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Lessons Learned from Hurricane Katrina — With Emphasis on
Cost Effective Retrofitting Techniques

Abstract. Hurricane Katrina brought unprecedented precipitation, causing widespread flooding
in New Orleans and failure of its flood protection system in August 2005. The enormous
destruction power of this tropical storm devastated the city causing 1,000+ casualties and
$80 billion+ in property damage. Through the long recovery effort in the wake of this painful
disaster, much research has been conducted and published regarding problems in administration,
management, design, and construction. Engineers and researchers have applied these valuable
lessons to design more resilient and sustainable flood protection systems. This paper presents new
findings for cost effective but resilient retrofitting techniques. Some examples include placing
a bentonite apron to prevent gap formation in the river side of the floodwall, erosion resistant
materials at the levee crest, and reinforcing caps to prevent localized floodwall failure.
Keywords: hurricane, Katrina, levee, failure, retrofitting, gap.

DOI: https://doi.org/10.32523/2616-68-36-2020-132-3-127-133

Introduction. After the devastation from Hurricane Katrina, a quick recovery effort restored most
of the flood protection system in a relatively short time. Sections of I-walls were replaced with T-walls
which were supported by pile foundations. Electric pumps in rainwater pumping stations were
replaced with larger sized diesel pumps. Sections of erosion resistant concrete pads were installed on
the land side of levees. Even some sections of I-walls in other parts of the country (along the Missouri
River) were removed and the height of the levees were increased. All these techniques are effective
and logically sensible techniques. These techniques, however, may not be the most economic ones.
The cost for replacing all I-walls in the New Orleans area with T-walls was rumored to be $6 billion
dollars.

Thanks to the DHS-SERRI research program, the authors of this paper could conduct research
which investigated cost effective but resilient retrofitting techniques for levees and dams. The
authors’ research was different from other research in such that it is focused on blocking the triggering
mechanism of the failure of levees rather than completely redesigning the levees. The background
idea was that the levee system in New Orleans which was composed of earthen levees, I-walls, and
T-walls stood the test of time for decades. In fact, the water level in canals and rivers around the
New Orleans area slightly exceeded the maximum design water level during Hurricane Katrina.
Therefore, slight creative retrofitting techniques might make the existing flood protection system
resilient enough to fight future critical conditions.

Itis known that 17th St. Canal levee and London Ave. Canal levee failed due to the gap development
along the floodwalls on the river side of the levees. Therefore, a gap stopping mechanism was
developed. The IHNC (Inner Harbor Navigation Canal) levee was known to have failed due to
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Lessons Learned from Hurricane Katrina — With Emphasis...

water overtopping the I-walls. Therefore, a low-cost technique to tie floodwalls each other or erosion
resistant treatment technique for levee soils was devised.
This paper presents test and analysis results of these three techniques.

Retrofitting Techniques

Gap Development and Gap Sealing Technique

Figure 1 shows the failure mechanism of the 17th St. Canal levee and London Ave. Canal levee
depicted by IPET [1]. Water which infiltrated through the gap into 17th St. Canal applied extra water
pressure to the floodwall and reduced the strength of soil to reach failure [2]. For the case of London
Ave. Canal levee, infiltrated water applied extra pore pressure to the sand layer underneath the levee
and increased buoyancy force. It subsequently reduced the horizontal resistance the floodwall to the
lateral force to reach failure.

The authors found that the levee soils in New Orleans might experience substantial strength
reduction when exposed to a prolonged precipitation and gap development and some sections of
levee developed gaps between the levee and floodwalls [3]. Therefore, the levee, whether the soil was
strong enough or not, gap development could be a critical mechanism.

A retrofitting technique to prevent the gap development was devised using a Bentonite apron. It
was found that a 40%:60% mix of Thiele commercial Bentonite and ASTM C-109 sand provided an
adequate swelling amount, swelling pressure and swelling time through 2/3 scale test results for the
floodwall [4]. Numerical analysis also showed that the mixture of bentonite and sand provided the
proper swelling pressure to fill the gap without applying adverse lateral pressure while swelling
quick enough to prevent the crack development. 1/64th scale centrifuge tests by USACE confirmed
that the above Bentonite and sand mix filled the gap and prevented failure in comparison to the same
test for a specimen without the bentonite and sand mix, in which the apron failed as shown in Figure 2.

London Ave. Canal

+20

- o4
.o
§ —

20

& -20
= — Pine 1s. Beach Sand
g 40 Pinels. Beach Sand .
E o Bay Sound Clay
w

80 Plefstocene Clay:

(@) 17" St. Canal Levee

Figure 1. Failure Mechanism of 17th St. Canal Levee and London Ave.
Canal Levee (IPET, 2007)

(a) Floodwall without Bentonite and (b) Deformed but Intact
Sand Apron Floodwall Retrofitted with Bentonite
and Sand Apron

Figure 2. Levee Condition after Centrifuge Test for 1/64 Scaled Model [5]
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Erosion of Levee Materials and Erosion Resistant Levee Materials

Levees along IHNC(Inner Harbor Navigation Canal) were known to have been failed by the erosion
of levee materials on the land side due to overtopping water, as depicted in Figure 3. Materials used
for levee construction were essentially scrapped local materials available at the time of construction.
Use of these materials, however, should not be blamed due to the lack of a proper source of quality

local soils.

Figure 3. Failure of IHNC Levee Caused by Overtopping Water [1]

Based on Song et al. [6], the time needed for failure of the levee by the erosion mechanism could be
less than one hour considering the water level in the canal during flooding and erosion characteristics
of soils on the IHNC levee. It is obvious that this type of failure could be prevented if levee materials
were erosion resistant. Kidd et al. [7] researched an erosion resistant soil treatment and obtained
a promising result showing that POSS (Polyhedral Oligomeric Silsesquioxane) treated soils may
substantially enhance the erosion resistance of levee soils as shown in Figure 4.
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Figure 4. Erosion Coefficient of Modified Soil Compared to Bare Soil [7]

Localized Failure of I-walls and Structural Cap
Major failures of levees such as the ones at IHNC, 17th St. Canal, and London Canal Ave. were

reported and received attention. A number of small scale local failures of I-walls as shown in Figure

5 were also reported.

Figure 5. Local (Isolated) Failure of I-walls [1]
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These localized failures were of a much smaller scale compared to the previously mentioned
major failures. Considering that a section of floodwall was approximately 24ft, the failure of one
section of I-walls might easily flood the whole city quickly — these local failures were as important
as major failures. These localized failures could be caused by several different factors such as a
non-homogeneous soil condition, non-homogeneous concrete quality, defect in sheet pile wall, and
many others. Soils usually show more severe non-homogeneity compared to concrete and steel. To
overcome the effect of non-homogeneity of soils, structural caps as shown in Figure 6 were devised.

WATER LEVEL

SHEETFILE -

Figure 6. Fundamental Idea of Structural Cap

The bottom of the I-wall is resting on the top of the sheet pile walls. At the joint between two
sections of I-walls, both walls share the same sheet pile, providing some degree of continuity along
horizontal direction and bending resistance due to the flexural stiffness of the sheet pile. The top of the
joint, however, is completely separated. There is no structural member that may provide restriction
against the movement of a weak section of subsurface soils, which may lead to localized failure.

The structural cap was, therefore, conceptualized, analyzed, laboratory tested, and tested in a
centrifuge chamber by USACE. To be prepared for the worst case scenario, the maximum probable
variations of strength between weak soils and strong soils as reported in IPET [1] were used. Figure 7
shows the variation of soil strength between weak soil and hard soil.
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Figure 7. Strong Soil Condition and Weak Soil Condition [1]
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Figure 8 shows the behavior of the floodwall system with structural cap applied. It is clearly seen
that the floodwalls retrofitted with the structural cap did not fail while those without retrofitting
failed as shown in Figure 2(a). The design of the cap is shown in Figure 9.

Figure 8. Comparison of Behavior of Floodwall System without Structural Cap
(Note: Gap was not observed and the wall did not fail.)

¢ 1.2 ft ol

2ft

Figure 9. Specification of Full-Scale Structural Cap

It is notable that the required size of structural caps is not very big. The required stiffness, EI,
of the cap material is 46.2 k-ft2/ft, which is not very high to achieve. Materials for structural caps
were believed to be of a high strength and high stiffness composite, initially. However, the required
stiffness of the material was adjusted so that the cap does not cause the failure of concrete floodwall at
contact areas. The cap shown in Figure 9 does not induce failure in concrete floodwalls, but provides
enough support to prevent localized failure.

Based on the manufacture’s information, the cost of manufacturing and installation of these caps
would be $40 to $50 per each as of 2011.

Summary and Conclusions

The flood protection system in New Orleans, particularly its levees, were tested by time for several
decades. Although the existing design has several engineering imperfections, such as a short length
of sheet piles, non-ideal levee materials, and lack of consistent height of floodwalls, the levee itself has
passed the test of time until it was subjected to the enormous destructive power of Hurricane Katrina
in 2005. After emergency retrofitting efforts were applied, the flood protection system was retested by
Hurricane Issac in 2012 and Hurricane Gustavo in 2008. The system survived, even with incomplete
application of reinforcing technique at the time of testing, indicating that the system might need just
slight additional retrofitting such as caps or self sealing sand-bentonite aprons.
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Through this research, the following conclusions are provided:

- A band of Bentonite and sand mix may self-seal the gap formation to prevent the occurrence of
gap associated failure of I-walls.

- Erosion resistance of levee materials may be substantially improved by applying a proper
polymer (POSS) treated soils.

- Localized failure of I-walls may be prevented by applying structural caps on the top joints of
I-walls.

Acknowledgements. The authors greatly appreciate DHS-SERRI for their financial support.
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«Karpmna» gayblabIHaH KeViHTi )KaFaait caagapbIHBIH
9KOHOMMKAABIK TMiMAiI MOAepHU3aIsI dJicTepiHe exmiH Oepyi

Anpartna. «Karpnna» gaybsiasl Oy pBIH-COHABI OOAMaraH >KaybIH-IIaIIbIHFa yAacTel. bya XKana Opaeanga
KeH KoaeMAi ¢y TacKbIiHbIHa >koHe 2005 >KblaABIH TaMbI3 aliblHAa OHBIH CY TaCKbIHBIHAH KOPFaHBIC JKYMeCiHiH
Oy3blLAYyBIHA 9KeIl COKTHIPABL. Bya TpOnMKaAbIK 4ayblAABIH OpacaH 30p >KOMKBIH KyIIi KadaHsl KupaTsii, 1000-
HaH acTaM ajaM Kasa TaIlThl JXKaHe eare 80 Muaanapa 40AAapAaH acTaM MaTepuaAAblK IIBIFBIH KeATipai. Ochr
aybIp allaTTaH KeliH KaAIlbIHa KeATipyTe >KyMcaAFaH y3ak KyII-KirepAiH apkacblHaa oKiMIiaik, 6ackapy, >ko-
Oasay >KoHe KYPBLABIC MaceaelepiHe KaThICThl KOIITeIeH 3epTTeylep KYprisiain, >xapusaanasl. VInxenepaep
MeH 3epTTeyIidep Oya KyHAbI cabaKTapAbl Cy TaCKbIHBIHAH KOPFayAbIH TYPaKTHI KyiieAepiH Jacay YIIiH KOA-
AaHAbBL. Bya Makazasa 9KOHOMUKAABIK TUiMAL, OipaK TypakThl MOJepHU3ALN 9AiCTepiHiH KaHa HOTIKeAepi
keaTipiareH. Keiibip MpIcaagapra cy TaCKbIHBI KaOLIPFAaChIHBIH ©3€H JKaFbIHAa caHblAaydapAblH Ialiga 00AybIH
0044prpMay YIIiH O@HTOHUT aAKaIKBIIILIH OPHAAACTHIPY, Cy TaCKbIHBI KaOBIPFAaChIHBIH JKePridiKTi Oy3bIAYBIH
60a4prpMay yIIIiH OereTTiH JKOTaChIHAAFLI DPO3NUAFa TO3IMAl MaTepuaajap JKoHe apMaTypaablK KaKIaKkTap >Ka-
TaAbl.

Tyiiin ce3aep: aaynia, Katpuna, Oerer, coTcizaik, MogepHU3aIus, ysiaic.

K.P. Conr!, A.X-A. Yenr? A. Aab-Octa3? P. ManTeHa?
"Yhusepcumem Hebpacku-Aurikorvn, Aurkorvn, wmam Hebpacka, CLLIA
2Yrusepcumem Muccucunu, Muccucunu, CLIA

YPOKI/I, 3BA€Y€HHbIE V13 yparaHa «KanI/IHa» — C aKII€HTOM Ha
9KOHOMMNYECKN 3(1)(1)eKTI/IBHbIe MeTOJbI MOJdepHM3annmn

AnnoTtamus. Yparan «Karpuna» mpusec OecrmpeliedeHTHBIE OCaJKM, BBI3BaB IIMPOKOMACIITabOHOe Ha-
sBognenne B Hopom Opaeane 1 0TKa3 ero cucTeMbl 3allUTHl OT HaBogHeHuit B asrycre 2005 roga. OrpomHast
paspymmTeAbHas Cila HTOTO TPOIMYECKOIo IITOpMa OITyCTOIIAa TOpo4, IpuBeda K 6oaee yem 1000 sxepTBam
u 604ee 80 MIAAMAPAOB 4014aPOB MaTepuaAbHOIO yirepOa. baarogaps 44uTeAbHBIM yCUAMSAM IO BOCCTaHOB-
A€HMIO TI0CA€e DTOI MacIITabHOI KatacTpodsl OBLA0O TPOBeAeHO U OIyDAMKOBAaHO MHOTIO MCCAeA0BaHMIA, Kaca-
IOIUXCsl po04eM B 004acTy aAMUHUCTPAIUY, YIIpaBAeHUs], TPOeKTUPOBAHMs U CTPOUTEAbCTBA. VIHKeHeph
U ccAeA0BaTeAU MIPUMEHNAN 9TH IJeHHbIe YPOKU A4 PaspaOdoTKu D0.1ee yCTOMUMBEIX ¥ YCTOMUMBBIX CHCTEM
3aIfUTH OT HaBOAHeHNI. B 9Toi cTaThe IpecTaBAeHbl HOBBIE Pe3yAbTaThl 4458 YKOHOMIYECK! 9(P(PEeKTUBHEIX,
HO YCTOMYMBBIX METOA0B MoJepHu3anym. HekoToprre mpuMeps BKAIOUAIOT pasMelieHre OeHTOHUTOBOTO (ap-
TyKa 445 IIpeA0TBpallieHs 00pa3oBaHILsl 3a30POB Ha PeUHOI CTOPOHE IaBOAKOBO CTEHBI, 9PO3MOHHOCTOMKIE
MarepuaAabl Ha rpebHe 4aMOBI 1 apMUPYIOIINe KOATauKu 4451 IpeA0TBpallleHlsl 10KaAbHOTO pa3pyIeHus Iia-
BOAKOBOI CTEHBI.

Karouessbie caosa: yparan, Karpuna, gam06a, 11posaa, MoAepHU3aLINsl, Pa3phIB.
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