = 80  pcf for the peat, and γsat = 109 pcf for the clay beneath 
the peat, based on values measured in laboratory tests on undisturbed samples. 

The critical slip surfaces found in the analyses did not extend down to the 
sand beneath the clay, and the sand strength and unit weight therefore did not 
influence the results of the analyses. 

The analyses were performed for undrained conditions in the levee fill, the 
peat, and the clay beneath the peat.  Based on available information, it appears 
that the permeabilities of all three of these materials were low enough so that 
dissipation of excess pore pressures during the rise of the water level in the canal 
would have been negligible, and would have had at most a minor influence on 
stability. 

Analyses were performed for two conditions regarding contact between the I-
wall and the adjacent soil on the canal side of the wall.  These are indicated by 
“yes” or “no” in the column labeled “Crack” in Table K2-1. 

• For the “no crack” analyses, it was assumed that the soil on the canal 
side of the wall was in intimate contact with the wall.  Water 
pressures were applied to the surface of the levee fill, and to the I-
wall where it projected above the crown of the levee, but were not 
applied to the face of the wall below the crown of the levee. 

• For the “crack” analyses, it was assumed that the I-wall was separated 
from the levee fill on the canal side of the wall as the water level in 
the canal rose and caused the wall to deflect away from the canal.  
Full hydrostatic water pressures were applied to the I-wall, from the 
water level in the canal to the bottom of the wall. 

                                                      
1 General Design Memorandum #20 – 17th Street Outfall Canal – Volume 1 (GDM20). 
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Table K2-1 
Results of Slope Stability Analyses for Stations 8+30, 10+00, and 11+50 of the 17th 
Street Canal Floodwall. 

Case Section Slip Surface Method Strength Model Crack 

Water 
Elev. Ft. 
NGVD F 

1 8+30 Crit. Circle Spencer's IPET no 8.5 1.75 

2 8+30 Crit. Circle Spencer's IPET yes 8.5 1.32 

3 8+30 Crit. Circle Spencer's IPET no 11.5 1.41 

4 8+30 Crit. Circle Spencer's IPET yes 11.5 1.04 

5 8+30 Crit. Circle Spencer's IPET yes 12.1 1.00 

6 10+00 Crit. Circle Spencer's IPET no 8.5 1.57 

7 10+00 Crit. Circle Spencer's IPET yes 8.5 1.21 

8 10+00 Crit. Circle Spencer's IPET no 11.5 1.28 

9 10+00 Crit. Circle Spencer's IPET yes 11.5 0.99 

10 10+00 Crit. Circle Spencer's IPET yes 11.3 1.00 

11 11+50 Crit. Circle Spencer's IPET no 8.5 1.60 

12 11+50 Crit. Circle Spencer's IPET yes 8.5 1.21 

13 11+50 Crit. Circle Spencer's IPET no 11.5 1.29 

14 11+50 Crit. Circle Spencer's IPET yes 11.5 1.03 

15 11+50 Crit. Circle Spencer's IPET yes 11.7 1.00 

16 GDM 20 Crit. Circle Spencer's GDM 20 no 8.5 1.77 

17 GDM 20 Crit. Circle Spencer's GDM 20 yes 8.5 1.60 

18 GDM 20 Crit. Circle Spencer's GDM 20 no 11.5 1.45 

19 GDM 20 Crit. Circle Spencer's GDM 20 yes 11.5 1.24 

20 GDM 20 Crit. Circle Spencer's GDM 20 yes 13.6 1.00 

 

Analyses were performed for the following canal water levels: 

• Elevation 8.5 ft NGVD1, the approximated water level at the time of 
failure.  As of March 1, 2006 it is estimated that the water level in 
the 17th Street Canal at the time I-wall began to fail was 7.5 ft to 
9.5 ft. 

• Elevation 11.5 ft, the water level used as the principal design loading 
condition. 

• The elevations that resulted in computed factors of safety equal to 
1.0 at 8+30, 10+00, and 11+50.  These were different elevations for 
the three stations. 

• Elevation 13.6 ft, the elevation that resulted in a computed factor of 
safety equal to 1.0 for the GDM20 cross section and strength.  This 
was analyzed only for the GDM20 cross section and strength model 
used in design. 

                                                      
1 All elevations here are referred to NGVD datum.  Elevations will be adjusted to NAVD88 when the required 

information becomes available. 
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The analyses described here were performed using the computer program 
SLIDE1.  Critical circular slip surfaces were located for each case, using the 
search routines available in SLIDE.  The analyses were performed using 
Spencer’s method2, which satisfies all conditions of equilibrium.  Methods that 
satisfy all conditions of equilibrium have been shown to result in values of factor 
of safety that are not influenced appreciably by the details of the assumptions 
they involve3. 

In all, 20 cases were analyzed.  The conditions analyzed and results of these 
analyses are summarized in Table K2-1.  The critical circles for these cases are 
shown in Figures K2-1 through K2-15, and K2-17 through K2-21. 

Effect of Canal Water Level 
The higher the water level in the canal, the lower was the calculated factor of 

safety, all other things being equal.  This can be seen for the no crack condition 
by comparing Cases 1 and 3, for Station 8+30.  Raising the canal water level 
from elevation 8.5 ft to elevation 11.5 ft results in a decrease in the computed 
factor of safety of 0.34, from 1.75 to 1.41.  For Station 10+00, raising the water 
level from elevation 8.5 to 11.5 results in a decrease in factor of safety of 0.29 
(Cases 6 and 8).  For Station 11+50, the reduction is 0.31 (Cases 11 and 13). 

Raising the water level also reduces the factor of safety for the cracked 
condition, as can be seen by comparing Cases 2 and 4, Cases 7 and 9, and Cases 
12 and 14.  The reduction in the value of F for these cases varies from 0.18 to 
0.28. 

Effect of a Crack on the Canal Side of the Wall 
Assuming that a crack formed on the canal side of the wall, and that 

hydrostatic water pressure acted through the full depth of the crack, causes a very 
significant reduction in the value of the calculated factor of safety. 

For Station 8+30, with the canal water level at elevation 8.5 ft, the calculated 
factor of safety for the cracked condition is 1.32, as compared to 1.75 for the 
uncracked condition.  With the water level at 11.5 ft, introducing a crack reduces 
the factor of safety from 1.41 to 1.04. 

For Station 10+00, with the canal water level at elevation 8.5 ft, the 
calculated factor of safety for the cracked condition is 1.21, as compared to 1.57 
for the uncracked condition.  With the water level at 11.5 ft, introducing a crack 
reduces the factor of safety from 1.28 to 0.99. 

                                                      
1 Available from Rocscience Inc., 31 Balsam Avenue, Toronto, Ontario, Canada M4E 3B5 
2 Spencer, E. (1967) "A Method of Analysis of the Stability of Embankments Assuming Parallel Inter-Slice 

Forces," Geotechnique, Institution of Civil Engineers, Great Britain, Vol. 17, No. 1, March, pp. 11-26. 
3 Duncan, J. Michael, and Wright, Stephen G. (2005), Soil Strength and Slope Stability, John Wiley and Sons, 

New York, 293 pp. 
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For Station 11+50, with the canal water level at elevation 8.5 ft, the 
calculated factor of safety for the cracked condition is 1.21, as compared to 1.60 
for the uncracked condition.  With the water level at 11.5 ft, introducing a crack 
reduces the factor of safety from 1.29 to 1.03. 

The soil-structure interaction analyses and centrifuge tests yet to be 
performed may be capable of showing the relationship between water level and 
the likelihood of development of a crack on the canal side of the wall.  These 
further studies may also show whether the crack extends to the bottom of the wall 
as assumed here, or only part way.  The “no crack” and “full crack” conditions 
considered here represent the extremes that are possible. 

It seems likely that the failure was progressive, with a gradual reduction in 
factor of safety as the water rose, followed by a more sudden reduction in factor 
of safety when the crack formed and water filled it.  This appears to be a key 
factor in the mechanism of failure. 

For the canal water level at elevation 8.5 ft, the calculated factor of safety is 
lowest at Station 10+00.  This is approximately the same location where an 
eyewitness report indicates the failure began.  The eyewitness report said that 
failure began at Station 11+00.  Subsequently, failure spread to other locations in 
the breach area. 

A sequence of events consistent with the eyewitness report and the calculated 
results is this: 

• As the canal water level rose, a crack did not form until the water 
reached an average elevation (not accounting for wave effects) of 
7.5 ft to 9.5 ft, and the factor of safety before the crack formed was 
above 1.0. 

• When the average water level reached elevation 7.5 ft to 9.5 ft, and 
the static water pressure force was increased by wave effects, a crack 
formed between the I-wall and the levee fill on the canal side of the 
wall, resulting in a reduction in the factor of safety, and the wall 
began to fail at the location where the factor of safety was lowest. 

Static Water Level for Factor of Safety Equal to 1.0 
The canal water level was varied to determine the static water level at which 

the calculated factor of safety would be equal to 1.0, with a crack.  Calculated 
water levels for factors of safety equal to 1.0 for the cracked condition vary from 
11.3 ft to 12.1 ft NGVD, as compared with a water level of 7.5 ft to 9.5 ft when 
failure began based on an eyewitness report.  It appears that wave effects might 
raise the effective water level by 1 to 2 feet, to as much as 11.5 ft.  This would 
reduce the difference between calculated and observed water levels to cause 
failure to one to two feet.  This may indicate that the IPET shear strengths are a 
little higher than the actual shear strengths.   
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The difference between calculated and observed water levels causing failure 
could also be due to the fact that, so far, the stability analyses have only 
considered circular slip surfaces.  Further analyses will be performed using 
noncircular slip surfaces.  While the critical noncircular slip surfaces are assured 
to have lower factors of safety than the critical circular slip surfaces, it remains to 
be seen whether the difference is significant or not.  Even without this refinement 
of the analyses, it can be concluded that the IPET strength model is a reasonable 
representation of the actual conditions in the 17th Street Canal breach area, and 
that the stability analysis mechanism described here is consistent with the field 
observations. 

 
Comparison of Spencer’s Method with the Method 
of Planes 

Cases 16 through 20 of Table K2-1 used the design cross section and the 
shear strengths used in design.  The cross section is shown in Figure K2-16, 
which is taken from Plate 62 of GDM20.  The shear strengths are shown in 
Figures K1-54, K1-55, and K1-56 of the shear strength evaluation report (the 
design strength profile is the same in all three figures).  This cross section and 
these shear strengths were used as the basis for design of the wall from Wall 
Stations 554+00 to 568+00, which includes the area where the breach occurred. 

The factor of safety computed using the Method of Planes for these 
conditions was 1.30, with the canal water level at 11.5 ft, and no crack on the 
canal side of the wall.  The factor of safety for this same condition computed 
using Spencer’s Method (Case 18 in Table K2-1) was 1.45.  This shows that the 
Method of Planes is a conservative method of slope stability analysis.1 

 
Comparison of Design Analyses With Analyses 
Performed Using the IPET Strength Model and 
Spencer’s Method 

The design analyses were based on these conditions: 

(1) The analyses were performed for the cross section shown in 
Figure K2-16. 

(2) The design strength profile shown in Figures K1-54, K1-55, and 
K1-56 of the shear strength evaluation report were used in the 
analyses.  The same strengths were used under the embankment 
crest, under the slope, and beyond the toe of the levee. 

                                                      
1 The Method of Planes is a force equilibrium method.  Such methods do not satisfy moment equilibrium, and they 

require assumptions concerning the orientations of side forces on slices.  Depending on the assumed orientations, 
force equilibrium methods can result in factors of safety that are either higher or lower than factors of safety 
calculated using methods like Spencer’s Method, which satisfy all conditions of equilibrium. 
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(3) The Method of Planes was used to calculate the factor of safety. 

(4) The wall was assumed to be in contact with the levee fill soil on the 
canal side (the no crack condition). 

(5) The water elevation was assumed to be at 11.5 ft NGVD. 

As noted previously, for these conditions a factor of safety equal to 1.30 was 
calculated using the Method of Planes.  Five variations on these conditions were 
analyzed using Spencer’s Method.  These are shown in Table K2-1 as Cases 16 
through 20. 

With the water level at 11.5 NGVD, and a crack between the wall and the 
soil on the canal side, the factor of safety calculated using Spencer’s Method is 
1.24.  The water level required to reduce the factor of safety to 1.0 is 13.6 ft 
NGVD. 

It appears that the most important difference between the conditions used as 
the basis for design and the conditions defined in this report is related to the 
strengths of the peat and clay soils beneath the levee.  The design strengths and 
the IPET strengths are very nearly the same beneath the crest of the levee.  
However, beneath the levee slopes, and beyond the toe of the levee, the design 
strengths were higher than the IPET strengths. 

 
Comparison of Factors of Safety in the Breach 
Area with those in Areas to the North and the 
South 

In order to examine the effect on stability of the higher strengths in the 
sections north and south of the breach that were discussed in previous sections of 
this report, stability analyses were performed using shear strengths for the clay 
and the peat that were 20 percent higher than those estimated for the breach area. 
 This 20 percent higher strength was based on the data available for the area 
south of the breach.  North of the breach a greater difference in clay strength 
(about 30 percent) was indicated by the available strength data. 

The analyses with higher strengths were performed for Station 10+00, with a 
crack at the canal side of the wall, full hydrostatic water pressure in the crack, 
and canal water levels at elevations 8.5 ft and 11.5 ft.  The results of these 
analyses are shown in Table K2-2, together with the comparable results from 
Table K2-1. 

For the canal water level at elevation 8.5 ft, a 20 percent increase in clay 
strength results in a 15 percent increase in factor of safety.  A 20 percent increase 
in peat strength results in 4 percent increase in factor of safety.  For the canal 
water level at elevation 11.5 ft, a 20 percent increase in clay strength results in a 
13 percent increase in factor of safety.  A 20 percent increase in peat strength 
results in 5 percent increase in factor of safety. 
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Table K2-2 
Factors of Safety Calculated for Station 10+00 Geometry Using Clay and Peat Strengths 
20% Higher and Lower than the IPET Strengths. 

Case Section Slip Surface Method Strength Model Crack 

Water 
Elev. Ft. 
NGVD F 

7 10+00 Crit. Circle Spencer's IPET yes 8.5 1.21 

7A 10+00 Crit. Circle Spencer's clay + 20% yes 8.5 1.40 

7B 10+00 Crit. Circle Spencer's clay - 20% yes 8.5 1.02 

7C 10+00 Crit. Circle Spencer's peat + 20% yes 8.5 1.26 

7D 10+00 Crit. Circle Spencer's peat - 20% yes 8.5 1.16 

9 10+00 Crit. Circle Spencer's IPET yes 11.5 0.99 

9A 10+00 Crit. Circle Spencer's clay + 20% yes 11.5 1.12 

9B 10+00 Crit. Circle Spencer's clay - 20% yes 11.5 0.84 

9C 10+00 Crit. Circle Spencer's peat + 20% yes 11.5 1.04 

9D 10+00 Crit. Circle Spencer's peat - 20% yes 11.5 0.93 

 

The factors of safety shown in Table K2-2 for increased clay and peat 
strengths are consistent with the fact that failure did not occur in these areas. 

 
Probabilities of Failure 

Probabilities of failure have been estimated using an approximate technique 
based on the Taylor Series method.  The coefficient of variation of the average 
clay strength and the average peat strength were estimated to be 20 percent.  The 
data available is sparse, and the scatter in measured values is influenced 
significantly by sample quality as well as variations in properties from one 
location to another.  The estimate values of COV = 20 percent is thus largely 
based on judgment.  Even so, it is valuable to examine what probabilities of 
failure would be associated with this level of uncertainty concerning shear 
strengths. 

The Taylor Series numerical method1,5 was used to estimate the standard 
deviation (σF) and the coefficient of variation of the factor of safety (COVF), 
using these formulas: 

                                                      
1Wolff, T. F. (1994). "Evaluating the reliability of existing levees." Report, Research Project: Reliability of Existing 

Levees, prepared for U.S. Army Engineer Waterways Experiment Station Geotechnical Laboratory, Vicksburg, 
Miss. 
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where ΔFclay strength = difference between the values of the factor of safety 
calculated with the clay strength increased by one standard deviation and 
decreased by one standard deviation from its most likely value.  ΔFpeat strength is 
determined in the same way.  FMLV is the “most likely value” of factor of safety, 
computed using the IPET shear strengths. 

Using the factors of safety listed in Table K2-2 for water level = 8.5 ft, ΔFclay 

strength = 1.40 – 1.02 = 0.38, and ΔFpeat strength = 1.26 – 1.16 = 0.10.  Substituting 
these values in Eq (1) leads to σF = 0.39.  With FMLV = 1.21, the value of COVF 
calculated using Eq (2) = 0.39/1.21 = 0.32. 

For water level = 11.5 ft, ΔFclay strength = 1.12 – 0.84 = 0.28, and ΔFpeat strength = 
1.04 – 0.93 = 0.11.  Substituting these values in Eq (1) leads to σF = 0.30.  With 
FMLV = 0.99, the value of COVF calculated using Eq (2) = 0.30/0.99 = 0.30. 

With both FMLV and COVF known, the probability of failure (pf) can be 
determined using Table K2-3.  For water level = 8.5 ft (FMLV = 1.21, COVF = 
0.32), the probability of failure is about 30 percent.  For water level = 11.5 ft 
(FMLV = 0.99, COVF = 0.30), the probability of failure is out of range of the 
values in Table K4-3, and exceeds 50 percent. 

For areas north and south of the breach, where strengths and most likely 
values of factor of safety are higher, the probabilities of failure are lower.  For 
water level = 8.5 ft (FMLV ≈ 1.45 and COVF ≈ 30 percent), the probability of 
failure would be between 10 percent and 15 percent.  For water level = 11.5 ft 
(FMLV ≈ 1.15 and COVF ≈ 30 percent), the probability of failure would be 
between 30 percent and 40 percent. 

 
Summary 

The results of the analyses described in the preceding sections are reasonably 
consistent with the performance of the I-wall in the breach area.  Calculated 
water levels for factors of safety equal to 1.0 for the cracked condition vary from 
11.3 ft to 12.1 ft NGVD, as compared with a water level of 7.5 ft to 9.5 ft at the 
time failure began based on an eyewitness report.  It appears that wave effects 
might raise the effective water level by 1 to 2 feet, to as much as 11.5 ft.  This 
would reduce the difference between calculated and observed water levels to 
cause failure to one to two feet.  This may indicate that the IPET shear strengths 
are a little higher than the actual shear strengths.   
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Table K2-3 
Probabilities of Failure Based on Lognormal Distribution of F4

 

10% 12% 14% 16% 20% 25% 30% 40% 50%

1.05 33.02% 36.38% 38.95% 41.01% 44.14% 47.01% 49.23% 52.63% 55.29%

1.10 18.26% 23.05% 26.95% 30.15% 35.11% 39.59% 42.94% 47.82% 51.37%

1.15 8.83% 13.37% 17.53% 21.20% 27.20% 32.83% 37.10% 43.24% 47.62%

1.20 3.77% 7.15% 10.77% 14.29% 20.57% 26.85% 31.76% 38.95% 44.05%

1.25 1.44% 3.54% 6.28% 9.27% 15.20% 21.68% 26.98% 34.95% 40.66%

1.30 0.49% 1.64% 3.49% 5.81% 11.01% 17.30% 22.75% 31.26% 37.48%

1.35 0.15% 0.71% 1.86% 3.53% 7.83% 13.66% 19.06% 27.88% 34.49%

1.40 0.04% 0.29% 0.95% 2.08% 5.48% 10.69% 15.88% 24.80% 31.70%

1.50 0.00% 0.04% 0.23% 0.67% 2.57% 6.38% 10.85% 19.49% 26.69%

1.60 0.00% 0.01% 0.05% 0.20% 1.15% 3.71% 7.29% 15.21% 22.40%

1.70 0.00% 0.00% 0.01% 0.06% 0.49% 2.11% 4.84% 11.81% 18.75%

1.80 0.00% 0.00% 0.00% 0.01% 0.21% 1.18% 3.18% 9.13% 15.67%

1.90 0.00% 0.00% 0.00% 0.00% 0.08% 0.65% 2.07% 7.03% 13.08%

2.00 0.00% 0.00% 0.00% 0.00% 0.03% 0.36% 1.34% 5.41% 10.91%

2.20 0.00% 0.00% 0.00% 0.00% 0.01% 0.10% 0.56% 3.19% 7.59%

2.40 0.00% 0.00% 0.00% 0.00% 0.00% 0.03% 0.23% 1.88% 5.29%

2.60 0.00% 0.00% 0.00% 0.00% 0.00% 0.01% 0.09% 1.11% 3.70%

2.80 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.04% 0.66% 2.60%

3.00 0.00% 0.00% 0.00% 0.00% 0.00% 0.00% 0.02% 0.39% 1.83%

FMLV = factor of safety computed using most likely values of parameters

COVF = Coefficient of Variation of Factor of Safety
FMLV

 

The difference between calculated and observed water levels causing failure 
could also be due to the fact that, so far, the stability analyses have only 
considered circular slip surfaces.  Further analyses will be performed using 
noncircular slip surfaces.  While the critical noncircular slip surfaces are assured 
to have lower factors of safety than the critical circular slip surfaces, it remains to 
be seen whether the difference is significant or not.  Even without this refinement 
of the analyses, it can be concluded that the IPET strength model is a reasonable 
representation of the actual conditions in the 17th Street Canal breach area, and 
that the stability analysis mechanism described here is consistent with the field 
observations. 

The calculated factors of safety are about 25 percent lower when it is 
assumed that a crack develops between the wall and the levee fill on the canal 
side of the wall.  The results calculated assuming that a crack formed, and that 
full hydrostatic water pressure acted in the crack, are consistent with field 
observations, indicating that it is highly likely that a crack did form in the areas 
where the wall failed.  It seems likely that when a crack formed and the portion 
of the wall below the levee crest was loaded by water pressures, the factor of 
safety would have dropped quickly by about 25 percent.  Soil structure 
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interaction analyses and centrifuge model tests will likely provide further 
understanding of crack formation and its relation to wall stability. 

The New Orleans District Method of Planes is a conservative method of 
slope stability analysis.  All other things being equal, the factor of safety 
calculated using the Method of Planes was about 10 percent lower than the factor 
of safety calculated using Spencer’s method, which satisfies all conditions of 
equilibrium. 

The factors of safety calculated in the design analyses were higher than the 
factors of safety calculated for the conditions that are believed to best represent 
the actual shear strengths, geometrical conditions, and loading at the time of 
failure.  The principal differences between the design analyses and the conditions 
described in this report relate to (1) the assumption that a crack formed between 
the wall and the levee soil on the canal side of the wall, and (2) the fact that the 
design analyses used the same strength for the clay and the peat beneath the levee 
slopes, and for the area beyond the levee toe, as for the zone beneath the crest of 
the levee.  The IPET strength model has lower strengths beneath the levee slopes 
and beyond the toe. 

Factors of safety for areas adjacent to the breach, where clay strengths are 
higher, were about 15 percent higher than those calculated for the breach area.  
These differences in calculated factor of safety are not large, and it thus appears 
that the margin of safety was small in areas that did not fail.  It is possible that 
areas adjacent to the breach remained stable primarily because cracks did not 
form in those areas, and the wall was therefore less severely loaded. 

Estimates of probability of failure for a water level of 8.5 ft NGVD are about 
30 percent in the breach area, and 10 percent to 15 percent in the areas north and 
south of the breach.  For a water level of 11.5 ft, the estimated probability of 
failure is about 50 percent in the breach area and 30 percent to 40 percent north 
and south of the breach.  If stability analyses considering noncircular slip 
surfaces result in appreciably lower factors of safety, the corresponding 
probabilities of failure will be higher. 
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K3 – Physical Modeling 

Drainage Canals – Physical Centrifuge Modeling 
Scale modeling using large geotechnical centrifuges at RPI and at ERDC has 

commenced with trial models of London Avenue and 17th Street canal levees 
and floodwalls based on the available site characterization and performance 
analyses. The conceptual design of the scale models and development of the 
experimental procedures has been based on established international practice, 
drawing upon the combined expertise and experience of the centrifuge modeling 
groups at ERDC, RPI, GeoDelft and Steedman & Associates. The experiment 
plan has been developed in close collaboration with numerical work being 
performed as part of the Levee Analysis, to ensure that the models can meet their 
primary objective of providing qualitative insight and independent validation of 
the numerical analyses. Bulk samples of peat from the field have been taken for 
direct use in the models. A kaolin clay and fine sand has been used to replicate 
the clay and sand layers in the field. In common with standard geotechnical 
centrifuge model practice, the models are designed to be geometrically similar, 
reduced scale models with all significant engineering parameters (dimensions, 
permeability, density, strength and stiffness) correctly reproduced. Custom built 
chambers have been constructed to contain the models with windows to facilitate 
video imagery of the onset of failure in the levee and foundations. The first trial 
models have been completed. The results are encouraging, showing that failure 
mechanisms consistent with the field observations can be realistically 
reproduced. Instrumental data from the model tests, particularly of the 
development of pore water pressure in the soil layers beneath the levee, are being 
examined and compared with numerical analyses. A full series of model tests will 
be carried out during March and April, using both centrifuge facilities as 
appropriate. 

 
Simulation of Field Conditions 

The design of the scale models has benefited from the extensive data 
collection and analysis in the field and from the site investigation and 
characterization activity under the levee performance analysis task. Collaboration 
with all members of the levee performance analysis group and subsequent 
exchange of cross-sections, long sections and soil properties have ensured that 
for each of the drainage canal sections investigated, the scale model design has 
proceeded with the best available information. 
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As the scale models are subject to a steady high acceleration field during a 
centrifuge ‘flight’, they are constructed within a strongbox that must be designed 
to resist the full field pressure from the free water (in the canal), ground water 
and soil acting on the side walls and base. For these experiments, new 
strongboxes have been designed and built specifically to accommodate the 
particular geometry and depths of the levees and their foundations. Based on the 
field observations and the Dutch experience of levee failures, it was considered 
important to include a substantial length of ground behind levees within the 
model to ensure that any failure mechanism had the freedom to extend 
‘landward’ if it desired. Several boxes have been constructed to facilitate the 
model making process and provide duplication. The boxes were constructed from 
aluminum alloy plate, with a stiff, plexiglass window on one side for viewing. A 
schematic diagram of the model chamber is shown in Figure K3-1 showing the 
transparent window and water reservoir below the floor of the strongbox. The 
long walls of the strongbox are restrained from bowing outwards by their fixings 
along the end and base of the chamber, and by a frame bolted across the top prior 
to flight (not shown in the figure for clarity). 

 
Figure K3-1. Diagram of the model chamber with top bracing omitted 

Simulation of field conditions requires that all relevant mechanical properties 
of the engineered structures and natural ground conditions are accurately 
reproduced in the model. In the case of the structures, the significant elements are 
the levee itself and the sheet pile wall with concrete capping beam. 

For the sheet pile wall, it is straightforward to scale the bending stiffness of 
the wall. Expressed simply, any deflection or bending of the wall under pressure 
from the water or soil should be geometrically the same in the scale model and in 
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the field. If the sheet pile wall in the field was to bend so that the top deflected 
one twentieth of its overall height, for example, it would be expected that the 
scale model wall would also deflect one twentieth of its height. From this 
requirement, it is easily deduced that for a 1/N scale model subject to a steady 
acceleration field of N times earth’s gravity, the bending stiffness of the wall 
should be reduced by N3 per unit length. A steel sheet pile wall such as the PMA-
22 section with a moment of inertia of 22.4 in4 will then be correctly scaled by a 
steel plate 0.129” thick at 50g. Alternatively, the steel sheet pile section could be 
correctly represented at 50g by a solid aluminum alloy plate, with thickness of 
0.18”. The unit weight of the steel sheet pile wall and its plastic moment capacity 
are not relevant to the study, as there is no evidence that dynamic movement of 
the wall or plastic hinges in the wall (none of the sheet piles recovered from any 
of the levee failures show any sign of local plastic bending) contributed to the 
observed performance. Similarly, in the early stages of failure, no evidence has 
yet been put forward that water flow through the clutches of the sheet piles, 
separation of the clutches or fracture of the concrete capping beam contributed to 
the failure. It is therefore concluded that the sheet pile wall may be realistically 
represented by a metal plate (steel or aluminum alloy) with the correct bending 
stiffness. 

Natural soils and constructed fill in the field have an inherent variability 
which is impossible to reproduce at a microscopic scale whether in analytical, 
numerical or physical models of performance, for design or for assessment. It is 
standard practice, therefore, to use site investigation techniques to measure soil 
properties and then to deduce an equivalent profile of strength and permeability 
that is appropriate to the situation under consideration. Using the currently 
available soil data, representative pre-Katrina cross-sections for the drainage 
canal levees, including undrained soil strength profiles and stratigraphy have 
been developed. These profiles have been adopted for the physical scale models 
also and, with the exception of the peat layer, reconstituted laboratory soils are 
being used for the clay and sand layers. Laboratory soils provide the same 
characteristics as field soils in terms of strength and compressibility, but may be 
handled more easily and reliably. The use of reconstituted, remoulded soils as 
equivalent field soils is well established and common practice. 

The levees were constructed over many decades from compacted clay. 
Analysis has provided values for the strength of the levee to be used in the 
numerical models, and the same strength was therefore adopted for the physical 
scale models. For the first trial models, the strength of the clay in the levees was 
selected to be 500 psf, being the strength used for design. Later models will adopt 
a strength value of 900 psf, based on the assessment of site investigation data 
available at February 2006. 

The foundations of the levee comprise layers of peat, clay and sand. Each of 
the three drainage canal breach sites have a different profile and each have been 
or will be modeled accordingly. The natural clay beneath the peat is normally 
consolidated throughout its depth, with an average unit weight of 109 pcf and 
average water content of approximately 65 percent. The properties of the natural 
clay have been adopted from analysis of design documents and field data, and 
reconstituted kaolin clay selected to represent the material in the scale model. 
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Kaolin clay is coarse grained clay used extensively in centrifuge model studies to 
represent natural clays. The beach sand stratum that underlies the lacustrine clay 
and/or peat stratum is fine medium dense sand, with typical strength and 
permeability characteristics. For the purposes of the scale model tests, the 
important parameters to model are the density and the permeability, which is 
controlled by the fine fraction in the soil. A fine laboratory sand (Nevada Sand 
with D10 = 0.08mm) has been used to reproduce this stratum. Full details of these 
materials may be found in Appendix K3-1.  

The characteristics of the peat or marsh stratum have been assessed and 
determined to be comprised of two groups: the peat stratum under the levee 
embankment, and the peat stratum at the toe of the levee. Undisturbed samples 
taken from borings have provided laboratory samples from which compression 
tests, moisture content and unit weights have been determined. Close 
examination of the peat shows that it is relatively free of fibers and is similar in 
character to organic clay. In these circumstances, the appropriate course of action 
is to use the field material, cut from block samples and reconsolidated in the 
centrifuge to its original condition. 

To create conditions in the scale model which are as realistic as possible, 
careful consideration must be taken in the construction of the model specimen. 
Two workshops have been held to review the experimental methods and model 
design, at GeoDelft and at RPI. The workshops addressed equipment, 
instrumentation, material and procedures for standardizing the model tests. 

The generic model configuration is shown below, for London North. The 
sand layer was placed in the chamber first by raining it slowly from a hopper. 
The rate of pouring and height are calibrated to ensure that the appropriate 
density is achieved. Miniature instruments were positioned in the sand layer 
during the pouring process, as were markers in the sand against the window, to 
form a grid. The wall is placed into position, held by a temporary brace. Once the 
sand layer is completed, the chamber is evacuated, flushed with carbon dioxide 
and then the sand is saturated by slowly introducing de-aired water. The vacuum 
is released. 
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Figure K3-2.   Schematic diagram of the model geometry (London Avenue North) 

The peat layer, cut from the blocks of natural soil is placed on the sand bed 
on either side of the wall. A surcharge of gravel equivalent to the weight of the 
final levee and of similar profile is placed on the peat layer (temporarily 
protected by a geotextile membrane) and the specimen accelerated on the 
centrifuge until the weight of the gravel has consolidated the peat layer. This 
process will create a depression under the gravel mimicking the additional 
consolidation of the peat by the levee over time and satisfying the observation of 
varying strength in the peat layer under the levee and under the toe. 

The levee is formed by consolidating a block of clay in two pieces, 
representing the flood side and protected side of the sheet pile wall. The blocks 
of clay for the levee were formed by consolidating the reconstituted kaolin clay 
to the required strength upside down in a wooden mould. The moulds have the 
form of the levee profile. The blocks were then trimmed to their final shape, the 
gravel (and protective membrane) removed and the two sections of the clay 
embankment placed in position against the wall. The temporary brace can now be 
removed and the specimen again accelerated on the centrifuge, water introduced 
and a steady flow regime established below the levee. Finally, the water level is 
brought up to the flood level and the performance of the levee observed. 

For the physical model of 17th Street canal, the main elements are similar, 
except that the peat layer overlies a layer of clay, representing the lacustrine clay 
stratum in the field. To form this layer in the model, the reconstituted kaolin clay 
is placed at high water content and consolidated using the centrifuge before 
placing of the peat layer above. The advantage of the centrifuge consolidation 
process is that this will correctly reproduce the process of normal consolidation 
as in the field, resulting in a profile of strength of the clay increasing with depth 
that can be matched to the field profile. The process takes many hours before the 
clay layer is fully consolidated and is monitored by measuring the decay of the 
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excess pore water pressure in the clay over time. Determining the strength of the 
clay after placement in the model is achieved by calculation and laboratory 
testing based on correlations between density and moisture content versus 
resultant strength.  Reconstituted kaolin clay has been used in centrifuge model 
tests since the 1960s and there is long experience of the accurate prediction of 
strength following mixing and consolidation. 

The workshops also discussed the optimum acceleration level (expressed in 
multiples of earth’s gravity, g) at which the experiments should be conducted. 
This ‘g’ level dictates the linear scale in geotechnical centrifuge scale modeling, 
such that for example the reduction in depth in the model is precisely 
compensated by the increase in self weight of the layers above, resulting in 
identical stresses in the model as in the prototype. The model tests will be carried 
out at 50g, sufficiently high to provide a model of sufficient size to replicate the 
field structure with negligible boundary effects from the model container and 
sufficiently low to provide reasonable detail in the layering and soil profile.   

Miniature instrumentation is used both inside and outside the model 
container to capture information on the performance of the specimen during the 
model test. For these experiments, the main instrumentation will be pore pressure 
transducers, displacement transducers and video and still photography of the 
model and sheet pile wall. Consideration has also been given to the hydraulic 
arrangements for the control of water supply, and the optimum orientation of the 
model box on the centrifuge platform to minimize any errors associated with the 
radial acceleration field in the centrifuge. 

The generic description of the model test process above is intended to 
provide a general overview of the experimental procedure. A more detailed 
discussion of centrifuge modeling, sources of error and limitations is provided in 
Appendix K3-1, together with additional information on the materials, equipment 
and typical data from the initial model tests carried out at RPI to confirm the 
proposed methodology. 

 
Design of Trial Models for Drainage Canals 

Prior to initiation of any physical modeling efforts, two workshops were held 
to discuss in detail the model design and test procedure based on the team’s prior 
experience of physical modeling of levee structures and experience of model 
testing with very soft clays.  These workshops were held in December 2005 and 
January 2006 at GeoDelft in the Netherlands and at RPI, NY. Both institutes 
operate internationally recognized centrifuge research facilities and are important 
centers of expertise. Both meetings reviewed the current information available on 
the pre and post-hurricane conditions of the levee systems (17th Street, London 
Avenue, and Industrial Canal). The design of the models requires consideration 
of possible failure mechanisms and the workshops therefore discussed a wide 
range of alternative mechanisms, based on post-failure observations and prior 
experience in the Netherlands of similar levee designs, including flow of water 
around the pile generating uplift pressures in the downstream material, and 
movement of the wall due to the relatively weak clay of the levee. The 
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workshops then discussed and agreed on the design of the trial models, selection 
of materials and test procedures, as described in detail below. The trial models 
were intended to test alternative model arrangements and methods of 
construction prior to the final models. In January at the second workshop, 
detailed planning of the test program and experimental methods (model 
preparation, boundary conditions, instrumentation, data acquisition and 
reporting) were reviewed and agreed in detail to ensure that a standard approach 
was adopted at ERDC and RPI during the model testing. 

London Avenue Canal levee model 

Cross sections of the levees on London Avenue drainage canal (London 
North failure and London Mirabeau failure) with the currently known soil 
layering and properties were reviewed. The London Avenue breach sites consist 
of, in general, a clay levee founded on a foundation of peat and fine sand, as 
shown in Figure K3-2 above. For the purposes of the trial models, the sheet pile 
wall was modeled using an aluminum plate, the sand using a Nevada Sand at 
60 percent Relative Density, the levee using a reconstituted kaolin clay and the 
peat layer using the natural peat, cut from block samples from the field. 
Following the modeling principles discussed above, the design cross section 
through the 1/50 scale trial model is shown in Figure K3-3 below. 

Figure K3-3.   Diagram of London North Trial Model Design (model units) 

The clay levee in the trial model had strength after consolidation of 500 psf 
(based on the original design values). For kaolin clay, this is equivalent to a 
saturated density of around 110 pcf. Future models will use an increased strength 
of 900 pcf (kaolin saturated density of 113 pcf), based on the latest assessment of 
all information. The geometry of the clay levee was based on information 
available from design documents, as-built documents, LIDAR surveys, and field 
reconnaissance. The peat layer will be formed from the natural peat samples 
taken from the field. The sheet pile wall will be modeled using a solid steel plate 
of thickness 0.125”, such that the bending stiffness of the wall is a correct 
representation of the sheet pile wall in the field (based on the PMA-22 section), 
as discussed above. 

Pore pressure transducers are located along the mid depth of the sand stratum 
and near the top of the sand, below the peat. As the canal fills with water, the 
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excess pore pressure in these transducers will rise, with the greatest rise occurring 
closest to the canal. If the wall rotates and a crack opens down the front of the 
wall, then transducers under the centerline of the levee will also experience a full 
head of water pressure.  

17th Street Canal levee model 

As with the London Avenue breaches, the 17th Street breach site was 
reviewed. The cross section here consists broadly of a clay levee on a foundation 
of peat and lacustrine clay. Following the procedures discussed above, the 
selection of materials for the trial model comprised speswhite kaolin clay for the 
levee and lacustrine clay stratum, and natural peat for the peat layer. The sheet 
pile wall was modeled using an aluminum plate. A cross section through the trial 
model is shown in Figure K3-4 below. 

Figure K3-4.   Diagram of 17th Street Trial Model Design (model units) 

The clay levee in the trial model had strength after consolidation of 500 psf 
(based on the original design values). For kaolin clay, this is equivalent to a 
saturated density of around 110 pcf. Future models will use an increased strength 
of 900 pcf (kaolin saturated density of 113 pcf), based on the latest assessment of 
all information. The geometry of the clay levee was based on information as 
described above for the London North section. The peat layer will be formed 
from the natural peat samples taken from the field. As with the London North 
Model design, the steel sheet pile wall will be modeled for the 17th Street model 
using a solid steel plate of thickness 0.125”, such that the bending stiffness of the 
wall is a correct representation of the sheet pile wall in the field (based on the 
PMA-22 section), as discussed above. 

The underlying clay layer has strength after consolidation increasing from 
280 psf to 390 psf at the base (an increase of 11 psf per foot depth). Constructed 
using reconstituted kaolin clay, the saturated density of the clay will again be 
around 110 pcf. 

Pore pressure transducers are located on the interface between the peat and 
the clay stratum and within the clay layer and the clay levee. Once steady state 
conditions are established at the start of the model, the precise rate of rise of the 
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flood in the canal is immaterial as the performance of the foundation and levee 
will be undrained. 

 
Interim Results 

The results from the trial models have been encouraging. The model making 
process has been tested through the construction of the two trial models, one of 
which involved a sand bed beneath the peat and one of which involved a clay 
layer. Techniques for placing the sand and peat and for consolidating the clay 
have proved satisfactory and resulted in a layered model with densities and 
strengths close to the target density/strength profile based on the current available 
information. The approach, developed during the workshops, towards the 
sequence and method of construction of the levee and sheet pile wall has also 
proved successful. The hydraulic system to control water levels in the ground and 
the canal has permitted steady state conditions to be developed prior to the flood 
stage, and then for the water in the canal to be raise progressively until large 
scale movements of the levee and flood wall were initiated, as may be seen after 
the trial model test in Figure K3-5 for London Avenue North. Data from the 
miniature transducers buried in the soil beneath the levee have provided valuable 
information on the change in water levels (water pressure) as the canal floods. In 
the London North example below, Figure K3-6, the trend of increasing water 
level is seen in the sand layer beneath the levee as the water level in the canal 
rises. As expected, the rise is proportionately less further away (landward) from 
the canal. In this trial model the wall was seen to lean over as the water rose and 
there is an increase in the rate of rise of water level in the sand as this occurs. The 
rate increases as the wall starts to lean over landward. 

 
Figure K3-5.   Rotation of the sheet pile wall in the London Avenue Trial Model 
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Figure K3-6.   Rising water pressures in the sand in the London Avenue Trial Model 

The second trial model, of 17th Street, has also provided good results, 
confirming the model process and design. Figure K3-7 shows the movement of 
the levee landward after the model test was completed and the water had been 
drained from the canal side (left). 

 

 
Figure K3-7.     Sliding movement of the levee landward (to the right) observed at 

the completion of the 17th Street trial model test 

In this case, as the water rose in the canal the wall again started to lean over, 
which resulted in a sliding failure in the clay layer immediately below the peat. 
Data from both the trial models are being assessed in detail prior to the initiation 
of the main model test phase, planned to commence at ERDC in March. 
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Planned Work 

The intention of the physical modeling work is to contribute to and support 
the overall analysis of the levee performance system.  Particular strengths of the 
physical modeling are in exploring failure mechanisms and providing key 
information and insights to the numerical modeling work.  The efforts that have 
been completed thus far and reported in this 60 percent report have already 
provided valuable information to the numerical modelers and clearly 
demonstrated the possibility of modeling realistic failure mechanisms.  It should 
be noted that the geometry of the levee sections and material properties used in 
the physical modeling were those as understood from available information at the 
time of the modeling work.   Future efforts for the physical modeling work will 
be as described following. 

• Further refinement of the levee geometries, material properties, sheet pile 
characteristics and other relevant factors will be performed such that the final 
models will represent as accurately as possible the actual field levees. 

• Continued improvements in the testing procedures and data collection 
procedures will be performed to insure that the quantity and quality of 
collected data are the highest quality. 

• Perform a thorough analysis of the data collected from the London North and 
17th Street models.  The intention of this analysis will be to understand the 
failure mechanisms and improve all future models. 

• Hold a meeting of the physical modeling team (ERDC, Steedman & 
Associates, RPI, GeoDelft) to review all data collected thus far and analysis 
performed to give careful consideration to future models. 

• Complete duplicate physical models for each of the failures at London North, 
London Mirabeau, and 17th Street.  

• Provide detailed data of pore pressure and displacement measurements to 
numerical modeling team for use in that analysis. 

• Perform any additional physical models that are deemed necessary by the full 
team responsible for the levee performance analysis work. 

 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



K-164 Appendix K   The Performance – Flood Wall and Levee Performance Analysis 

Appendix K3-1  
Levee Performance Analysis, Physical Modeling 
Background and scaling principles 

It is well known that the behavior of most geomechanical materials, such as 
soil and rock, is very dependent on stress level. In conventional small scale 
model tests, performed in the earth's gravitational field, it is not always possible 
to maintain similarity with prototype situations, and to ensure that stress levels in 
areas of interest reach field values. A geotechnical centrifuge can subject small 
models to centripetal accelerations that are many times the earth's gravitational 
acceleration. By selecting a suitable acceleration level the unit weight of the 
model being tested can be increased by the same proportion by which the model 
dimensions have been reduced. Thus stresses at geometrically similar points in 
the model and prototype will be the same. Three assumptions must be satisfied to 
provide a realistic representation in the model of the field performance. These are 
firstly, that the model is a correctly scaled version of the prototype, secondly that 
the 1/N scaled model when subjected to an ideal gravity field behaves like the 
prototype at 1g; and thirdly that the centrifuge produces this ideal gravitational 
field. These assumptions are briefly examined below. 

To satisfy this first assumption, that the model is an exactly scaled version of 
the prototype, requires that the scaling relationships between the model and 
prototype are met. These scaling relationships can be derived from either analysis 
of the relevant variables, or from consideration of the governing equation which 
describes the phenomenon being modeled. The establishment of correct scaling 
relationships is crucial if the prototype response is to be correctly modeled and 
any given specific problem may have a unique set of scaling relationships that 
may be derived by either of the two methods outlined above. Some of the more 
common relationships are given below in Table K3-1. 

 
Table K3-1 
Useful Scaling Relationships for Centrifuge Models Subject to a 
Steady Acceleration Field Equivalent to Ng (N times earth’s 
gravity, g) 
Parameter Scaling factor 
Acceleration N 
Seepage velocity (laminar) N 
Length 1/N 
Mass 1/N3 
Stress 1 
Strain 1 
Force 1/N2 
Time (diffusion events) 1/N2 
Time (inertial events) 1/N 

 
To illustrate how the scaling relations may be used to advantage in the 

centrifuge, consider the time scale of 1/N2 for diffusion processes. Consolidation 
occurs very slowly in the field, but as a laminar flow process, will occur N2 times 
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faster in a reduced scale centrifuge model. For a model 1/N times the prototype 
dimensions, and if both model and prototype materials have the same properties, 
then the excess pore pressure dissipation will occur N2 times faster in the model 
than in the corresponding prototype. This permits the re-consolidation of soil 
samples in the centrifuge to take place in a matter of hours, when in the field or at 
full scale this process would take years.  

The second assumption that the 1/N scale model under an ideal Ng gravity 
field will perform exactly as in the field at full scale will be satisfied if the 
material properties of the model and prototype are the same. Consequently, the 
use of in-situ materials is often preferred, but in many cases is not necessary 
provided that the mechanical properties of the material can be effectively 
reproduced in an alternative. Thus it is common practice to use laboratory sand or 
reconstituted kaolin clay to substitute for block samples from the field, 
particularly when plastic deformation and remolding of the soil under high stress 
ratios will dominate the expected outcome. 

The third assumption, that the centrifuge can supply an ideal Ng gravity 
field, cannot be completely satisfied. This condition would require that the 
acceleration at any point throughout the model would not change in magnitude or 
direction. However, since the acceleration at a point in the model is directly 
proportional to the radius of that point from the centre of rotation, there must be a 
variation in imposed acceleration from the surface to the base of the model. This 
variation in acceleration level also leads to a non-linear stress gradient through 
the model. From consideration of the stress gradient, it is found that the error is 
minimized by designing the model based on a gravity scale equivalent to the 
steady acceleration field calculated at a depth one third the depth below the 
model surface. The error in any event is negligible provided that the depth of the 
model is small relative to the radius of the model surface. 

There will also be a variation in the acceleration field along flat horizontal 
surfaces of the model due to the radial nature of the acceleration field, which 
generates a small component parallel to the model’s surface. The effect of this 
radial divergence of the acceleration field is easily imagined by considering the 
concave profile (aligned along a line of constant radius) that will be adopted by 
any free surface water in the model chamber. Again, by ensuring that the 
orientation of the model chamber on the platform is such that the long dimension 
is parallel to the axis of rotation, then any effect caused by the radial divergence 
of the acceleration field can be easily minimized. The most common issue to be 
addressed in this respect is the design of standpipes and calculations of the depth 
of free water at different locations on the model. 

Finally, as in any rotating reference frame, there is a potential for the 
movement of particles to be distorted relative to the reference frame of the model 
chamber depending on the velocity of the particle and the direction of travel 
relative to the centrifuge platform. This error is caused by Coriolis accelerations 
and is particularly significant for fast moving particles, such as ejecta. For slow 
moving particles the effect is not noticeable. 
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Centrifuge facilities at ERDC and RPI 

The centrifuge facility at ERDC is an Acutronic Model 680-1 balanced beam 
centrifuge used primarily for modeling geotechnical engineering field problems 
and also for studying other gravity related engineering phenomena in the fields of 
environmental, structures, blast, cold regions, hydraulics and coastal engineering. 
The centrifuge has a large capacity (1200 g-ton) and is capable of carrying a 
payload (such as a soil model) of 2 tons to 350g or 8 tons to 143g mounted on a 
swinging platform. The platform radius is 6.5 m and platform area is 1.3 m by 
1.3 m. The centrifuge center has been operational since 1996. 

The centrifuge facility at RPI is an Acutronic Model 665 balanced beam 
geotechnical centrifuge. This is a medium sized (150 g-ton) machine which has 
been in operation at RPI since August 1989.  The machine has a radius of 3 m 
and for these purposes can carry a payload of up to 0.8 tons. The radius of the 
models is around 2.8m and hence the depth of the model is less than 1/10 of the 
radius of the centrifuge. A maximum acceleration level of 200g (265 rpm) can be 
achieved from rest in approximately 10 minutes.  Details of the centrifuge 
specification and testing facility can be found at http://www.nees.rpi.edu. 

Model chamber 

The centrifuge model tests were performed in a rectangular strong box of 
internal dimensions 48 inches long x 13 inches wide x 14 inches deep.  The 
intent of the long, narrow chamber is to create a plane strain model, which is 
appropriate to studying a two dimensional ‘slice’ through the levee running from 
the canal landward. In contrast with laboratory element tests typical field tests, 
the centrifuge can reproduce the performance of a very large area (and depth) of 
ground. At a steady acceleration of 50g, the design of the model chamber 
reproduces an area in the field some 54 feet wide by 200 feet long, or 10,800 
square feet (1/4 acre). The mass of equivalent soil in the field contained within 
the model exceeds 40 million pounds. One long side of the strong box comprises 
a 2 inch thick Perspex window (48 inches long x 14 inches high) through which 
deformations of the plane model can be observed while the model is in flight. 
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Figure K3-8.   View of model chamber with perspex window 

 
Instrumentation 
Pore pressure transducers 

Pore water pressures will be measured at various locations with the models 
by miniature pore pressure transducers manufactured by Druck Ltd.  These 
transducers (PDCR81) are 6.35 mm in diameter an 11.3 mm in length.  The 
transducer consists of a thin circular diaphragm machined from a silicon crystal 
and clamped to a supporting ring.  Strain gauge circuits integrated into the back 
of the silicon diaphragm enable resistivity changes in the crystal to be correlated 
with applied pressures on the crystal diaphragm.  A de-aired porous stone is fitted 
to protect the diaphragm and to ensure that pore pressures and not total stresses 
are measured.  The wires from the strain gauge circuits are carried via a plastic 
sleeve out of the model, and this plastic sleeve also acts as an air passage to 
provide an atmospheric pressure behind the silicon diaphragm. Some versions of 
this miniature device are sealed and do not require to be vented. 

The transducers are calibrated over their full working range and produce a 
linear response over the range of pressures experienced in the tests.   Errors in 
pore pressure measurement due to temperature effects and flow of water into and 
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out of the porous stones have been discussed in the literature and can be 
considered to have no significant effect for the centrifuge model tests reported 
here. 

Displacement transducers 

The vertical displacements at various locations of the model will be 
measured using LVDTs (Linear Variable Differential Transformers). The LVDTs 
are manufactured by Schaevitz Engineering (Models MHR-500 and MHR-1000). 
 These LVDTs consist of a stationary coil assembly and a movable core. The coil 
assembly houses a primary and two secondary windings. The core is a steel rod 
of high magnetic permeability, smaller in diameter than the internal bore of the 
coil assembly; this contact free configuration eliminates measurement errors due 
to friction. When an AC excitation voltage is applied to the primary winding, a 
voltage is induced in each secondary winding through the magnetic core. The 
position of the core determines how strongly the excitation signal couples to each 
secondary winding. When the core is in the center, no signal is created. As the 
core travels to the left or to the right of center, an output voltage proportional to 
the displacement is created. The nominal linear ranges of the LVDTs to be used 
in this study are ± 12.7 mm and ± 25.4 mm. 

Non-contact laser transducers will also used to monitor the movement of the 
sheet pile walls and potentially to monitor the settlement of the downstream side 
of the levee.  The laser transducers are manufactured by Keyence (Model LB70), 
and have the advantage (compared to LVDTs) that displacements can be 
accurately monitored without physical contact being maintained during 
movement (for example of the sheet pile wall). 

 
Model Materials: Sand and Clay 
Sand 

The sand being used in this study is a standard laboratory sand known as 
Nevada sand, purchased from Gordon Sand Company of Compton, California. 
This sand has been used extensively by researchers to study a wide range of 
geotechnical problems.  The sand is well characterized; as part of a major multi-
laboratory investigation in the early 1990s, EARTH Technology Corporation 
carried out general laboratory tests on the sand which included sieve analyses, 
specific gravity tests, maximum and minimum density tests, and constant-head 
permeability tests (Arulmoli et al. 1992).  The specific gravity of Nevada sand 
was determined to be 2.67 and the maximum and minimum dry densities were 
estimated as 17.33 kN/m3 and 13.87 kN/m3 respectively. The corresponding 
minimum and maximum void ratios were emin = 0.511 and emax = 0.887. Tables 
K3-2 and K3-3 summarize the results from the EARTH Technology laboratory 
tests and Figure K3-9 shows a typical grain size distribution for Nevada sand. 
Constant-head permeability tests were performed using reconstituted samples 
(Arulmoli et al. 1992). The permeability corresponding to a relative density of 
Dr = 40 percent, was k = 6.6 × 10-5 m/sec. The hydraulic conductivity versus 
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relative density is plotted in Figure K3-10, and Table K3-4 summarizes these 
results. 

Table K3-2 
General test results for Nevada sand (Arulmoli et al. 1992) 

 D10 0.08 mm

 D50 0.15 mm

 Specific gravity, Gs 2.67

 Max. void ratio, emax 0.887

 Min. void ratio, emin 0.511

 Max. dry density 17.33 kN/m3

 Min. dry density 13.87 kN/m3

 
 
 
Table K3-3 
Sieve analysis for Nevada sand (Arulmoli et al. 1992) 

 Sieve number 10 20 40 60 100 200

 Sieve size (mm) 2 0.84 0.42 0.25 0.15 0.075

 Percent passing through sieve 100 100 99.7 97.3 49.1 7.7
 

 
 
Table K3-4 
Constant-Head Permeability Tests Results for Nevada sand 
(Arulmoli et al. 1992) 

Test No. Dry density (kN/m3) Void ratio Relative density (%)
Permeability 
(m/sec)

1 16.95 0.55 91 2.3 x 10-5

2 15.08 0.742 40.2 6.6 x 10-5

3 15.76 0.667 60.1 5.6 x 10-5
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Figure K3-9.   Grain size distribution for Nevada sand (after Arulmoli et al. 1992) 

 

 
Figure K3-10. Hydraulic conductivity versus relative density for Nevada sand 

(after Arulmoli et al. 1992) 
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Dry Nevada sand is pluviated through air into the centrifuge container in a 
number of sub-layers (typically six). Each sub-layer may also be compacted by 
dropping an aluminum block to achieve the desired relative density. The dry 
pluviation and compaction procedure is calibrated in advance of the experiment 
to ensure that the target Relative Density of the sand can be reliably achieved 
(typically 60 percent RD). In the trial model, three layers of colored sand were 
also placed at intermediate depths to reveal mechanisms of piping or large scale 
movement.  

 
Figure K3-11. Positioning of pore pressure transducers in the sand layer 

A number of pore pressure transducers were positioned installed at a height 
of 7 cm and 12 cm above the base of the Nevada sand. Once the thickness of the 
Nevada sand layer has reached exactly 14 cm and the whole layer is compacted 
to the target density, the sand will be saturated. The saturation process requires 
flushing with carbon dioxide prior to introduction of de-aired, de-ionized water 
under vacuum onto the surface of the sand until the whole layer is saturated. This 
saturation process may take as much as 24 hours. These procedures for saturating 
sand specimens in large centrifuge chambers have been developed over many 
years and are standard practice. Independent testing by use of p wave 
measurements in similar specimens has shown that the method achieves complete 
saturation. 
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Clay 

The material selected to model the soft normally consolidated ‘laucustrine’ 
clay stratum was a speswhite kaolin clay (ASP 600) supplied by Engelhard 
Corporation, New Jersey.  The main geotechnical properties of the kaolin are 
presented below in Table K3-5. Kaolin is a coarse grained clay which has the 
advantage of further accelerating consolidation of samples. It is widely used in 
geotechnical laboratory investigations and its properties and performance have 
been thoroughly researched and are widely documented. 

Table K3-5 
Geotechnical Properties of Speswhite Kaolin 
Specific gravity g/cm3 2.58 
Liquid limit ( percent) 58 
Plastic limit ( percent) 27 
Plasticity index ( percent) 31 

 
Preparation of speswhite kaolin to a predetermined profile of consolidation is 

achieved by exploiting the relationship between Specific Volume, V and mean 
effective stress, p’ for normal consolidation. Figure K3-12 illustrates the typical 
log-linear relationship found between specific volume and mean stress from 
which the consolidation characteristics of the clay can be deduced. The slope of 
the consolidation curve is commonly known as λ in V – ln p’ space. The Specific 
Volume is defined as the total volume of void and solid assuming a unit volume 
of solid.  

 
Figure K3-12. Log-linear relationship between Specific Volume and mean 

effective confining stress, p’ for normally consolidated clay 

By knowing the Specific Volume at the liquid limit (LL) and at the plastic 
limit (PL) of the clay, and the relationship between the strength of the normally 
consolidated clay and the moisture content (related to Specific Volume) between 
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these two limits (a factor of 100) then an estimate of the overburden load can be 
made to achieve any desired strength in the clay, following mixing from slurry. 
By this means, the clay levee can be constructed to a defined normally 
consolidated strength, which may then be tested by measurement of water 
content. 

Once the target moisture content has been determined, the clay layer is pre-
consolidated to its target strength profile from slurry placed in the centrifuge 
strong box or in the case of the levee block, by placing the slurry in a mold.  Dry 
powdered kaolin clay is mixed with de-aired water to slurry at around 100 
percent moisture content.  The slurry was then carefully placed by hand into the 
strongbox to a depth of 13 cm or into the mold.  An overburden load (sand) is 
placed over the slurry by first placing a layer of geotextile fabric on the slurry 
surface and then pluviating a sand surcharge (of calculated weight) to a depth of 
10 cm.  The sand was then saturated and the model chamber placed on the 
centrifuge, to use its own self weight to provide a gradient of effective stress 
through the specimen. The advantage of this process is the precise control of the 
gradient of stress in the clay layer, which is similar to the geological process that 
takes place over millennia as clay layers are laid down in the natural ground. The 
disadvantage is the time that the process may take, which can last many hours.  
The centrifuge is slowly accelerated at slew rate of 0.25 g/min to 10g, 20g, 30g, 
40g and 50 g, being held at each g-level for approximately 30 minutes while 
consolidation of the clay is monitored through records of the vertical settlement 
and excess pore pressure dissipation. The target strength profile for the clay layer 
in the 17th Street trial model was 280 – 380 psf (13 – 18kPa). Once the 
consolidation process is completed, the centrifuge is stopped and the rest of the 
model assembled. 
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K4 – Concrete I-Wall and Sheet 
Piling Material Recovery, 
Sampling and Testing: 
17th Street Canal Levee 
Breach 

Introduction 
On Monday and Tuesday, 12-13 December 2005, samples of the concrete I-

wall and sheet piling were taken at or adjacent to the 17th Street Canal levee 
breach.  The objectives of this exercise were a:) to verify conformance of 
material properties of the I-wall concrete and reinforcing steel, and the sheet 
piling with their respective specifications; b:) to verify the as driven length of the 
of the sheet piling and c:) potentially validate the Parallel Seismic testing that 
was performed in an attempt to determine, in situ, the sheet piling tip elevation  

The 17th Street Canal breach is located on the east side of the canal just 
south of Hammond Highway.  Figure K4-1 shows the breach shortly after 
Hurricane Katrina.  The material samples were obtained from the (relatively) 
undisturbed I-wall sections at the north and south end of the breach.  Concrete 
and rebar samples were obtained on Monday, 12 December and sheet piling were 
extracted on Tuesday, 13 December 2005. 

The I-wall is comprised of a series of concrete wall panels separated by 
expansion joints and is founded on sheet piling driven through the levee.  A 
typical cross section is shown in Fig. K4-2. 

Material Sample Recovery 
The material samples recovered from the site included two four foot square 

by 12 inch thick wall panel samples, two nominally six inch diameter cylindrical 
cores, one each from the wall panel samples, six samples of reinforcing steel 
from the wall panels and 14  sheet piles.  All samples were marked and tagged 
and placed into a controlled and documented chain of custody. 
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Figure K4-1.  17th Street canal breach 

The I-wall panels immediately north and south of the breach were designated 
H22 and H38, respectively.  A four foot by four foot section was sawcut from the 
top of the north end of the I-wall section H38 and from the top of the south end 
of I-wall section H22.  The contractor first drilled a six inch diameter core from 
the designated four foot square sample at the north end of wall panel H38..  The 
core drill and saw are shown mounted to the wall at panel H38 at the south end of 
the breach in Fig K4-3.  Figure K4-4 shows the core being removed from panel 
H38.  It was marked and tagged MH38C1C01 as shown in Fig. K4-5.  

Prior to drilling, the cores were considered as potential compressive strength 
test specimens.  However the core contained rebar and was not a valid test 
specimen. The resulting holes were used to for rigging to support and remove the 
four foot by four foot wall samples as shown in Figs. K4-6 and K4-7. 
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Figure K4-2.  Typical I-wall section 
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Figure K4-3.  Core drill and saw mounted to wall panel H38 
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Figure K4-4.  core being removed from panel H38 

 

Figure K4-5.  Core from wall panel H38 
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Figure K4-6.  Sawing of sample from  wall panel H38 

Figure K4-7.  Removal of sample from wall panel H38 

A similar procedure was used to obtain a four foot square sample from the 
south end of wall panel H22 at the north end of the breach as shown in 
Figs. K4-8 and K4-9.  The concrete core was marked and tagged MH22C1C01 as 
shown in Fig. K4-10.  This core also contained rebar and was not suitable for 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



K-180 Appendix K   The Performance – Flood Wall and Levee Performance Analysis 

testing.  The wall panel sample was marked and tagged MH22C1 as shown in 
Fig. K4-11. 

 
Figure K4-8.  Core drill and saw mounted at panel H22 

 
Figure K4-9.  Sample being  removed from wall panel H22 
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Figure K4-10.  Cylindrical core from wall panel H22 

 
Figure K4-11.  Wall sample MH22C1 

Rebar samples were then removed from the remaining sections of wall panels 
H38 and H22.  A hoe ram was used for controlled demolition of wall panels in 
order to expose the rebar samples as shown in Fig. K4-12.  Some of the 
demolition of the concrete around the rebar samples was done with a small hand 
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held jack hammer as shown in Fig. K4-13.  A portable electric bandsaw was used 
to cut the rebar samples as shown in Fig K4-14. 

 

 
Figure K4-12.  Demolition of concrete for rebar sampling at panel H22 
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Figure K4-13.  Demolition of concrete around rebar sample at panel H38 
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Figure K4-14.  A portable electric bandsaw is used to cut rebar samples 

At wall panel H38 a two foot long sample of the following rebar were 
obtained: 1) A #4 horizontal bar from the east face of the wall approximately 
29 inches down from the top of the wall.  The north end of the sample terminated 
at the vertical sawcut for the wall sample MH38C1.  2) A #5 vertical 
approximately 76 inches from the north end of panel H38.  3) A #6 vertical from 
the west face of the lower section of the wall.  This #6 bar was approximately 
8 inches from the north end of panel H38.  (This sample has the orange paint 
shown in Fig. K4-15.) These rebar samples were marked and tagged MH38R1, 
MH38R2 and MH38R3, respectively. 
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Figure K4-15.  Number 6 rebar sample being taken from panel H38 

At wall panel H22 a two foot long sample of the following rebar were 
obtained: 1) A #4 horizontal bar from the west face of the wall, approximately 
six inches down from the top of the wall  2)  A #5 vertical bar from the west face 
of the wall approximately 74 inches from the south end of the wall pane.  3)  A 
#6 vertical from the west face of the lower end of the wall approximately 
16 inches from the south end of the wall panel.  These samples were marked and 
tagged MH22R1, MH22R2 and MH22R3, respectively. 
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Figure K4-16 shows the wall panel samples, cores, and rebar samples 
collected on Monday, 12 December 2005.  Note that the cores were placed in 
sealed plastic bags and each core and the 3 rebar samples from each of the two 
wall panels were placed in individual latching boxes.  These samples were 
transported to a secure area at a warehouse at the Corps of Engineers’ New 
Orleans District Office. 

 

 
Figure K4-16.  Wall panel samples, cores and rebar samples 

After the cores, wall panel and rebar samples were obtained the contractor 
began demolition of the wall panels to expose the top of the sheet piles for 
extraction.  A scissor concrete crusher was used to demolish the upper portion of 
the wall panels as shown in Fig. K4-17.  A hoe ram was then used to remove the 
lower portion of the of the wall panel around the sheet piling (Reference the wall 
cross section in Fig. K4-2.) as shown in Fig. K4-18.  The same procedure was 
used for both wall panels H38 and H22. 
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Figure K4-17.  Demolition of top portion of wall panel H38 

 
Figure K4-18.  Hoe ram demolishing lower portion of wall panel H38 

On Tuesday, 13 December 2005, sheet piles were extracted.  The location of 
the sheet piles extracted at or adjacent to wall panel H38 is schematically shown 
in Fig. K4-19.  Starting from the north end of panel H38, the piles are designated 
MH38SP1, MH38SP2, …, MH38SP16 (the last number of the designation is 
incremented going from north to south).   
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Figure K4-19.  Sheet pile designations at wall panel H38 

Sheet piles MH38SP2, MH38SP3 were extracted as a pair.  Their lengths 
were approximately 23’-7” and 23’-8”, respectively.  MH38SP1 and MH37SP2 
were then extracted as a pair.  Their lengths were approximately 23’-3”.  The 
contractor then moved to the south end of wall panel H38 and extracted 
MH38SP15 and MH38SP16.  Their lengths were approximately 23’-5”.  
MH38SP15 and MH38SP16 were at a location corresponding to a soil boring 
hole where Parallel Seismic tests were conducted in an attempt to determine the 
length of the sheet pile in situ.  The contractor then attempted to extract sheet pile 
MH37SP1 as a single pile, but MH37SP0 came with it.  Their lengths were 
approximately 23’-6”.  Extraction of sheet piles at the south end of the breach is 
shown in Figs. K4-20 and K4-21.  The out-of-plumb orientation (from 
displacement of the piling in the breach) of piles MH37SP1 and MH37SP0 is 
clearly evident in Fig. K4-21.  Figure K4-22 shows measuring and tagging of 
sheet piling. 
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Figure K4-20.  Extraction of sheet piles MH38SP2 and MH38SP3 

This is a preliminary report subject to revision; it does not contain final conclusions of the United States Army Corps of Engineers.



K-190 Appendix K   The Performance – Flood Wall and Levee Performance Analysis 

 
Figure K4-21.  Extraction of sheet piles MH37SP1 and MH37SP0 

 
Figure K4-22.  Measuring and tagging of sheet piles 
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Sheet piles were then extracted at the location of  wall panel H22, 
immediately north of the breach,   Four sheet piles at the south end of wall panel 
H22 were designated MH22SP1, MH22SP2, MH22SP3 and MH22SP4.  (The 
last number of the designation was incremented going from south to north.)  
Sheet piles MH22SP1 and MH22SP2 were extracted as a pair as shown in 
Fig. K4-23.  These piles had a length of approximately 23’-7”and 23’-6”, 
respectively.  Sheet piles MH22SP3 and MH22SP4 were extracted as a pair and 
had a length of approximately 23’-7” and 23’-6”, respectively.  The contractor 
then pulled a pair of piles from just north of the north end of wall panel H22 at a 
location coincident with a boring hole where Parallel Seismic testing had been 
performed. These piles were designated MH21SP1 and MH21SP2.  Both of these 
sheet piling had a length of approximately 23’-6”. 
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Figure K4-23.  Extraction of sheet piling MH22SP1 and MH22SP2 

Figures K4-24 and K4-25 show the sheet piling extracted from the south and 
north ends of the breach, respectively.  The sheet piles were loaded on a truck 
and transported to a secure location within a warehouse at the Corps of 
Engineers’ New Orleans District Office. 
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Figure K4-24.  Sheet piling extracted from south end of breach 

 
Figure K4-25.  Sheet piling extracted from north end of breach 

Sheet Piling Length and Tip Elevation 

The sheet piling extracted from the 17th Street Canal breach site ranged in 
length from 23’-3” to 23’-8”.  The top of the pilings were at approximately 
elevation 6.25 ft.  (The pilings adjacent to the expansion joints between wall 
panels were driven slightly lower as can be seen in Fig. K4-26.  This was done to 
improve the performance and effectiveness of the expansion joint.)  A 23’-3” 
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piling length provides for a tip elevation of -17.0 ft.  Obviously, piling driven 
with a lower top elevation have a correspondingly lower tip elevation.   

 

 
Figure K4-26.  Lower top elevation of sheet piling at expansion joint 

Material Testing 

On Friday, 16 December 2005, three each, nominally six inch diameter, 
concrete cores were drilled from the wall panel samples MH22C1 and MH38C1. 
  These cores were marked and tagged MH22C1-01, MH22C1-02, MH22C1-03, 
MH38C1-01, MH38C1-02, and MH38C1-03.  A sample of steel was also flame 
cut from each of four sheet piling.  The six cores, four steel samples and the 
previously obtained six samples of rebar were transferred to Beta Testing & 
Inspection, LLC of Gretna, LA (BTI) for testing. 

The concrete cores were obtained and tested for compressive strength by BTI 
in accordance with ASTM C 42 and C 39.  As can be seen in Table K4-1, all of 
the cores had a compressive strength in excess of the specified 3000 psi 
compressive strength.  More comprehensive details of the testing are in BTI’s 
report in Appendix A. 
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Table K4-1 
Concrete Compressive Strength 

Core 

Specified Compressive 
Strength 
(psi) 

Compressive Strength 
As Tested 
(psi) 

MH22C1-01 3000 4000 
MH22C1-02 3000 3190 
MH22C1-03 3000 3940 
MH38C1-01 3000 3960 
MH38C1-02 3000 4360 
MH38C1-03 3000 4100 

 
Tensile tests of the sheet piling material samples were performed, in 

accordance of ASTM A 370, by a subcontractor to BTI.  A summary of the test 
results and the tensile requirements of the material specification, ASTM A 328 
are provided in Table K4-2.  More comprehensive details of the testing are in 
BTI’s report in Appendix A. 

Table K4-2 
Sheet Piling Tensile Requirements and Tests Results 
Sample Yield Strength 

(ksi) 
Tensile Strength 
(ksi) 

Elongation in 2 in. 
(%) 

MH21SP1-01 58.5 80.9 33.0 
MH22SP2-01 55.4 80.1 29.9 
MH 37SP1-01 55.5 82.1 32.1 
MH38SP16-01 57.0 80.0 32.7 
ASTM A 328 
Tensile Requirements 39 70 20 

 
Tensile tests of the rebar samples, in accordance of ASTM A 370, were also 

performed.  A summary of the test results and tensile requirements for the 
specified ASTM A 615 Grade 60 reinforcement is provided in Table K4-3.  More 
comprehensive details are included in BTI’s report in Appendix A. 

Table K4-3 
Reinforcing Steel Tensile Requirements and Test Results 

Sample 

Bar Size 
Designation 
No. 

Yield Strength 
(ksi) 

Tensile Strength 
(ksi) 

Elongation in 
 8 in. 
(%) 

MH22R1 4 65.0 107.5 11.7 
MH22R2 5 62.9 104.5 13.2 
MH22R3 6 65.9 108.1 9.3 
MH38R1 4 91.0 107.5 16.2 
MH38R2 5 61.3 99.7 9.8 
MH38R3 6 79.5 97.7 11.4 
ASTM A 615 
Grade 60 
Tensile 
Requirements 

3, 4, 5 or 6 60 90 9 
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Appendix A: 
Test Report from Beta Testing 
& Inspection, LLC 
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