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o Acute wind shear from Hurricane Katrina stripped off
large tracts of floating marsh across the Mississippi

Delta (from USGS). How can we construct sustainable
levees on these kinds of materials?
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~ e “Land loss” in Breton Sound (shown in light
blue) after Hurricanes Katrina and Rita in
- 2005 (from USGS-NWRJC). ===
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ﬂf’ o T Jlej;.tem channels of the Mississippi and its
~distributaries leave thick sequences of point bar sands
- adjacent to the river; then historic marshes (lowland
backswamp), distributary ridges, and backswamps, like
those along large shallow water bodies, like Lake

Borgne and Lake Pontchartrain.
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SHELF DEPOSITS— OLDER MARINE DEPOSITS

Block diagram illustrating relationships between subaerial
and'subagueous deltaic environments In relation to a
single distributary lobe.

Note fresh water cypress and gum swamps, peat, and
interdistributary sediments.
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ypress Swamp

«ﬂ'lfe Eﬁtlre delta is slowly subsiding. If new sources of

- sediment do not replenish the swamp, the young
cypress shoots cannot germinate in water > 2 feet deep;
and Cypress forests die off all at once, becoming a

treeless, grassy marsh, with a forest of dead tree trunks.
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= ML;E; :deposﬂs are typified by fibrous peats; from three
— ln‘CIpa| environments: Fresh water marshes; 2) floating

- 'Jﬁars:h — r00ts and grass sitting on an ooze of fresh water

~ (shown above); and 3) saltwater marshes along the coast.
The New Orleans marsh tends to be grassy marsh on a flat
area that is “building down”, underlain by soft organic clays.
Note: smectite clays flocculate during brackish water

Intrusions.
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Dangers of linearly
inter olated
“st‘r'a’t'igraphlc
‘correlatlons

Abandoned
meanders result in
complex mixtures of
channel sands, fat
clay, lean clay,
fibrous peat, and
cypress swamp
muck, which can be
nearly impossible to
correlate /inearly
between boreholes.




QGIaY drapes and' pockets
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NATURAL LEVEE ‘ CHANNEL ACTIVE BAR-AND-RIDGE NATURAL
POINT BAR TOPOGRAPHY LEVEE
A Erosion _
by bank caving OB STRBE Accraion Overbank deposits
T T T T T T T T T T T T T T T st
o= Silly oy = e e e 90 A Clay drapes clays. o

LOWER FLOW REGIME
Very fine grained (Silt & fine sand]}

UPPER FLOW REGIME
Fine-medium grained (Sand)

TRANSITIONAL LOWER FLOW REGIME
Medium-coarse grained

QP -‘, ..‘ 2
g S 3 (Sand & gravell
Scour contact

&
Rafted logs ¥® 066 T = Sucessive positions of point bar

__Laleral channel migration

Example showing complex depositional relationships

between units In a distibutary meander belt. Note
discontinuous nature (from Saucier, 1994).
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PEpPOSItibhal EnvironmentKeys
GBVEIoped by theGor of
EHYineersidunngitheldate 1950s

2 GY J)r—ks wood = fresh water swamp
SBEIbrousipeaty mtls = marshes

0 rJt‘ lays with organics; usually lacustrine. A
B plire fat clay has high w/c and consistency of
'}:‘- ] anut butter

'0 Interdistributary clays; paludal environments;
“lakes. Silt lenses when water shallow and
wind swept waves

¢ Lean clays CL LL<50, silty and w/c <60%
e Fat clays CH LL>50 no silt and w/c >70%
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most pervious

o

=S Back .s_' Wamp swales are subject to sieving
— of fines by occasional higher velocity

- o This causes hydraulic conductivity to
/ncrease along the runoff path, as opposed
to other seepage paths, within the plane
of sedimentation
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Water squirted up | Drill rig advancing
adjacent boreholes I Shelby tubes in

when advancing Shelby backswamp deposits
tubes

s The porous and nature of the
backswamp deposits was revealed during post-Katrina
drilling and sampling operations.

® Highly conductive in horizontal plane



Anisotropyof backswamp deposits
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e Sudden die-off of organics creates highly
anisotropic fabric; preferentially layered
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Geologic section along middle reach of the 17th St.

Canal. Note filled meander channel over 50 feet deep.
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Shear Strength under Toe

IHMCA-CPT-1 {ILIT) I ————
b = 12 (TH), My = 15 {Marh) i T il
== == = |LIT b=t sirength estimate =

ng
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i v Dhewemmgn [LIC
AT
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Eevation [ft - NAVDEE)

Undrained Ehoar Elrongth {paf)

Which soil shear
strength shouldawe

use?
Undrained shear strength vs
idepthiat the EastIHNC North
Breach

shows profile of
CPT-1, with NGI tip
corrections for the three
units encountered

shows strength
profile selected by the NSF
team

shows strength
profile used by the IPET
team; which allows a
rotational stability failure
sometime between 5:30 and
6:00 AM
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=-TImp act of dead load, or the Su versus p’ factor. The

rstrength of clayey smls Increases with increasing
confinement created by placement of the earthen dike
on natural soils.

e Sollis always strongest beneath centerline of levee,
where most boreholes get drilled; but weakest beneath
flanks. Also dry vs wet side factors.




1707 Street'Canal: Soft Gray Clayg(CH)
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EDifficultto

redict
whenJeveeswill™

Stail

- e 700 ft section of levee that

slid into the Mississippi
River on August 23, 1983
at Darrow, in Ascension
Parrish, LA. The slide
occurred shortly after a
high water stage had
receded, suggesting that
toe undercutting &

rapid drawdown likel
contributed to the failure.

After the MR&T Project
was quasi completed in
1960, occasional levee
failures have occurred
because of underseepage
problems, toe scour, and
overtopping



anyJévees can.be considered.o

RIVERSIDE LANDSIDE

10" CROWN 15" ROADWAY
[ — v
1937 H.W. -

ON3.5

1927 H.W. >
1922 H.W.
/-1882 H.W.

MEMPHIS GAGE

DIMENSIONS OF CROSS SECTIONS
SCALE IN FEET

20 o 20 40 60 80 HEIGHT BASE WIDTH AREA
R ———— e,y
YEAR FEET FEET SQ FEET

1882 9.0 53.0 274
1896 15.5 120.5 951
1914 24.0 200.0 2455
1928 27.0 260.0 3645
PRESENT 30.5 315.0 4956

e Typical composite
levee cross section in
Louisiana; 1882 to
present

e Louisiana levee topped
out during the 1973
flood
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Map of Mississippi River Valley
showing abandoned meanders. The
active channel is shown in white
along right side of map.

(a) Before flood B

Flood-stage water level

Thin and fine sediments
sediments deposited deposited over outer
at channel edges parts of floodplain

Natural levees
/ built up by\

(c) After many floods .

* A major shortcoming
of the Corps old
“levees only policy”
was that it was two-
dimensional, ignoring
channel curvature and
migration



Asymmetric

POINT BAR CONCAVE BANK

FLOOD STAGE % B - O h aﬁ‘n = I S’

LOW STAGE

e The Mississippi channel'is
BSOS migrating towards,
" the outside of downstream
bends through bank
undercutting. Levees had to
set back from these bends.

e The Celotex levee failure of:
July 31, 1985 was a sizable
flow failure that involved a
substantive portion of the
natural riverbank along the
Mississippi near River Mile e
100 in the West Jefferson

Parish.

& ¢ This was one of the Corps of
Engineers “standard project

levees,” expected to protect

adjacent land for the 500-

¥ear recurrence frequency

looding.




I'crevasse splays:

Crevasses are sand filled
distributary channels that form at
nigh flow, and'lie beneath earthen
levees like ticking time bombs,
waiting to explode.
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Seepage crevasse exposed at the east levee of the IHNC
breach after Hurricanes Katrina and Rita




Same location as runoff

B C D induced erosion, on
inboard toe

lo: 0.8

: ydraullc gradients for the south breach on
- :[HNC east bank; storm surge at 14.4ft (MSL)
Maximum exit gradient at the levee toe is i, = 0.8

to 1.0, at threshold for hydraulic piping.

e This may help to explain the persistent wet spot
noted on the backfill of the Jourdan Avenue
conduit backfill for weeks afterward.




® Permeability contrasts caused by clay filled
oxbows create treacherous and contrasting
foundation conditions beneath levees.




LEGEND
(FOR SUBSURFACE PROFILES)

([TTIT] cuay
SILTY SAND AND SANDY SILT
SAND

® One of the worst foundation conditions is the
‘gore point’ situation depicted here, which Is
formed between two infilled oxbows.
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(FOR SUBSURFACE PROFILES)

[TIT] cuay
SILTY SAND AND SANDY SILT

[ Jsano

o Clay filled oxbows consolidate under the load imposed

by the earthen levees, causing these levees to settle
and sink.

o Differential settlement is a major obstacle in
maintaining levees.



Shallow Seepage
through pervious
subsoilsf€an hastén
levee failure

LONDON AVENUE CANAL SOUTH BREACH
ANALYSIS SECTION, ELEVATION (FT)
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This failure was dr
t pore pressures developed In

ien
underlying Pine Island Sands.

Deflected flood wall along the London Avenue Drainage
trans

Canal in New Orleans.

excessive



Imore Breach

L
|
©
=
@
o
o
>
<
=
o
)
=
o
-

TRTRNY



ERcompound faillure modess

20

10

-10

-20

CANAL SIDE

~ Veryscom T

X~

I-WALL __,
Post-1965

__/@-
Hydraulic fill

=2 = Q
—— e A
—

——TARSHY CHANNEL—

‘____S_Hﬂdéw_ﬂ _,."ﬂ ﬂ.ﬂ

PERVIOUS MARSH DEPOSITS

Organic silt

~ The two biggest enemies of earthen levees

20

10

-20

are: 1) underseepage (pore water) pressures;
and 2) time (flood duration).

e Overtopping often obscures seepage-driven
levee foundation failures




20| CANAL SIDE 20

A4
= I-WALL __,
10 Post-1965 10
SLLEDE FILL Locally liquefied zone develops
soil crust breaking up and rafting
0 Hydraulic Fill 0
—_— e ——— e
——MARSHY CHANNEL —
10 -10
PERVIOUS MARSH DEPOSITS
-20 Organic silt -20

o If the hydraulic gradient exceeds 0.75, the

foundation can begin to experience localized
partial liquefaction, or so// softening — which
IS a failure mechanism common in
cohessionless materials.



swed byl'ocal Beanng
Capacity Failtlf(u -

20| CANAL SIDE 20

I-WALL - :
Removal of liquefied material
Post-1965 by scour; triggers bearing failure

-

® The loss of soil shear strength in the levee’s
land side toe area can trigger a massive slope
failure on the outboard side of the levee.



d by Retrogressive

SlopeEailures -

CANAL SIDE

v
= I-WALL __,
Post-1965 10

-
-
..................

Hydraulic Fill A \. ----- >

/
1 - .

-20

CH
-30

_O'fh—e loss of foundation bearing capacity can trigger a
series of retrogressive slope failures, as sketched here.

Four critical mechanisms may occur more or less
simultaneously. Analytical programs not currently set
up to analyze concurrent failure modes.
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, erosion by overtopping, b

.. edified flow, and by
undercutting.

Once flood waters overtop an
embankment they quickly
scour the land-side toe of the
embankment, and deep scour
holes develop on either side of
the “hydraulic jump” that
forms at the point of
overflowage, enlarging the

<. breach, as shown here.
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Workinds*orovertopping-induced

Vel 11/..mJJ e 0 scour at'toe of'back slope, at flow transition.
Acce]ergtaj wn" S egetatlon stripped off, depending on cohesion of
;‘.'_,— - embankment materials
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= Scalloplng and notching on the fetch side of the levee, due to wave
pounding; and piping fomented by emergent seepage at the toe of the
back slope

Note: damage at back slope toe looks similar for both modes
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Levee Breaches
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ilid\iér‘topping: Earthen levee being overtopped at
~ the Entergy Power Plant along the MRGO/ICWW
channel. This began around 6 AM on August 29",

2005. 9 ft storm surge with crest heights up to
17 ft.




: wgiiiient structures: The levee protecting

e
o —

= the Entergy Power Plant beneath the
‘Route 47 /Interstate 310 viaduct over the
MRGO/ICWW channel at Michoud
survived 8+ hours of overtopping with
only moderate erosion.



o Good performance: some portions of the Mississippi
River Gulf Outlet (MRGO) Channel survived waves
as high as 17 feet, triggered by a 9+ foot storm
surge off Lake Borgne (to the right)



e Survivable levees: The storm surge pushed houses
up on top of some levees, leaving them scattered
about ...




T

e Poor performance: Skeleton of steel sheetpile
cutoff walls is all that remains of the MRGO
levee between Bayou Bienvenue and Bayou
Dupree
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® Poor performance: MRGO levee completely washed
away, about two miles southeast of Bayou Dupree.
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%ﬁial erosion of the outboard toe of

- embankment bordering a borrow area along the
western side of the reconstructed MRGO channel;
as seen in 2007. This is suggestive of low
cohesion fill.
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Erodlblllty. Erodibility
10000 - | I Medium
° T
. . Erodibility
Erosion " Low
Erodibilit
Rate 100 - y
(mm/hr) \v
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Very Low
= Erodibility
= 1 Vv
0.1 . )
0.1 1.0 Velocity (m/s) 10.0 100.0
¢ S1-B1-(0-2ft)-TW A S1-B1-(2-4ft)-SW S2-B1-(0-2ft)-TW
® S2-B1-(2-4ft)-SW S3-B1-(2-4ft)-SW m S3-B2-(0-2ft)-SW
S3-B3-(0-1ft)-SW # S4-(0-0.5ft)-LC-SW S4-(0-0.5ft)-HC-SW
A S5-(0-0.5ft)-LT-SW ® S6-(0-0.5ft)-LC-SW # S7-B1-(0-2ft)-TW
® S7-B1-(2-4ft)-SW S8-B1-(0-2ft)-TW S8-B1-(2-4ft)-L1-SW
A S8-B1-(2-4ft)-L2-SW S11-(0-0.5ft)-LC-TW B S11-(0-0.5ft)-HC-TW
B S12-B1-(0-2ft)-TW A S12-B1-(2-4ft)-SW A S15-Canal Side-(0-0.5ft)-LC-SW
S15-CanalSide-(0-0.5ft)-HC-SW ® S15-Levee Crown-(0-0.5ft)-LT-SW B S15-Levee Crown-(0.5-1.0ft)-LT-SW
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sand - clay -
no glue lots of glue
lots of friction little friction

The key to Ievees surviving overtopping is the clay content.
Much of the dredged material consisted of organic silt,
which does not have substantive cohesion
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e Some sections survived: Evidence of sustained
overtopping of concrete flood wall along the
IHNC In the Lower Ninth Ward.



e Overtopping scour holes alon I? landside of flood wall on west side
i

of the IHNC. Note broken wall in background. A splash pad on
inboard side could have prevented th|s undercutting for less than
0.5% oil’) Ithe flood wall cost, making the structure “Class 3
survivable
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¢ Aerial oblique view of the 17t Street Canal break
looking east. Note lateral translation of concrete 'flood
wall, between 35 and 50 ft. Photo by Ivor van Heerden.



The most recently constructed elements
of the city’s flood control infrastructure,
built in the mid 1990s, performed
miserably.
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Geologic profile for the 171" St Canal flood wall prepared by Corps’
New Orleans District office in 1990. Three of four holes in vicinity of
the 2005 failure (spaced 500 ft apart) had

These contacts were projected and the sheet pile tips deS|gned
accordingly.




. OverIaY‘ of 1872 map by Valery Sulakowski on the WPA-LA (1937)

map, showing the 1872 shoreline and sloughs (in blue) along Lake
Pontchartrain. Although subdivided, only a few structures had been
built in this area prior to 1950. The position of the 1947 and 2005

breaches along the 17th Street Canal are indicated by the red
arrow.
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e Alternative interpretation of the Eustis 1982 borings
for the 17" Street Canal East Levee, near the 2005

break




Scene of 2005 brea‘cli - 5

on east side of canal g k)
T

. '; I :-’t

K =Flood|ng of Jefferson Parish and Metalrle in the 1947

~ hurricane was caused by a breach along the western side: of

the 17th Street Canal, across from site of the 2005 breach.

o
——
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¢ Apparent displacement of the 17t Street
Canal flood wall on the west (Jeffereson
Parish) side, opposite the 17th Street failure.
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Stratigraphic interpretations across the 17t Street Canal breach.
The swamp much appeared to be thinning northerly, as does the
underlying Pine Island Beach Trend. The lacustrine clays appear to
thicken southward, as shown.

The approximate positions of the flood walls (light blue) and canal
bottom (dashed green) are based on information provided by the
Corps of Engineers.



HURRICANE AFTERMATH >

The 17" StiGanal
slip

surface was onIy the
first hurdle

¢ Shear testing of this

. toothpaste consistency
—————ce  paludal clay proved far
= | b gty g more difficult

cating a mixture, although the
written description of the layers

‘==t ° The results eventually
material.
B it e showed a peak shear
symbols for such soils ending at
about 15 feet below sea level.

Below that dept,th symbok strength of 50 psf,

show soils of “fat clay” or “lean
clay” — sticky, impervious soils

o degrading to zero after

‘Significant finding’

J David Rogers center anJoseph Wi n di i : After doing its own soil bor- a h a If I nCh Of I‘Otatl 0 n

at the 17th Street Canal floodwall. ings at the breach this week, the
National Science Foundation




I7MStreetiGanal: Sensitivity of the Sensitive

Wrganic Clay within the Marsh Stratumivs.
SENSIUVItY of'theDeeper Grayieiay (CH)

-

Lab Vane Test Results
for 17th Str. Canal, East Bank

CH/OH, OCR=1

CH, OCR=2to 3

Marsh, OCR=1

Marsh, OCR=1.5

Displacement (in)



Passivereaction wedge coincidediwith
stratigraphic horizon depressed by weight

i wall deflects laterally

™ under hydrostatic load of the levee embankment on the
(s s q compressible cypress marsh deposits

 Street
anal

LEVEE

Traction shears noted along base of embankment.
Note initial back rotation component of motion
and development of planar

eject e

water & i water & snel's

e

UNDIFFERENTIATED
SWAMP DEPOSITS

weak horizon

LACUSTRINE CLAYS

SAND

Initial loading conditions. Storm surge rises to within 4 feet of
flood wall crest. Hydrostatic pressures on sheetpile supported I-

wall highlighted in blue. Translational failure begins.



dry crust gets

/ ripped

—

---------------- Y

___—> Base of I-wall translates while rotating backward

Progression of translational failure sequence. Multiple thrust
sheets develop in partially saturated crust, comprised of

sandy fill over organic cypress swamp deposits. The upper
crust buckles like a rug being rolled up.
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!ence translated

thrust thrust

Levee sheet 3 sheet 2 thrust
5 sheet 1

elrziinicie)s ezl

original position
of fence fence
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more shells
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-~
~~
-~
~ i
-~
-~

Final stages of translational failure sequence. Lower
section shows failed levee after 51 feet of
displacement. The void was quickly backfilled with
gravel as part of sealing the breach.
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J\JJ" mg happened in New
FOLIE eans that couldn’t have
= '11appened to any of us

worklng In other parts of the
country...




essons from Katrina:s i

. f‘-JJJ,L y is marr"dmto geoteT1mcaI
anglnas Ifyourmiss'something'in'the»
YEDIO _JJ characterlzatlon, your

1) Jma ing expertise may not save you

aler e are no ruler straight lines in

= ;e 6gy If your cross section has ruler

~—~§tra|ght lines, you probably did a poor job
on your geologic characterization

» Always re-drill holes bereft of any
sample recovery; every assumption you
make iIs fraught with uncertainty




EElessons from"Katrinams

«3"’

naneas with coni"]ex stratlgraphy, itis
IENNIECESSAIAGICONSHUCHMUIHPIENCHOSS .
actlong, espeC|aIIy, along the trend of former
J )/ ,ur (channels); NOT simply

PEL; J)a ¢ Icular to the dike you are analyzing.

=S\hen ‘performing slope stability

_-.,, ssessments, never allow yourself to
“AVERAGE the soil shear strength — you'll get
- the wrong answer

* Critical peer review ALWAYS a good idea;
fresh look by fresh eyes....




