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Abstract: The storm surge associated with Hurricane Katrina caused tremendous damage along the Gulf Coast in Louisiana, Mississippi,
and Alabama. Similar damage was observed subsequent to the Indian Ocean tsunami of December 26, 2004. In order to gain a better
understanding of the performance of engineered structures subjected to coastal inundation due to tsunami or hurricane storm surge, the
writers surveyed damage to bridges, buildings, and other coastal infrastructure subsequent to Hurricane Katrina. Numerous lessons were
learned from analysis of the observed damage, and these are reported herein. A number of structures experienced significant structural
damage due to storm surge and wave action. Structural members submerged during the inundation were subjected to significant hydro-
static uplift forces due to buoyancy, enhanced by trapped air pockets, and to hydrodynamic uplift forces due to wave action. Any floating
or mobile object in the nearshore/onshore areas can become floating debris, affecting structures in two ways: impact and water damming.
Foundation soils and foundation systems are at risk from shear- and liquefaction-induced scour, unless designed appropriately.
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Introduction

General

Hurricane Katrina is likely to be the most expensive natural di-
saster in U.S. history. It developed as a category 5 storm in the
Gulf of Mexico before making landfall on the border between
Louisiana and Mississippi as a category 3 storm �FEMA 2006a,b�.
As expected from a storm of this magnitude, there was consider-
able wind and rain damage. However, the primary cause of dam-
age to coastal infrastructure along the entire Mississippi coastline,
and portions of the Louisiana and Alabama coastlines, was the
inundation due to storm surge and wind-induced wave action.
This damage far exceeded the wind-induced and storm surge
damage caused by any prior hurricane or tsunami impacting the
U.S. coastline. Similar damage was observed along coastlines af-
fected by the Indian Ocean tsunami of December 26, 2004
�CAEE 2005�.

This paper presents some of the lessons learned from our in-
vestigation of the performance of engineered structures, including
reinforced and prestressed concrete buildings, coastal bridges, and
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barge-mounted casinos, when subjected to Hurricane Katrina
storm surge. Our investigation did not include the effects of
flooding in New Orleans since this was a result of levee failure,
and not directly due to storm surge and wave action on the af-
fected buildings. Similar postdisaster assessments are common
after hurricane and tsunami events �FEMA 2006a; Dengler and
Magoon 2005; Rogers 2005; Tezak and Rogers 2005; Saatcioglu
et al. 2005�; however, the primary focus has normally been the
performance of wood-framed residential structures. Subsequent to
Hurricane Katrina, some assessment teams have included the re-
sponse of engineered structures in their postevent surveys �FEMA
2006b; Mosqueda and Porter 2006; Douglass et al. 2006�.

Storm Surge

The peak storm surge caused by Hurricane Katrina exceeded
7.5 m �25 ft� above sea level and occurred between Pass Chris-
tian and Gulfport, confirming computer model predictions made
by the Louisiana Hurricane Research Center just days before
landfall �LSU 2005�. This level of surge is considerably greater
than that experienced during other recent hurricanes of similar
intensity, primarily because of the shallow coastal bathymetry
and the shape of the coastline and man-made levees around the
Mississippi River delta �FEMA 2006b�. In addition, the storm
surge and wind-induced wave action would have developed while
Katrina was a Category 5 hurricane in the Gulf of Mexico. Al-
though wind speeds had declined to Category 4 as Katrina made
landfall on the Mississippi River delta, and Category 3 at the
Louisiana/Mississippi border, the storm surge and wave action
may not have abated as rapidly.

Of particular interest to the writers, and the primary reason
for their reconnaissance trips to the Mississippi coastline, was
the effect of the storm surge on engineered structures. The extent
of storm surge damage to engineered infrastructure along the
Gulf Coast was greater than might have been anticipated. Numer-

ous lessons can be learned from this event to aid in design and
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construction of future bridges and buildings, and retrofit of
existing structures, in regions subject to storm surge or tsunami
inundation.

Damage to Residential Construction

The effect of the storm surge coastal inundation was particularly
devastating for light-framed wood and unreinforced masonry resi-
dential structures. In many coastal communities the only remain-
ing evidence of residential construction was the ground-floor slab
on grade and considerable piles of debris at the high water mark.
There were some notable exceptions where residential buildings
were able to survive substantial surge inundation. These excep-
tions were often constructed with concrete or steel frames, and
elevated above grade. One of these buildings was a single-family
residence, designed and owned by a structural engineer �Fig. 1�. It
was able to withstand inundation and wave action to the mid-
height of the second level without suffering any structural dam-
age. Many of the lessons relating to residential construction are
included in a FEMA Mitigation Assessment Team �MAT� report
published shortly after this event �FEMA 2006b�.

Damage to Engineered Structures

The focus of this paper is the effect of coastal inundation on
engineered structures. The primary factors causing damage to en-
gineered structures were hydrostatic uplift, hydrodynamic uplift
and lateral loading, restraint failure, debris effects, and scour.
Each of these factors is considered in detail in the sections that
follow, resulting in a number of conclusions that can be applied to
future coastal construction and retrofit of existing buildings and

Fig. 1. Reinforced concrete single-family r
bridges.
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Structural Loading

Bea et al. �1999� define the total force acting on decks of offshore
platforms due to wave action as a combination of force vectors

Ftw = Fb + Fs + Fd + Fl + Fi �1�

where Fb�vertical buoyancy force; Fs�horizontal slamming
force; Fd�horizontal hydrodynamic drag force; Fl�vertical hy-
drodynamic uplift force; and Fi�acceleration-dependent inertia
force. Based on an analysis of the performance of bridge decks
during Hurricane Katrina, Douglass et al. �2006� conclude that the
horizontal hydrodynamic force, Fd, and the vertical hydrody-
namic uplift force, Fl, were the primary loads inducing failure.
However, since many bridge decks and elevated floors in build-
ings were completely submerged during the hurricane, vertical
buoyancy forces, Fb, also must be considered. In the analysis that
follows, these symbols are shown without bold to indicate the
vector magnitude.

Horizontal Hydrodynamic Load

Douglass et al. �2006� propose the following expression for the
horizontal hydrodynamic load, Fd, induced by wave action on
bridge decks:

Fd = �1 + cr�N − 1��ch−va���zh�Ah �2�

where cr=reduction coefficient for horizontal load on all bridge
girders except the wave-ward girder, with a recommended
value of 0.4; N=number of girders supporting the bridge deck;
ch−va=empirical coefficient with a recommended value of 1.0;
�=unit weight of water taken as 10.06 kN/m3 �64 lb/ ft3� for sea-

ce owner-designed by a structural engineer
esiden
water; �zh=difference between the elevation of the crest of the

ERING © ASCE / NOVEMBER/DECEMBER 2007



maximum wave and the elevation of the centroid of Ah; and
Ah=area of projection of the bridge deck onto a vertical plane.

By coupling the ADCIRC �advanced circulation� surge model
and the SWAN �simulation of waves in nearshore areas� wave
model, Chen et al. �2005� provide surge and wave height esti-
mates for Biloxi Bay during Hurricane Katrina. Douglass et al.
�2006� utilized these estimates to determine the hydrodynamic
lateral load on a typical 15.8 m �52 ft� long deck segment of the
US 90 highway bridge over Biloxi Bay, Mississippi, at 1,041 kN
�234,000 lb� �Douglass et al. 2006�. This represents a distributed
lateral load of 65.9 kN/m �4,500 lb/ ft� along the length of the
bridge deck. The wave heights and bridge dimensions used by
Douglass et al. �2006� in computing this load are listed in the
second row of Table 1.

In addition to the US 90 highway bridge over Biloxi Bay, the
writers investigated six other coastal bridges during this study.
The old highway bridge and railroad bridge over Biloxi Bay are
located adjacent to the US 90 highway bridge and are assumed to
have been subjected to the same wave heights. The relevant
bridge dimensions and resulting horizontal hydrodynamic loads
from Eq. �2� are listed in the third and fourth rows of Table 1.
Two bridges over Bay St. Louis suffered loss of virtually all low-
level bridge deck segments, namely the US 90 highway bridge
and a box-girder railroad bridge. Although wave height modeling
is not available for Bay St. Louis, wave heights were assumed
similar to those predicted for Biloxi Bay, based on their proximity
to the maximum storm surge that occurred between the two bays.
The fifth and sixth rows of Table 1 list the assumed wave and
surge heights, along with relevant bridge dimensions and result-
ing horizontal hydrodynamic load from Eq. �2� for these bridges.

The US 90 approach span in Pass Christian is some distance
inland from the shoreline. Since no surge level or wave height
estimates are available for this bridge, the hydrodynamic loads
were not computed. Finally, the I-10 on-ramp in Mobile, Ala-
bama, experienced lateral movement of five low-level deck seg-
ments, though none fell off the supporting piers. Douglass et al.
�2006� estimated the wave heights at this bridge at 2.22 m

Table 1. Horizontal Hydrodynamic Load Calculations for Bridges Inves

Bridge
Assumed

surge level

Assumed
maximum w

height abo
surge leve

m �ft�

US 90–Biloxi Bay 3.63 m �11.9 fta�
�1.1 ft below bottom

of bridge girders�

2.46 �8.06

Old bridge–Biloxi Bay At bottom of bridge girders 2.46 �8.06

Railroad bridge–Biloxi Bay At bottom of bridge girders 2.46 �8.06

US 90–Bay St. Louisd At bottom of bridge girders 2.5d�8.2�

Railroad bridge–
Bay St. Louisd

At bottom of bridge girders 2.5d�8.2�

US 90 approach span–
Pass Christiane

Unknown Unknown

I-10 Onramp–Mobile At bottom of bridge girders 2.22 �7.28
aDouglass et al. �2006�.
bSample calculation using Eq. �2�: �1+0.4�6−1��*1*10.06�2.46–1.16�*1.6
cGirders very closely spaced—assumed cr=0.2.
dAssumed wave heights.
eSurge level and wave heights unknown.
�7.28 ft�. This estimate, along with relevant bridge dimensions
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and the resulting horizontal hydrodynamic load, are listed in the
eighth row of Table 1.

The hydrodynamic lateral loads in Table 1 are compared with
the lateral restraint provided by the support bearings and shear
keys later in this paper.

Hydrodynamic Uplift

Based on a review of current literature and experimental results,
Douglass et al. �2006� propose the following expression for the
vertical hydrodynamic uplift load, Fl, produced by wave action on
bridge decks:

Fl = cv−va���zv�Av �3�

where cv−va=empirical coefficient with a recommended value of
1.0; �zv=difference between the elevation of the crest of the
maximum wave and the elevation of the underside of the bridge
deck; and Av=area of the projection of the bridge deck onto a
horizontal plane.

Douglass et al. �2006� utilize the previous estimates of surge
level and wave height to determine the hydrodynamic uplift on a
typical deck segment of the US 90 bridge over Biloxi Bay, Mis-
sissippi, at 1,957 kN �440,000 lb�. This represents an uplift of
123.6 kN/m �8,465 lb/ ft� along the length of the bridge deck, as
shown in the second row of Table 2. Based on the assumed surge
levels and wave heights described earlier for the other six bridges
investigated during this study, estimates of the hydrodynamic up-
lift from Eq. �3� are provided in Table 2.

The estimated hydrodynamic uplift exceeds the self-weight of
the bridge deck by over 30% for all bridges except the railroad
bridges over Biloxi Bay and Bay St. Louis. The railroad bridge
over Biloxi Bay has a self-weight 64% greater than the estimated
hydrodynamic uplift, and suffered no span failures during the
hurricane. The box-girder railroad bridge over Bay St. Louis has
an estimated self-weight of 71.81 kN/m �4,920 lb/ ft� based on

in This Study

Elevation
of centroid

of deck
edge above
surge level

m �ft�

Vertical
projection
of edge of

bridge deck
m �ft�

Number
of

girders

Horizontal
hydrodynamic
load per unit

length of
bridge deck
kN/m �lb/ft�

Horizontal
hydrodynamic
load on single

span of
bridge deck

kN �lb�

1.16 �3.8a� 1.68 �5.5a� 6 65.9b �4,500a� 1,041 �234,000a�

0.55 �1.79� 1.09 �3.58� 3 37.7 �2,585� 414 �93,000�

1.05 �3.46� 2.11 �6.92� 4c 47.9 �3,260� 891 �198,860�

0.65 �2.13� 1.30 �4.25� 4 53.2 �3,632� 665 �148,900�

0.93 �3.04� 1.85 �6.08� 1 �box� 29.2 �2,008� 543 �122,500�

— 2.97 �9.75� 6 — —

0.96 �3.15� 1.92 �6.29� 4 53.5 �3,658� 816 �182,900�

.9 kN/m.
tigated

ave
ve
l

a�

a�
a�

a�

8=65
assumed box wall thicknesses of 30 cm �12 in.�. This is only
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11.5% greater than the estimated hydrodynamic uplift. Most of
the spans of this bridge were displaced from the supporting piers
during the hurricane. Only six spans remained in place at the Pass
Christian end of the bridge, possibly due to reduced wave heights
because of a nearby breakwater.

This expression for hydrodynamic uplift is limited to condi-
tions where the still-water level �or surge level� is at or below the
bottom of the bridge girders. Once the surge level exceeds the
bottom of the girders, the above expression is no longer consid-
ered valid, and no guidance is available from current literature for
this condition �Douglass et al. 2006�. When a bridge deck or
similar horizontal structural element becomes partially or fully
submerged, the effects of buoyancy, or hydrostatic uplift, become
important.

Table 2. Hydrodynamic Uplift Calculations for Bridges Investigated in T

Bridge
Assumed

surge level

Assum
maximum

height a
surge l

m �f

US 90–Biloxi Bay 3.63 m �11.9 fta�
�1.1 ft below bottom

of bridge girders�

2.46 �8

Old bridge–Biloxi Bay At bottom of bridge girders 2.46 �8

Railroad bridge–Biloxi Bay At bottom of bridge girders 2.46 �8

US 90–Bay St. Louisc At bottom of bridge girders 2.5c �8

Railroad bridge–
Bay St. Louisc

At bottom of box girder 2.5c �8

US 90 approach span–
Pass Christiand

Unknown Unkno

I-10 Onramp–Mobile At bottom of bridge girders 2.22 �7
aDouglass et al. �2006�.
bSample calculation using Eq. �3�: 1*10.06�2.46–1.25��1*10.16�=123.6 k
cAssumed wave heights.
dSurge level and wave heights unknown.

Fig. 2. Grand Casino, Biloxi, with inland parking garage that suffe
courtesy of U.S. National Oceanic and Atmospheric Administration/D
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Hydrostatic Uplift

Hydrostatic uplift is defined here as a combination of buoyancy
due to submersion in water �Fb in Eq. �1�� and the effect of air
trapped below a structural element. Although the water state dur-
ing a hurricane or tsunami is clearly not static, the hydrostatic
uplift is considered separately from the hydrodynamic uplift de-
scribed in the previous section. Together the hydrostatic and hy-
drodynamic components make up the total uplift on the structural
element.

For hurricane storm surge conditions, the relative importance
of hydrodynamic and hydrostatic uplift will depend on the wind-
induced wave height at the structure being considered. For
tsunami inundation, wave action on top of the tsunami surge is

udy

Elevation of
bottom of

deck above
surge level

m �ft�

Bridge
deck width

m �ft�

Hydrodynamic
uplift per unit

length of
bridge deck
kN/m �lb/ft�

Self-weight
of bridge deck
per unit length

kN/m �lb/ft�

1.25 �4.1a� 10.16 �33.4a� 123.6b �8,465a� 92.76 �6,360a�

0.915 �3.0� 6.94 �22.75� 107.8 �7,367� 56.98 �3,915�

1.47 �4.83� 5.18 �17.0� 51.6 �3,536� 84.76 �5,820�

0.89 �2.92� 9.58 �31.4� 155.1 �10,611� 92.06 �6,315�

1.30 �4.25� 5.34 �17.5� 64.4 �4,424� 71.81 �4,920�

— 14.74 �48.33� — 177.8 �12,195�

0.915 �3.0� 8.64 �28.33� 113.4 �7,760� 69.93 �4,800�

llapse of the second-level double-tee floor system �Fig. 11� �Photo
ent of Commerce�
his St

ed
wave

bove
evel
t�

.06a�

.06a�

.06a�

.2�

.2�

wn

.28a�

N/m.
red co
epartm
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substantially less than in the case of hurricane storm surge inun-
dation. In these conditions the buoyancy effect is likely to be
more important than the hydrodynamic uplift. It is therefore im-
portant to investigate both vertical loading conditions to deter-
mine the worst case for a particular structural element.

Numerous low-level coastal bridges were completely sub-
merged by the storm surge. The resulting reduction in self-weight
of the bridge spans, combined with buoyancy due to trapped air,
would lead to significant hydrostatic uplift. A large number of
double-tee slab systems used in parking garages also failed due to
excessive uplift. A number of these structures were some distance
from the shoreline and protected from wave action by intervening
buildings. For example, the inland parking structure at the Grand
Casino, Biloxi, is shielded by structures along the shoreline

Fig. 3. Girders, bridging, and bulkheads potentially tra

Fig. 4. Cross-section details of US 90 hig
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�Fig. 2�. In these cases, hydrostatic uplift due to buoyancy is
likely the major factor causing failure of the slab system.

Submersion in seawater reduces the effective self-weight of
concrete members from around 23.54 kN/m3 �150 lb/ ft3� to
13.49 kN/m3 �86 lb/ ft3�. In addition, air trapped below the bridge
deck or slab system—between the girders, transverse bridging,
and end bulkheads—could even provide enough flotation to make
the bridge span or double-tee floor system buoyant.

The US 90 highway bridge over Biloxi Bay is composed of
simply supported bridge segments varying in length from
13.7 to 15.9 m �45 to 52 ft�, each consisting of six prestressed
concrete girders supporting half of the roadway deck and one
sidewalk. The air trapped between the girders, along with the
reduction in self-weight due to submersion in seawater, meant

below deck of US 90 highway bridge over Biloxi Bay

bridge over Biloxi Bay �1 ft=0.3048 m�
p air
hway
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that these segments were very nearly buoyant once submerged
�Fig. 3�. Fig. 4 shows the dimensions of a typical cross section of
the bridge deck as measured on site, and Fig. 5 outlines the buoy-
ancy calculation performed on this cross section, including the
effects of air compressibility.

In the buoyancy calculations, air is assumed to fill the void
under the bridge deck when the water level reaches the bottom of
the end bulkheads. This volume of air is assumed trapped as the
water level rises to submerge the entire deck section. Considering
hydrostatic effects only, the water head acting on the trapped air
will result in a decrease in the air volume. Assuming constant
temperature, the ideal gas law relates pressure, P, and volume, V,
at two states

P1V1 = P2V2 �4�

where P1=101.325 kPa �14.7 psi� is the atmospheric pressure
at sea level; V1�original trapped air volume, per unit length
along the bridge cross section; P2=101.325+h�1,025
�9.81/1,000 kPa �=14.7+h�64/144 psi� is the pressure when
fully submerged; h�depth of water from the top of sidewalk to
the bottom of the compressed air pocket; and V2�resulting com-
pressed volume of air trapped below the bridge deck used to
compute buoyancy effects on the deck section.

The buoyancy analysis results based on in Fig. 5 for the
US 90 highway bridge across Biloxi Bay are summarized in
Table 3 along with those for six other bridge cross-sections mea-
sured during the reconnaissance trips. These calculations are
based on a unit length of the bridge cross section. The bridge deck
self-weight is also listed in Table 3 as a weight per unit length of
the bridge cross section, based on field measurements of each

Fig. 5. Buoyancy calculation for US 90 highway

Table 3. Buoyancy Calculations for Bridges Investigated in This Study

Bridge

Concrete
volume

m3/m �ft3 / ft�

Air
volume

m3/m �ft3 /

US 90—Biloxi Bayc 3.94 �42.4� 5.27 �56.7

Old bridge–Biloxi Bayc 2.42 �26.1� 2.22 �23.9

Railroad bridge–Biloxi Bay 3.60 �38.8� 1.50 �16.1

US 90–Bay St. Louisc 3.91 �42.1� 3.21 �34.5

Railroad bridge–Bay St. Louisd 3.05 �32.8� 2.46 �26.5

US 90 approach span–Pass Christianc 7.55 �81.3� 17.5 �188.2

I-10 Onramp–Mobilec 2.97 �32.0� 2.44 �26.28
aBuoyancy based on 1,025 kg/m3 �64 lb/ ft3� density of seawater.
bSelf-weight based on 2,400 kg/m3 �150 lb/ ft3� density for reinforced co
cAssuming guardrails are not submerged.
d
Assuming box girder stems and base slab are 12 in. thick.
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bridge. These self-weights do not include the weight of bulk-
heads, bridging and other elements making up an entire deck
section.

Comparison of the buoyancy and self-weight of each bridge in
Table 3 shows that the US 90 approach span in Pass Christian
would be fully buoyant if completely submerged, while the US 90
bridge over Biloxi Bay is very close to buoyant when submerged.
The only bridge not damaged by the storm surge was the railroad
bridge over Biloxi Bay, with a residual dead weight of 39.5% of
the unsubmerged self-weight. All other bridges have less than
28% residual self-weight when submerged.

Structural System Response

Bridge Structures
For the US 90 highway bridge across Biloxi Bay, the bearings
supporting each end of the girders at the pier bents provided no
restraint against uplift and only nominal resistance against lateral
movement �Fig. 6�. Being a low seismic zone, the region had no
requirements for shear keys to provide lateral restraint or ties to
prevent uplift, as is common in seismic regions. Friction induced
by gravity load, and small 11 mm �7/16 in.� thick steel angles,
were the only physical restraint against lateral movement for
these bridge segments. When subjected to the wave-induced hy-
drodynamic uplift �Table 2� and/or buoyancy effects �Table 3�, the
segments were free to move off their supports under the lateral
load from surge and wave action �Table 1�. Apart from the bridge
segments elevated over the ship channel, every segment of this
bridge was dislocated from its supports and collapsed into the
bay.

over Biloxi Bay �1 ft=0.3048 m, 1 lb=4.445 N�

Buoyancya

force
kN/m �lb/ft�

Self-weightb

kN/m �lb/ft�

Net
self-weight
kN/m �lb/ft�

Percent of
self-weight

�%�

91.55 �6,277� 92.76 �6,360� 1.21 �83� 1.3

45.46 �3,115� 56.98 �3,915� 11.52 �800� 20.2

51.28 �3,514� 84.76 �5,820� 33.48 �2,306� 39.5

70.57 �4,836� 92.06 �6,315� 21.49 �1,479� 23.3

55.37 �3,794� 71.81 �4,920� 16.44 �1,126� 22.9

248.4 �17,019� 177.8 �12,195� −70.6 �−4,824� −39.7

50.46 �3,458� 69.93 �4,800� 19.47 �1,342� 27.8

.

bridge
ft�

�

�

�

�

�

�

�

ncrete
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Similar damage occurred at numerous other coastal bridges
from the Lake Pontchartrain Causeway and I-10 East of New
Orleans to a low-level I-10 on-ramp in Mobile, Alabama. In ad-
dition to wave-induced uplift, many of these bridge decks had
greatly reduced dead weight due to entrapped air and buoyancy
effects.

Even bridges with significant residual self-weight when sub-
merged suffered failures due to inadequate shear keys to prevent
lateral movement of the bridge deck segments. For example,
the US 90 highway bridge across Bay St. Louis had a residual
dead weight of 23.3% when fully submerged �Table 3�. The bulk-
head and bridging elements provided between the girders of this
deck are only partial depth �Fig. 7�, allowing much of the air
below the deck to escape. Nevertheless, virtually every segment
of this bridge was dislodged from the supporting piers. These
failures are attributed to the additional effects of hydrodynamic
uplift �Table 2� and lateral loads from surge and wave action
�Table 1�, combined with the lack of restraint against uplift or
lateral movement at the support bearings. Fig. 8 shows the rocker
bearing at one end of each span. The only restraint against lateral
movement of the girders was the three small shear studs provided
between the rocker and the bearing plate in the girder soffit.

A notable exception to the poor performance of low-level
bridge structures was the railroad bridge over Biloxi Bay. Al-
though the entire railway’s tracks, sleepers, and ballast were
swept into the bay, the prestressed concrete bridge girders and
deck remained intact. The superior performance of this structure
is attributed to the reduced hydrodynamic uplift due to the
small width of the bridge deck and the relatively small volume
of entrapped air because of the closely spaced girders. The
wave-induced hydrodynamic uplift is estimated at 51.6 kN/m

Fig. 6. Bearing restraint details for US 90 h

Fig. 7. Cross-section details of US 90 highway bri
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�3,536 lb/ ft� �Table 2�, while the hydrostatic uplift �buoyancy� on
the submerged deck is estimated at 51.28 kN/m �3,514 lb/ ft�
�Table 3�. Neither of these effects is sufficient to overcome the
deck self-weight of 84.76 kN/m �5,820 lb/ ft�. The maximum up-
lift due to hydrodynamic and hydrostatic effects will not occur
simultaneously since they correspond to different levels of inun-
dation. When the surge level is at the bottom of the girders, the
hydrodynamic uplift will be a maximum, but there will be no
buoyancy effect. When the surge level is above the top of the
roadway, the buoyancy effect will be a maximum, but the hydro-
dynamic uplift due to wave action will be significantly reduced.
To the best of the writers’ knowledge, no research has been per-
formed on this condition.

In addition, the superior lateral restraint provided by 380 mm
�15 in.� high concrete shear keys on either side of the girders at
each support pier �Figs. 9 and 10�, was sufficient to resist the
lateral hydrodynamic loads �Table 1�. Not a single segment of this
bridge collapsed.

Double-Tee Floor Systems

As many as 10 different precast parking garages in the Biloxi-
Gulfport region suffered major damage or even total collapse of
the second-floor level due to the storm surge. Some of these struc-
tures were located along the shoreline and were therefore sub-
jected to wave-induced hydrodynamic uplift as well as buoyancy,
while others were some distance from the shoreline and protected
from wave action by intervening buildings. Fig. 11 shows a typi-
cal double-tee floor system collapse in a parking garage that was
not directly exposed to wave action �Fig. 2�. In these cases, the
collapse is attributed entirely to the effects of buoyancy.

y bridge over Biloxi Bay �1 in.=25.4 mm�
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The elevated floors of these precast parking structures consist
of prestressed concrete double-tee girders supporting a 50 to
75 mm �2 to 3 in.� thick cast-in-place concrete topping slab. Sig-
nificant uplift resulted from buoyancy of air trapped between the
girder webs below the floor deck �Fig. 12�. This air could not
escape because of the supporting inverted T-beams or spandrel
beams at either end of the span. In addition, the cast-in-place
topping slab covers the joint between adjacent double-tees and
any gap between the double-tee and the supporting elements at
either end of the span. Unable to escape, the air below the floor
slab induced uplift well in excess of the submerged dead weight
of the double-tee plus topping, resulting in significant negative
bending �hogging� of the precast sections.

Table 4 shows buoyancy calculations for various common
double-tee sections when submerged in seawater to the top-of-
slab elevation. A constant temperature adjustment is made to the
entrapped air volume to account for compressibility of the air.
Even for the smallest double-tee section observed in any of the

Fig. 8. Rocker bearing details at US 90 hig

Fig. 9. Railroad bridge over Biloxi Bay with close-sp
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inspected garages, with the larger topping thickness of 75 mm
�3 in.�, the net uplift due to buoyancy exceeds 50% of the original
dead weight in air. In other words, the buoyancy due to submer-
sion in seawater and the effect of entrapped air results in a total
hydrostatic uplift of 153% of the original dead weight of the
section. For deeper and wider sections with thinner topping, this
uplift increases to as much as 191%. The situation would be even
worse if any of the double-tees and/or topping slabs were con-
structed of lightweight concrete.

Since the double-tees are designed for gravity load over a sim-
ply supported span, they are extremely weak in negative bending.
There is typically a light mesh reinforcing in the top flange and
topping slab, which are now the tension zone, while the base of
the webs is very thin, and the webs now become the compression
zone. In addition, the prestressing tendons are located so as to
produce uplift intended to balance much of the original unsub-
merged dead weight. The combination of uplift due to hydrostatic
and prestress effects was sufficient to cause severe cracking of the
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webs and top slab and crushing of the concrete at the base of the
webs at midspan �Fig. 11�. For structures close to the shoreline,
wave-induced hydrodynamic uplift and lateral loads would have
added to the stress on these sections. In many cases, the negative
bending failure resulted in dislocation of the double-tee ends from
their supports, resulting in collapse of the floor system.

Collapse of double-tee floor systems was observed regardless
of the end support details. Some double-tees were supported on
continuous ledges or individual corbels, while others were sup-
ported in sockets in the spandrel beams. When supported on
ledges or individual corbels, the double-tee sections are free to
rise under the effects of uplift, with the only restraint provided by
nominal dowel reinforcement in the topping slab. When sup-
ported in sockets in the spandrel beams, the double-tee sections
are prevented from rising at these supports, but are still subject to
negative bending at midspan due to the buoyancy effects of en-
trapped air.

Subsequent to collapse of the floor system, many of the exte-
rior spandrel beams and interior inverted T-beams broke free from
their supports because of the loss of restraint provided by the

Fig. 10. Cross-section details of railro

Fig. 11. Double-tee negative bend
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double-tees and topping slab. It is possible that some of the span-
drel beam failures were caused by lateral hydrodynamic loads,
but had the floor system remained intact, it would have provided
lateral support for the spandrel beams, and many of the spandrel
beam failures would have been prevented.

Floor System Failures

There were a number of failures of flat slab and prestressed con-
crete floor slab systems as a result of hydrodynamic uplift in-
duced by surge and wave action below the second-floor level.
Fig. 13 shows a multistory reinforced concrete condominium
building in Biloxi with a flat slab floor system. Over half of the
second-floor slab collapsed due to punching shear failure at the
slab-column connections �Fig. 13�. The shear failures appear to
have initiated due to upward punching of the slab as a result of
hydrodynamic uplift, followed by collapse under gravity load due
to the absence of integrity reinforcement in the bottom of the slab
passing through the supporting columns.

Each floor consists of a cast-in-place 200 mm �8 in.� thick
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flat plate supported on 500 by 250 mm �20 by 10 in.� rectangu-
lar columns. A typical column adjacent to the shoreline sup-
ports a tributary slab area of 20.8 m2 �224 ft2�. Schmidt hammer
testing indicated that the slab concrete strength was in the range
of 28 to 35 MPa �4,000 to 5,000 psi�. The ACI 318-05 �ACI
2005� design criterion for punching shear capacity under direct
shear is

Vc = 0.33�fc�bod = 660 kN �150,000 lb� �5�

where fc�=31.5 MPa �4,500 psi� �average value�; bo=2�c1+c2

+2d�=2,160 mm �86 in.�, the critical perimeter at d /2 from
the column face; c1 and c2 are the column plan dimensions; and
d=165 mm �6.5 in.�, the average effective depth to the slab ten-
sion reinforcement.

Eq. �5� applies to slabs with tension reinforcement �top rein-
forcement� passing through the slab-column connection. For the
condition of uplift, this tension reinforcement would need to be
provided in the bottom of the slab. Because of the lack of bottom
reinforcement passing through the slab-column connection,
the punching shear capacity is estimated to be between 50 and
75% of the ACI 318-05 prediction, or 330 to 495 kN �75,000 to
112,500 lb�.

A net uniform upward pressure of 15.9 to 23.8 kN/m2

�335 to 502 psf� on the tributary area of slab is required to reach
this shear capacity. Because the submerged self-weight of the
concrete slab is 2.73 kN/m2 �57 psf�, the total upward pressure
required to cause punching shear failure under direct shear at a
slab-column connection would be 18.6 to 26.5 kN/m2 �392 to
559 psf� on the soffit of the slab. Based on the hydrodynamic
uplift estimated using Eq. �2�, this would require a wave height of
1.85 to 2.64 m �6.1 to 8.7 ft� when the surge level was at the bot-
tom of slab elevation of 2.74 m �9 ft� above grade. The maximum
unbroken wave height that could occur in this water depth is

Table 4. Buoyancy Calculations for Various Normal Weight Concrete D

Double-tee
designation

Width
�ft�

Depth
�in.�

Topping
slab

thickness
�in.�

A
vo
�ft

8�−0��24� 8 24 3 12

8�−0��24� 8 24 2 12

8�−0��32� 8 32 3 15

8�−0��32� 8 32 2 16

10�−0��24� 10 24 3 15

10�−0��24� 10 24 2 15

10�−0��32� 10 32 3 20

10�−0��32� 10 32 2 20

Fig. 12. Volume of air potentially trapped
Note: 1 in.=25.4 mm, 1 ft=0.3048 m, 1 lb=4.445 N.
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approximately 2.1 m �7 ft�, which is within the range required to
produce punching shear failure of the slab. This analysis has as-
sumed that the uplift does not induce bending moments at the
slab-column connection, which would further reduce the punch-
ing shear capacity. In reality such bending moments would exist
due to the large cantilever balcony slab protruding toward the
ocean.

Collapse of the second-floor slab effectively doubled the un-
braced length of the columns supporting the building above. This
makes them more susceptible to failure due to buckling or debris
impact. Failure of one or more columns at the base of this build-
ing could have resulted in progressive collapse of the floors
above.

If these connections had been provided with integrity rein-
forcement in the form of continuous slab bottom reinforcement
passing within the column cage, the total collapse of the floor
might have been prevented, even though many of the connections
would likely still have suffered punching shear failures. Integrity
reinforcement is required by the ACI 318-05 building code for
new concrete flat slab construction, but was not required by codes
in force when this building was constructed.

An adjacent flat slab structure suffered no apparent structural
damage. It was designed to support mechanical equipment for
the Hard Rock Hotel and Casino and consisted of a thick flat
slab with drop panels at each support column. Because of
the larger design dead and live loads, this slab was presumably
more heavily reinforced than the failed slab in the condominium
building. It illustrates that flat slab floor systems can be designed
to resist the loads applied by storm surge inundation and wave
action.

Hydrodynamic uplift is also suspected of causing failure in a
number of posttensioned one-way slab floor systems. A cast-in-
place posttensioned parking garage at the Hard Rock Hotel

Tee Sections

Buoyancy
force
�lb/ft�

Self-weight
�lb/ft�

Net
uplift
�lb/ft�

Percent of
self-weight

�%�

1,098 718 380 53

1,057 618 439 71

1,403 891 512 57

1,363 791 572 72

1,371 843 528 63

1,320 718 602 84

1,750 1,016 734 72

1,700 891 809 91

a single double-tee girder �1 ft=0.3048 m�
ouble-

ir
lume
3/ ft�

.37

.40

.98

.02

.80

.84

.58

.63
below
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and Casino suffered significant damage and partial collapse of
the second-floor bays adjacent to the coastline. It is suspected
that hydrodynamic uplift loads on the slab resulted in shear fail-
ure of the slab at the supporting beams �Fig. 14� and shear failure
at the ends of some of these beams �Fig. 15�. The spalling of
concrete cover at the epoxy-coated bottom reinforcement in the
slab indicates that failure was due to uplift and not downward
loads �Fig. 14�.

On US 90 in Pass Christian, two multistory apartment
buildings were under construction when Katrina made landfall
�Fig. 16�. The structural framing was complete and nonstructural
finishes were being installed. The buildings were nominally iden-
tical, consisting of two levels of posttensioned �PT� concrete
floors supported on cast-in-place reinforced concrete columns.
The third-floor walls and roof were framed with steel and timber
trusses.

Both buildings suffered partial collapse of the front section of
structural concrete framing �Fig. 16�. Floor slabs in the front bay
�ocean side� are 178 mm �7-in.� thick PT flat slabs, spanning
between 406 by 508 mm �16 by 20-in.� rectangular columns. In
the second bay, 178 mm �7-in.� thick one-way slabs span between
beams running perpendicular to the shore. The two-way floor slab
extends 1.8 m �6 ft� in front of the front columns as cantilever
balconies. The PT beams in the second bay of the building con-
tain numerous PT tendons that extend as banded PT reinforce-
ment into the two-way slab and cantilever balcony. Fig. 17 shows
the PT anchors at the edge of the balcony slab and headed stud
shear reinforcement used around the front slab-column connec-
tions supporting the flat slab section. Distributed PT tendons were
also provided perpendicular to the banded PT in the two-way
slab.

Fig. 13. Flat slab punching she

Fig. 14. Uplift-induced shear fa
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In one of the two buildings the front bay �closest to the shore-
line� collapsed completely, while the second bay floor slab col-
lapsed leaving the beam and column frame standing. In the
second building, both front and second bays collapsed com-
pletely. The supporting columns appeared to have failed in flexure
at the base and at the second-floor level, and fallen inwards away
from the shoreline. As opposed to the previous flat-slab condo-
minium slabs that failed due to negative punching shear, there is
no evidence of punching shear at these slab-column connections,
possibly because of the presence of headed stud shear reinforce-
ment. This reinforcement is effective against punching in both
downward- and upward-loading directions. There were no signs
of debris impact and no evidence of significant debris in the area.

The failure is attributed to uplift-induced flexural failure of the
one- and two-way slab systems. Failure of the one-way slab be-
tween PT beams resulted in local collapse of the slab at the
second-floor level, though the integrity of the beams maintained
the compression component of the PT system. Failure of the
second-floor two-way slab in the front bay due to hydrodynamic
uplift loading is believed to have resulted in collapse of this slab
and loss of the compression component of the PT system. The
numerous PT strands banded in the slab along the column lines
therefore lost their compression reaction and the entire PT force
would have been applied to the front columns at the second floor
level. The columns would now have to span between the ground-
and third-floor slab and would not have been able to resist the
large lateral load applied by the PT at the second-floor level. The
columns were therefore pulled inward until the tendons lost their
pretension. Based on the full tendon length, the tendon elongation
during stressing is estimated at 125 to 150 mm �5 to 6 in.�. This
would have caused flexural failure of the column at the base and

ure due to hydrodynamic uplift

f a posttensioned one-way slab
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at the level of the second-floor slab and would also have led to
progressive collapse of the upper floor due to the failure of
the exterior columns. In one building, the second bay beam-
column frame was able to survive the collapse of the front bay,
but in the second building, the interior beam-column frame col-
lapsed, presumably as a result of the impact from the progressive
collapse of the front slab-column section. This failure mechanism
appears consistent with the observations made at the site and with
observations of other PT slab systems that failed due to uplift
loading.

Fig. 15. Shear failure of posttensioned

Fig. 16. Partial collapse of conc
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Floating Structure Restraints

Overview

Significant coastal construction is often accompanied by in-
dustrial port and harbor development. In these cases, it can be
anticipated that floating structures are present, in particular rela-
tively large ships and barges. Except for near-source tsunamis,
most ships should be able to evacuate the area �except those
undergoing major repairs�. However, it is unlikely that all barges

supporting one-way posttensioned slab

ilding frame under construction
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would be able to be relocated. This was the situation in Biloxi
for Hurricane Katrina, with its floating, barge-mounted casinos,
and in Gulfport, which had such casinos as well as industrial
barges. The mooring �restraint� systems for such structures must
consider both absolute and relative motions. Several structures
in Biloxi illustrate what can happen when the restraint system is
not adequate.

Relative Motion between Fixed and Floating
Adjacent Structures

The Hard Rock Casino was located on adjacent floating barges
oriented parallel to the shore. The casino was enclosed in a fixed
“shell,” which was presumably designed to resist wind loads. The
exterior shell collapsed onto the casino, virtually demolishing it
�Fig. 18�. The Hard Rock Casino was the most severely damaged
of all the casinos surveyed. At least three plausible failure mecha-
nisms can be identified. First, excessive vertical motion of the

Fig. 17. Posttensioned anchors at slab edge and he

Fig. 18. Hard Rock Casino barges
JOURNAL OF WATERWAY, PORT, COASTAL, AND OC
barges could have exceeded the clearance between the casino
and the fixed roof, inducing collapse. The surge was estimated
at approximately 6–7.5 m �20–25 ft�, and this may not have
been accommodated in the design. A second scenario is that the
roll induced by the waves caused the top part of the casino to
impact the columns of the shell, resulting in progressive collapse.
The third and most likely scenario is that the surge and waves
elevated and pushed the barges inland, causing the inland col-
umns of the exterior shell to fail. With the frame resistance gone,
the wind, surge, and waves then pushed the seaward columns
back, and the entire system collapsed. The racking of the barges,
as shown in Fig. 18, supports this hypothesis, as do other pictures
that show the shore side of the first barge resting on the second
floor of the shore-based structure, as well as the failure of the
seaward columns.

Another example of relative motion resulting in significant
collapse is the Isle of Capri casino and parking structure �Fig. 19�.

tud shear reinforcement at slab-column connection
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It is clear that the pounding of the barge-mounted casino on the
columns of the parking structure resulted in partial progressive
collapse. It is unlikely that the light-frame superstructure could
have caused the collapse of the concrete columns. It is more
likely that the barge hull, which was located very close to the

Fig. 19. Progressive collapse of parking structur

Fig. 20. Larger Grand Casino Biloxi barge transported alongshore and
Atmospheric Administration/Department of Commerce�
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exterior columns, slammed into the columns as a result of in-
crease in elevation, roll, and/or yaw. The floor system, consisting
of posttensioned one-way slabs supported on long-span, postten-
sioned beams, was unable to prevent progressive collapse without
the column support. The relative positioning of the collapsed

to barge impact damage to lower-level columns

d by Hurricane Katrina �Photo courtesy of U.S. National Oceanic and
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spandrel beams indicates that the middle floors likely collapsed
first. The long span of the slab could not be supported without the
column, causing the upper floors to collapse and then finally the
lower floors. Note the mooring piles, which were inadequate to
prevent the destructive impact.

There are several design decisions that could have prevented
this collapse. Clearly a better-designed mooring system could
have prevented the barge from impacting the building. In addi-
tion, if the exterior columns had been inset away from the edge,
they would then have been protected by the floor slabs, which
would have acted as giant bumpers. The garage structure could

Fig. 21. Damage to cast-in-place reinforced c

Fig. 22. Predicted pore pressure and effective str
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also have been designed to resist progressive collapse so that
damage to a few columns would not result in disproportionate
collapse of the floor slabs.

Restraint against Lateral Movement

The Grand Casino Biloxi consisted of two barge-mounted, multi-
story casino structures. These broke free from the dolphin moor-
ing system and were transported a substantial distance onshore
�Fig. 20�. The smaller, three-story casino barge was approxi-
mately 39 m �100 ft� wide, and 60 m �200 ft� long and had a draft

building caused by impact of adjacent barge
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of approximately 2.4 m �8 ft�. The single-family house next to its
resting place was demolished, and the casino caused severe dam-
age to the abandoned Tivoli Hotel when it collided �Fig. 21�.
There appeared to be minimal damage to the barge hull. This
failure will be discussed subsequently.

Effects of Scour

Types of Scour

Extensive scour was observed around bridge abutments and piers,
building foundations, and highway pavement structures along the
affected areas of the Gulf Coast. This scour contributed to the
partial or complete collapse of a number of coastal structures.
Two types of scour mechanism were identified: �1� shear-induced
scour due to pickup and transport of sediments by the flowing
water and debris; and �2� liquefaction-induced scour due to soil
instability as a result of pore pressure gradients within the sedi-
ment bed. Although both mechanisms contributed to the scour of
beaches and coastal structures, liquefaction-induced scour is be-
lieved to be responsible for the extensive scour damage observed
under building foundations and highway pavements.

During a storm surge event, liquefaction-induced scour occurs
when the vertical effective stress between soil particles is reduced
to nearly zero due to phase difference �i.e., time lag� between
pore-pressure variation in the soil and water pressure variation on
the bed surface. This mechanism is enhanced by the rapid draw-
down as the surge water recedes. Scour can occur very rapidly
under such conditions because the soil loses almost all of its shear
strength and thus behaves like a viscous liquid, which can be
transported easily by the flowing fluid.

During Hurricane Katrina, the storm surge lasted for several
hours and exceeded 7.5 m �25 ft� along portions of the Missis-
sippi coastline. The nearly saturated sandy deposits also were
subjected to pressure fluctuations due to wave actions, which
can also result in liquefaction-induced scour. As demonstrated
in Fig. 22, at a water depth of 4.5 m �15 ft� and a wave height
of 3 m �10 ft�, the depth of liquefaction of nearly saturated
sand deposits can reach up to 0.75 m �2.5 ft� below the sea-
bed surface. This wave-induced liquefaction can be even more
severe during wave drawdown or ebb surge due to rapid decrease
of the water level, without time for the internal pore pressure to
dissipate.

Wave-induced liquefaction is also believed to be responsible
for the scour under ground-floor slabs and highway subgrades

Fig. 23. Liquefaction-induced sc
�Figs. 23 and 24�. The thin floor slab or highway pavement helps
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to prevent shear-induced scour and postpone the point at which
liquefaction occurs. Nevertheless, the supporting sandy soil or
backfill is still susceptible to liquefaction-induced scour, particu-
larly during wave drawdown or ebb surge. Once the supporting
soil liquefies and is carried away by the flowing fluid, the thin
floor slab or highway pavement, which initially rested on the soil,
will collapse, which may eventually lead to total collapse of the
structure. Numerous examples of liquefaction-induced scour
under floor slabs and footings were observed throughout the Mis-
sissippi coastline. Sinkhole-like craters also were observed in
many locations along the coastal highways due to drawdown and
wave-induced liquefaction of the subgrade below the pavement
�Fig. 24�.

The most extensive scour observed along the Mississippi
coastline was at the west-end abutment of the US 90 bridge in the
town of Bay St. Louis �Fig. 25�. The abutment was originally
surrounded by a soil embankment protected by a retaining wall
and concrete apron. Massive scour of all backfill and sand subsoil
was observed below the collapsed reinforced concrete embank-
ment apron, which led to the exposure of the piled foundation
below. The maximum scour depth was approximately 4.5 m
�15 ft�, and the scour extended behind the abutment wall and
undermined the approach slabs by as much as 2.5 m �8 ft�. A
combination of wave-induced liquefaction and shear-induced
scour is also believed to be responsible for the complete failure of
Beach Boulevard in Bay St. Louis, where the maximum scour
depth was around 1.5–1.8 m �5–6 ft� �Fig. 26�. A number of
residential and low-rise commercial buildings also suffered foun-
dation failure and partial building collapse due to undermining by
scour �Fig. 27�.

Effects of Debris

Types of Debris

Katrina demonstrated that any floating or mobile object in
the nearshore/onshore areas can become floating debris. This in-
cludes shipping containers, boats, unrestrained storage containers,
eighteen wheeler trucks, and barges. As the debris accumulates,
floating debris fields can develop that can cause substantial loads
as they block the fluid flow. Debris effects on structures took two
forms: impact and water damming.

Impact

An example of impact is clearly demonstrated by the collision of

der fill-supported first-floor slab
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�8 ft� draft of the barge, as reported above, was estimated from
the water line on the barge hull. If this was indeed the draft during
the storm, then the barge’s mass was approximately 4,600 t. Such
a mass, with only a modest speed, will impose a large force on
any structure it impacts. ASCE/SEI 7-05 �ASCE 2005� suggests
the following formula for impact forces:

Fig. 24. Sinkhole-like crater left by scou

Fig. 25. Up to 4.5 m �15 ft� of scour ar
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in which W�weight, V�impact velocity, g�gravity, and
�t� impact duration �the additional coefficients in the code
equation are taken to be 1.0�. This equation is based on simple
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impulse-momentum considerations and assumes the time varia-
tion of the impact force is a quarter-cosine wave. ASCE 7 re-
commends 0.03 s as the impact duration, while the Coastal
Construction Manual �CCM� �FEMA 2000� recommends ap-
proximately 0.3 s �with a slightly different formula�. If we as-

Fig. 26. Complete scour of

Fig. 27. Scour under foundations
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sume the 4,600 t barge had a modest 2.24 m/s �5 mph� impact
velocity and a 0.03 s impact duration, the maximum impulsive
force acting on the structure is approximately 540 MN �120,000
kips�. Even one-tenth of such a lateral load is well above the
capacity of any practical column. Hence, in such environments it

Boulevard in Bay St. Louis
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is critical to ensure that progressive collapse does not result when
a small number of columns or walls are damaged.

Although the impact demolished a corner column in the rein-
forced concrete building, the fifth floor and roof remain intact;
this demonstrates the intrinsic redundancy in reinforced concrete
buildings even when not specifically designed to prevent progres-
sive collapse. In more usual cases, the mass will be substantially
less but the velocities will likely be much higher, especially in the
case of a tsunami. However, except for slender steel tubular col-
umns, no significant structural damage was observed as a result of
impact except in the case of the barge casinos. The design engi-
neer can obtain some guidance from ASCE 7 and CCM, but,
current code provisions do not appear to provide adequate protec-
tion against collapse as a result of impact from “large” debris.
Recent work may help to improve some code specifications relat-
ing to impact forces �Trimbath 2006�.

Water Damming

In addition to impact damage, there was clear evidence of damage
from the water-damming effect. This happens when “large” debris

Fig. 28. Empty steel shipping contain

Fig. 29. Shipping container damage
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becomes lodged against structures, perhaps broadside, and there
are significant drag and inertia forces that result from the disrup-
tion in the flow field.

Shipping containers are ubiquitous and therefore represent a
common type of debris that can cause substantial fluid forces on
structures, even those that under normal circumstances would be
considered relatively wave transparent. Fig. 28 illustrates this
situation, where a shipping container bridged between two slender
steel pipe columns supporting the roof of a car dealership. As
evidenced by the crumpling of the upstream side of the 6 m
�20 ft� standard container, significant hydrodynamic forces re-
sulted from this “damming” effect. The steel columns held, but
not without significant damage. The 127 mm �5 in.� diameter col-
umns were 4.57 m �15 ft� on center and 6.0 m �20 ft� high, the
pipe wall thickness was likely either 6.35 or 9.5 mm �1/4 in or
3 /8 in.�, and the yield stress is likely 290 MPa �42 ksi� �these are
typical values�. For simplicity, we assume the columns are simply
supported and the top of the container resulted in a force at the
column midspan. The concentrated midspan force that would de-
velop full yielding of the column cross section based solely on

ged against columns supporting roof
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bending would be 16.5 or 23.6 kN �3.7 or 5.3 k�, respectively, for
the two likely wall thicknesses. The drag force can be estimated
from

FD = CD

�V2

2
A �7�

in which CD�drag coefficient, ��fluid density, V�fluid velocity,
and A�projected area. The commentary to ASCE 7-05 �ASCE
2005� mentions a drag coefficient of 1.0, which would seem to be
a minimum value. As a simplification, it is assumed here that the
total drag force was distributed such that one-fourth was applied
to a single column midspan. Under these assumptions, the fluid
velocity required to obtain the failure forces is only approxi-
mately 2.9 to 3.4 m/s �6.5 to 7.5 mph�, a moderate velocity. As a
result, it can be seen that the damming effect can significantly
increase the forces on slender structural members and easily lead
to failure. Fig. 29 shows the damage a shipping container caused
to an apartment building. This damage likely resulted from a
combination of debris impact and damming. In any event, the
failure of the steel pipe columns at the first level resulted in pro-
gressive collapse of the upper level balconies.

Fig. 30 shows the failure of numerous piles that had been
installed in anticipation of expanding the adjacent industrial facil-
ity. The shipping container was pushed along by the water and
leveled rows of concrete piles. Although the first few piles may
have failed as a result of impact, it is likely that the later piles
�and possibly all of them� failed as a result of the damming effect
caused by the container being broadside to the fluid flow.

The 300 mm �12 in.� square piles were prestressed with four
13 mm �0.5 in.� diameter tendons located at each corner of the
cross section. Based on the measured location of these tendons,
an assumed concrete compressive strength of 41 MPa �6,000 psi�,
and an assumed tendon ultimate tensile strength of 1,860 MPa
�270 ksi�, the bending capacity of each pile is estimated at
76.5 kN·m �56.4 ft-kip�. Pile failure occurred at approximately
0.6 m �2 ft� below grade, while 2.4 m �8 ft� of pile was exposed
above grade. Assuming a standard 12.2 m �40 ft� container
lodged against three of the piles, spaced at 3.7 m �12 ft� on cen-
ter, an average lateral pressure of 3.7 kN/m �78 psf� on the
container would cause pile failure. Using the same assumptions
presented earlier for estimating the drag force on the shipping
container, this pressure would be developed by a moderate fluid
velocity of 2.7 m/s �6.1 mph�. Although these piles were particu-
larly susceptible to bending failure as freestanding cantilevers,
these failures demonstrate the considerable potential for damage

Fig. 30. Bending failure of piles due to
due to debris-damming effects.
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Summary

Hurricane Katrina resulted in very large storm surge along the
Gulf Coast, especially in Mississippi. The hardest-hit areas, from
Biloxi to Pass Christian, suffered a storm surge of approximately
6–7.5 m �20–25 ft�, which resulted in substantial damage to
some engineered structures. In the case of low-lying bridges,
segments were lifted up by a combination of hydrostatic �from
submersion� and hydrodynamic �from waves� forces and then dis-
placed laterally by the hydrodynamic forces from surge and
waves. Similarly, parking garage floor systems constructed of
precast double-tee beams, which are weak in negative bending,
suffered numerous collapses as a result of these uplift forces.
Condominiums and other building structures also suffered sub-
stantially if the slab systems were not able to handle the unantici-
pated uplift forces.

Katrina demonstrated that any floating/mobile object can be-
come floating debris. In this case, the debris included floating
casino barges, industrial barges, shipping containers, and 18-
wheeler trucks. Several damage modes can be identified. Fixed
structures adjacent to floating structures were damaged by the
large relative motion. For casino barges that broke free, while the
velocities were likely relatively small, their large mass meant that
the momentum was still substantial when impact occurred, caus-
ing large impulsive forces. Smaller debris also poses risks to
structures, including those resulting in flow damming. Even
wave-transparent structures, such as those on columns, can be
subjected to large forces when, for example, shipping containers
become lodged against the columns, damming the water and in-
creasing by multiple times the surface area exposed to the flow.

Substantial scour resulted from both shear-induced sediment
transport and liquefaction induced flow resulting from rapid pore-
pressure changes in sandy backfill and subsurface deposits. Scour
due to liquefaction occurred in backfill below foundation slabs
and highway pavements, even though these soils were protected
from shear-induced scour by the overlying structure.

This survey demonstrated that engineered structures in regions
subject to hurricane-induced storm surge or tsunami inundation
have significant risk factors associated with sometimes unantici-
pated loads, such as uplift, debris impact and damming, and
liquefaction-induced scour. Engineers, developers, insurers, and
building officials should be aware of these unusual loading con-
ditions to achieve better risk assessment for and management of
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Conclusions and Recommendations

Based on analysis of the observations made during reconnais-
sance surveys of the coast affected by the storm surge from Hur-
ricane Katrina, the following conclusions were drawn.
• Many engineered structures in the Katrina inundation zone

experienced only nonstructural damage at the lower levels due
to the storm surge and storm wave action. A number of struc-
tures experienced significant structural damage due to the ef-
fects of the coastal inundation.

• Bridge decks and structural floor systems submerged during
coastal inundation are subjected to significant hydraulic loads,
including hydrostatic uplift due to buoyancy, which is ampli-
fied by the effect of entrapped air, and hydrodynamic uplift
due to vertical wave action. These loads are dynamic and
highly variable and were probably repeated a number of times
during an inundation event. If structural design is performed
using equivalent static forces, the dynamic nature of the actual
loading condition must be considered so as to incorporate ad-
equate ductility and toughness in the members and their con-
nections.

• Deck segments of low-level bridges in regions subject to
coastal inundation should be restrained against uplift and pro-
vided with shear keys designed to resist all anticipated lateral
loads, ignoring the contribution of gravity-induced friction.
Bulkheads and blocking should be designed to allow air to
escape from below the deck, thereby reducing the volume of
trapped air when submerged.

• Building floor systems below the anticipated inundation level
should be designed for uplift due to buoyancy, including the
effect of entrapped air, and hydrodynamic uplift due to wave
action. Prestressed double-tee systems are particularly suscep-
tible to uplift failure due to the large volume of entrapped air
between the tee webs and the uplift induced by the prestress
design. Flat slab and other concrete floor systems must also be
designed for hydrodynamic uplift forces produced by wave
and surge action. These forces induce inverted bending and
shear effects on continuous floor systems typically designed
only for gravity loads.

• Restraint systems for floating structures such as barges should
be designed to permit water elevation changes anticipated dur-
ing the design event. The restraint systems should also be de-
signed for the lateral loads induced by the surge and wave
action.

• The primary effects of floating debris are the initial impact
when debris strikes a structural element and the damming ef-
fect if the debris lodges against the structural element. The
types of debris will vary with the coastal location. Standard
shipping containers should be considered as the design debris
in many developed coastal areas.

• Multistory buildings should be designed for progressive col-
lapse prevention in the event of unforeseen damage to indi-
vidual structural elements at the lower levels.

• Building and bridge foundations must be designed to accom-
modate scour induced by the surge and wave action. Scour
results from both shear-induced particulate transport and
liquefaction-induced soil flow.

• Backfill around foundations and under earth-supported slabs
should be selected to avoid liquefaction during rapid draw-
JOURNAL OF WATERWAY, PORT, COASTAL, AND OC
down. Soil stabilization could be considered to reduce or pre-
vent both liquefaction and shear-induced scour.
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