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Part 3 — Issues and Applications in Coastal Highway Design

Chapter 6 - Coastal Revetments for Wave Attack

This section addresses the design of revetments on embankments for protection from wave
attack. The design of an earthen highway embankment is primarily a geotechnical engineering
problem with rock or rip-rap revetments sometimes employed as slope protection. Revetments
can be used for protection from four different types of hydraulic situations: direct rainfall impacts,
overland flow, stream or river currents, and waves. This section addresses only wave attack.

HEC-11 (Brown and Clyde 1989) provides procedures for the design of riprap revetments for
channel bank protection on larger streams and rivers where the active force of the flowing water
exceeds the bank material’s ability to resist movement. Flow in a stream or river is unidirectional
and typically aligned parallel to the banks. Waves produce oscillatory velocities and
accelerations that can be in almost any direction on a revetment. HEC-11 recommends
Hudson’s equation to estimate stone size for revetments subject to wave action.

This section recommends an approach based on determining a design wave and using
Hudson’s equation to size the stones in the outer layer of a rock revetment. This approach can
lead to designs with larger stones and narrower stone gradations than designs for non-wave
situations. The difference is due to the higher forces caused by waves. Situations where riverine
and wave flows are significant, the design engineer should consider both design approaches
and develop a conservative design.

6.1 Types of Revetments and Seawalls

Figure 6.1 shows a revetment along a bay shoreline designed to protect a local road from
erosion by waves during storms. This design has a stone revetment extending from below the
water surface up to a sheet pile wall and pile cap near the roadway shoulder. Storm surges can
exceed the pavement elevation here.

The distinction between revetments, seawalls, and bulkheads is one of functional purpose
(USACE 1984). Revetments are layers of protection on the top of a sloped surface to protect the
underlying soil. Seawalls are walls designed to protect against large wave forces. Bulkheads are
designed primarily to retain the soil behind a vertical wall in locations with less wave action.
Design issues such as tie-backs, depth of sheets are primarily controlled by geotechnical
issues. Given the relationship between wave height and fetch (distance across the water body)
Figure 6.2 provides a conceptual distinction between the three types of coastal protection.
Bulkheads are most common where fetches and wave heights are very small. Seawalls are
most common where fetches and wave heights are very large. Revetments are often common in
intermediate situations such as on bay or lake shorelines.

Seawalls can be rigid structures or rubble-mound structures specifically designed to withstand
large waves. Two very large, rigid, concrete seawalls with recurved tops to minimize
overtopping are the Galveston Seawall (Figure 6.3) and San Francisco’s Great Highway
Seawall (Figure 6.4). Such massive structures are not commonly constructed in the US. Vertical
sheet pile seawalls with concrete caps are common but require extensive marine structural
design. A more common seawall design type in the United States is a rubble-mound that looks
very much like a revetment with larger stones to withstand the design wave height. Thus, the
two terms, seawalls and revetments, can be used interchangeably with the former typically used
for the larger wave environments. Figure 6.5, Figure 6.6, Figure 6.7, and Figure 6.8 are
examples of rubble-mound seawalls protecting coastal roads exposed to open-coast storm
waves.
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6.2 Hudson’s Equation for Armor Stone Size

A well-designed and constructed rubble-mound revetment can protect embankments from
waves. The underlying philosophy of the rubble-mound is that a pile of stones is efficient at
absorbing wave energy and robust in design in that damage is often not catastrophic. It also can
be relatively inexpensive. Some of the oldest coastal structures in the world are rubble-mounds.
They have the inherent ability to survive storms in excess of their design storm. In the words of
an old advertisement for a brand of watches, rubble-mound revetments “can take a licking and
keep on ticking.” This ability to continue to provide some function even after experiencing
storms that are more severe than their design storm is valuable in a coastal environment where
costs often preclude selection of extremely rare design storms.

Hudson’s equation (USACE 1984) provides a basis for estimating the required stone size in a
sloped revetment. The required median weight for the outer, or armor layer, stones is:

w, H®

W, = 6.1)
* Ky (S, - 1) coto
where:
Wsg = median weight of armor stone
W, = unit weight of stone (~165 Ib/it®)
H = design wave height
Kb = empirical coefficient (=2.2 for rip-rap gradations)
S = specific gravity of stone (~2.65)
0 = slope

Hudson’s equation accounts for the most important variables including design wave height,
different structure slopes, different stone densities and angularities. Steeper slopes require
larger stones. However, the range of recommended slopes here is up to 2:1 (horizontal:vertical).
Note that, by definition, the coto=2 for a 2:1 slope and cott=3 for a 3:1 slope, etc. Revetment
structure slopes greater than 1%2:1 (horizontal:vertical) are not recommended (USACE 1984).

The empirical coefficient in Hudson’s Equation, Kp, is based on laboratory tests and varies to
include the effect of stone angularity/roundness, number of layers of armor stone, distribution of
individual stone sizes about the median size, and interlocking characteristics. The value
suggested here, Kp = 2.2, is for a layer of rough-angular quarrystone at least two stones thick.
The stones have a gradation of weights that varies between 0.125 W5, < W < 4Ws,. Other
values of Kp for other situations, including artificial concrete armor units, are discussed in
USACE (1984) and USACE (2002).

For typical conditions of specific gravity of stone (S,=2.65 for granite) and unit weight of stone
(w:=165 Ib/ft’), with the empirical coefficient set to Kp=2.2, Equation 6.1 can be written as:

16.7H°
= 6.2
R (6.2)
where:
W5 = median weight of armor stone (Ibs)
H = design wave height (feet)
0 = slope
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5% of all wave heights in the design sea-state (H_5 )- The relationships (see Table 4.1) between

significant wave height and these other statistics are H,, = 1.27 Hs and H, = 1.38 H;.

Coastal revetments are often located where the design sea-state is depth-limited, i.e. the depths
are so shallow immediately offshore of the location of the revetment that the storm waves have
broken and the largest waves are on flat offshore slopes,

H, =0.8d, (6.3)
where:

Hy
ds

maximum breaking wave height
design depth at the toe of the structure

To account for the distance over which waves travel as they break, a depth some distance
offshore of the toe (say one wavelength) sometimes is used in Equation 6.3. For non flat slopes
see USACE (1984) and USACE (2002).

A depth-limited design wave height used in Hudson'’s equation should account for any long-term
erosion that may change the depths immediately offshore. The construction of a revetment,
while it protects the upland, does not address the underlying cause of erosion. The depths at
the toe of the revetment will likely increase if the erosion process continues. The presence of a
revetment or seawall can increase the vertical erosion at its base. The revetment or seawall
does not allow the material in the bluff to naturally nourish the beach.

Hudson’s equation has no factor-of-safety. Hudson established the Kp values such that there
was some small level of damage to the structure. The damage level was defined as the level
where 5% of the rocks on the revetment structure armor layer face moved. Thus, it is entirely
appropriate for some conservatism or factor of safety to be added to the design process based
on engineering judgment. The factor of safety could be included through the selection of a

conservative design wave height used (such as H; ) in Hudson’s equation or it could be through
an increase in the specified design median rock weight.

Applications of Hudson’s equation in situations with a design significant wave height of H = 5
feet or less have performed well. This range of design wave heights encompasses many coastal
revetments along highway embankments. When design wave heights get very large and the
design water depths get very large, problems with the performance of rubble-mound structures
can occur. These problems relate in part to wave groupiness (back to back large waves) ,
design sea-state specification, constructability and other issues. Seawalls with design wave
heights much greater than H=5 feet require more judgment and more experience and input from
a trained, experienced coastal engineer. Other details about the design of rubble-mound
revetments are discussed in the Coastal Engineering Manual (USACE 2002).

One alternative to the two-layer design of Figure 6.13, is a “dynamic revetment’ (or “berm
revetment’) which contains a significantly larger volume of smaller stones with a wider
gradation. A dynamic revetment allows the stones to move in response to storm waves into an
equilibrium shape much like a cobble or sand beach.

An alternative to the use of extremely large stones in the armor layer is to use concrete armor
units. These typically are lighter since they interlock better than quarrystone and thus have
higher Ky values. They can be cast on site. There are a number of shapes of artificial concrete
armor units including several patented shapes requiring the payment of license fees.
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7.3.1 Shortcomings of Shoreline Change Assumptions

There are theoretical and practical shortcomings with the underlying assumptions in using
historic shoreline change rates to estimate future shoreline position. They include:

1. Natural shoreline change processes are often not linear in time.
2. Engineering may have influenced historic shoreline changes.
3. Engineering may influence future shoreline changes.

It has long been recognized that shoreline change can be episodic. An individual storm may
cause significant erosion or even trigger the beginning of an erosional period. The natural
dynamic equilibrium on some beaches involves years of recovery after major storms. Large
storms on low-lying barrier islands can cause island rollover and migration. Large storms on
some coasts may remove large amounts of sand from the beach, via longshore and cross-shore
sand transport and cause bluff erosion. Subsequent times of lesser storm activity can result in
the replacement of much of that sand by similar processes.

Shoreline position in many US locations has been influenced either positively or negatively by
engineering works. Engineering works can include seawalls, groins, breakwaters, inlet jetties,
dams (on the US West Coast), dredging of ship channels, and beach nourishment. For
example, a groin that traps sand will often widen an updrift beach while narrowing a downdrift
beach. Over 1 billion cubic yards of sand have been trapped or removed from US beaches by
the works of man (Douglass, et al. 2003). Beach nourishment projects can widen beaches
significantly. Roughly 0.5 billion cubic yards of sand have been placed on 200 areas along the
US coast (Campbell and Benedet 2004).

7.3.2 Sediment Budgets

Sediment budgets can be used to estimate future shoreline positions. Sediment budgets are
estimates of the rate at which sand is entering, leaving a specific reach along the coast. The
difference between the volume entering and the volume leaving an area yields the volume
gained or lost by that area. Sediment budgets typically require much more data and analysis
than simple shoreline change extrapolation. An example coastal sediment budget for Florida’s
St. Joseph's Peninsula is shown in Figure 7.10. Sediment budgets are often developed to
understand a specific erosion problem and to develop alternative solutions. Input data usually
include historic shoreline change rates or beach profile data. The sediment budget shown in
Figure 7.10 was based on volumetric changes between 1973 and 1997. The sediment budget
shows that the “Stump Hole” area just north of R-110 is losing an average of 185,000 cubic
yards of sand per year. This is the cause of the shoreline recession threatening the road in
Figure 7.1.
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Figure 7.10. Example of a coastal sediment budget (Coastal Tech and Preble-Rish, Inc. 1998)
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7.4 Vulnerability Studies for Coastal Roads and Bridges

Some fraction of the over 60,000 highway miles in the United States that are occasionally
exposed to coastal waves and surge have already been damaged and will be damaged in the
future. “The long-term expectation of continued highway damage requires comprehensive and
continuing studies of highway vulnerability” (AASHTO Highway Drainage Guidelines 1999).
Clearly, some of these coastal road miles are more vulnerable than others. Planning decisions
related to repair, protect, or relocate these highways may be accomplished in a cost-effective
manner based on a vulnerability study.

The decision to repair, protect, or relocate coastal highways requires an assessment of many
variables including shoreline recession rates, protection afforded by existing and projected
beach width, dune size, bluff geology, present and future transportation needs, and costs. A
systematic method to anticipate future erosion problems along coastal highways and to evaluate
responses for their repair and protection needs to be developed. The following objectives should
be addressed by such studies (AASHTO Highway Drainage Guidelines):

e Identify the relative vulnerability of highway actions in the coastal zone to long-term
erosion including the effects of storms and hurricanes

o Evaluate feasible engineering solutions for protecting and repairing coastal highways.

e Review and document prior highway damage, causes, remedial actions, costs, and
effectiveness of solutions.

e Develop and test a methodology for matching repair and protection strategies to highway
sections for different vulnerability scenarios.

e Use the model to estimate the location of all vulnerable sections and identify protection
actions and costs for a predefined planning period.

Details of the model depend on the local coastal processes threatening the highway. In areas
where dunes protect highways, available dune erosion models can be used to evaluate the level
of protection. Vulnerability means that the coastal highway is susceptible to excessive overwash
or undermining of the highway base. Transportation officials usually perceive a vulnerability
problem when maintenance crews are required to make repairs several times per year
(AASHTO Highway Drainage Guidelines).

Coastal highway vulnerability models are built from two databases:
1. A digitized map with elevations and shoreline position
2. An estimate of long-term shoreline recession rates.

This data can be integrated and organized for presentation on base maps and spreadsheets.
When completed, this data will identify specific locations of vulnerable highways (AASHTO
Highway Drainage Guidelines). For example, Figure 7.11 shows transects evaluated for
vulnerability along a portion of North Carolina Highway 12. Each transect was evaluated using a
model that incorporated both long-term shoreline change rates and storm-induced dune erosion
(Moffat & Nichol 2005).
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The stretch of Texas Highway 87 that is closed today is in front of wetlands that are part of the
McFadden National Wildlife Refuge. Relocating the road landward would require filling the
wetlands. Likewise, relocation of CR 30E in the Stump Hole area of Cape San Blas (see Figure
7.1) would require the filling of wetlands currently managed by the state as an aquatic preserve.
Alternative relocation options considered for Washington Highway 105 in the Cape Shoalwater
area included private cranberry bog farms.

7.5.1 Shoreline Stabilization Options

An option along a receding shoreline is some form of shore stabilization or protection.
Stabilization is essentially holding the line and resisting the recession. The shore protection
generally is in one of two forms. One, some form of “hard” structural shoreline protection such
as a seawall or groins or breakwaters. Two, some form of “soft” sand shoreline protection such
as beach nourishment. There are many combinations of structures with nourishment.

7.6 Coastal Structures
Coastal structures can be categorized in terms of their primary function as follows:

1. seawalls, revetments, bulkheads — shore-parallel structures on the shoreline designed to
protect upland property from waves

groins — shore perpendicular structures designed to control longshore sand transport

breakwaters — shore-parallel structures located seaward of the shoreline to reduce the
wave energy in their lee and to control longshore sand transport,

4. hybrid structures — some functional combination of groins and breakwaters including “t-
head groins” or “headland breakwaters”

Groins were probably the most common shoreline stabilization technique in the first half of the
20™ century. Figure 7.12 and Figure 7.13 shows two groin fields. Groins are typically placed as
shown in groups or “fields.” They are often called “jetties” but that term is typically reserved by
the US coastal engineering community for structures that stabilize inlets. Groins can stabilize a
shoreline via two mechanisms if there is adequate sand in the littoral system:

e Groins can locally realign the shoreline (shown in Figure 7.12) to reduce the longshore
sand transport rate.

e Groins can shelter the area adjacent to them from the wave energy especially when
waves approach the shore at an angle.
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Some of the innovative solutions to beach erosion that have been tried are artificial seaweed,
used tire breakwaters, different types and shapes of rigid submerged and emergent devices and
beach dewatering. Most innovative solutions are serious attempts to address a challenging
problem but some are unproven and highly questionable. Unproven, innovative shore protection
solutions for highway applications should be pursued very judiciously.

While the evaluation of new innovative solutions to beach erosion problems should continue in
the research and development community, prudent engineering planning and design should
focus on proven solutions: relocation, nourishment, structures or some combination of those
approaches.
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Chapter 9 - Coastal Bridges

The FHWA estimates that there are over 36,000 bridges located within 15 miles of coastal
waters of the United States (FHWA 2007). While a notable number of structures, this only
represents 6 percent of the approximately 600,000 bridges contained within the National Bridge
Inventory (NBI) (FHWA 2007)%.

For perhaps this reason, many SDOT drainage manuals apply riverine based hydraulic design
concepts and approaches to these coastal bridges. For example, flow and water surface
elevations at riverine bridges can frequently be fairly well represented by assuming steady
uniform flow with reasonably long flow durations. This justifies use of relatively straight forward
hydrologic approaches (regression equations, rainfall/runoff models) to develop peak design
flows. Likewise, given these peak flows, practitioners generally use steady flow, one-
dimensional models to estimate velocities, backwater, and other hydraulic design constituents.

However, the complicated hydrologic and hydraulic processes in the coastal environment may
render such assumptions inappropriate for coastal bridges. Astronomical tides have reversing
flows and may also have substantial ranges. These result in associated depths and velocities
that vary significantly over a relatively short period of time. In addition to tidal fluctuations,
hydraulic analyses need to consider and determine design storm surge and design wave
heights, increasing the complexity.

Typical modeling assumptions and approaches (i.e., use of steady flow, one-dimensional
models) usually do not apply to coastal bridges and may lead to problematic results and
interpretations. For example, some analyses attempt to equate design flow and design surge
elevation. This is a faulty assumption. During a flood event in a riverine system, the channel
cross sections defining the floodplain also provide the limits of flow conveyance and thus the
associated flow depth of that flood (i.e., flood quantity determines water elevation). During a
design surge event, the water levels extend over a much larger geographical area with water
depths limited by those factors described in section 3.2, “Storm Surge.” Therefore, at any
particular location, the water elevation (head) determines flow quantity (i.e., water elevation
determines flow). Additionally, as described earlier, the highly time dependent nature of coastal
hydrologic and hydraulic processes (described above) preclude steady flow approaches, adding
intricacy to the modeling effort.

Coastal bridge complexities are not just related to hydrologic and hydraulic processes. The
orientation of the coastal bridge to “flow” direction may be quite different than a typical riverine
bridge. At such riverine bridges the goal is to place the bridge as perpendicular as possible to
the natural design flood flows direction. In many cases coastal bridges are not transverse the
stream thalweg, but are in-line with the direction of the surge. Do such surges induce velocities
sufficient for scour formation? Or a bridge located within an embayment may be, depending on
storm direction, be subject to wave scour or wave loads, whereas for other storm directions, the
bridge could be reasonably safe.

Therefore, even more so than riverine bridges, the level of engineering for coastal bridges
requires consideration of forces and processes unique to the coastal environment including tidal
bridge scour potential and hydrodynamic loads from waves and tidal currents. Wave and current

% The 36,000 bridge estimate also does not include bridges and culvert systems with less than a 20 foot
span (nor are these smaller spans included in the NBI).
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9.2 Coastal Bridge Scour

Scour is the most common cause of bridge failures in the United States. Bridge scour is the
erosion caused by water of the soil surrounding a bridge piers and abutments.

Research has produced a vast body of knowledge for evaluating and estimating scour at
bridges. Mostly oriented towards the riverine environment, research represents riverine
conditions by assuming steady uniform flow with reasonably long flow durations.

Recommended procedures for estimating scour at these bridges rely heavily on these
assumptions. The FHWA has produced the document HEC-18 “Evaluating Scour at Bridges”
(fourth edition) (HEC-18) (Richardson and Davis 2001), as well as other documents and
material to provide guidelines for designing new bridges to resist scour, evaluating existing
bridges for vulnerability to scour, inspecting bridges for scour, and improving the state-of-
practice of estimating scour at bridges.

9.21 Coastal Bridge Scour Policy, Guidance, and Research

Significant resources have been devoted to the bridge scour problem, yielding a growing body
of knowledge and products. The FHWA uses these products to develop and provide national
scour policy and guidance.

The position of the FHWA is that these policies and guidance cover both riverine and coastal
situations. However, the FHWA also recognizes that conditions in the coastal environment may
necessitate moving away from a “one size fits all” technical approach in certain case-by-case
situations. Of vital importance when considering deviating from these national approaches is
that the SDOT recognize the risk associated with the scour methods to be applied to a specific
project. This risk assessment includes endorsement by the local FHWA Division Offices and, as
needed, knowledgeable scour experts.

Appendix D provides some background and commentary on coastal scour related policy and
guidance, including scour estimation and potential countermeasures. Appendix D also provides
a brief synopsis of some relevant research efforts.

9.22 Coastal Bridge Scour Hydrology and Hydraulics

For coastal bridges, the applicable hydrology and hydraulics are influenced by waves, tides,
storm surges, longshore sand transport, inlet dynamics and stability, and other coastal
processes. Therefore, before any scour analyses occur, the practitioner needs to resolve these
technical issues, including some especially relevant to bridges over coastal waters.

Hurricane storm surges often produce extreme flow conditions for time periods of only a few
hours. This leads to an observation of another important difference between riverine and coastal
bridge hydraulics — the distinction in analyzing coastal flood conditions and scour conditions.

Coastal flooding will manifest itself in several ways: first the effects of the storm surge (and
waves) on the coastal floodplain. Since coastal areas are generally at low elevations and flat,
the extent of the flooding is widespread — inundating properties, infrastructure, and open
spaces. Secondly, the elevated surge acts as a downstream control for storm related rainfall
runoff. Until the surge has receded, this runoff does not have anywhere else to go, increasing
the backwater and flooding effects. This flooding may occur over some time — possibly more
time than the storm surge duration. Additionally, the probability of exceedance of the resulting
flood level may be much greater than the frequency of both the storm surge event and the
rainfall event, so a storm with a 10-year surge and 15-year rainfall might combine to produce a
100-year flooding event.
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These optimal flooding conditions may not necessarily be the same conditions as those that
would produce the worst scour. This is because when comparing the effects of the two primary
hydraulic variables associated with scour — velocity and water depth — velocity has a greater
role.

Therefore, optimal coastal scour formation conditions likely occur when the velocity would be
the greatest value. Specifically occurring during two situations: first, when surge is entering the
inlet or embayment at the fastest; and secondly, during the recessional period, when combined
surge and the storm affiliated rainfall flows back to the ocean (similar to the weir-flow damage
mechanism discussed in section 8.2).

To model these conceptual conditions, for hydrologic boundary conditions, a conservative scour
analysis would (1) consider a surge “hydrograph” having a short duration entering into a bay
while the bay was at MLLW; (2) consider a design runoff hydrograph (including residual surge
volume) returning to the ocean at MLLW. Clearly, this approach is conservative, which is why
larger studies often apply more refined techniques (see section 3.2, “Storm Surge” and section
9.5, “Selection of Design Storm Surge & Design Wave Heights”).

Once the design parameters have been determined it is necessary to estimate the magnitudes
of flow depths and velocities (and possibly other values as well). The determination of flow
parameters for coastal bridges almost always require the use of a surface water model that can
analyze unsteady flows. HEC-18 describes a “three-level qualitative approach” protocol to assist
in defining the amount of required analyses. Once again, consultation with a qualified coastal
engineer can serve to refine this overall protocol.

9.221 Level One Approach

The use of a HEC-18 based level one qualitative approach is never suitable for coastal bridge
hydraulic design or scour estimates on its own. However, a level one approach can be useful in
determine the potential level of effort required for a specific project.

9.222 Level Two Approach

The use of a level two (tidal prism) approach is suitable only for smaller bridges or low ADT
bridges in well protected tidal arms and embayments. The use of this approach is not
recommended for bridges at inlets or causeway bridges.

The range used in the analysis should be combination of the highest daily astronomical tidal
elevation (MHHW) and design event storm surge still-water-level (if not already combined).

As with the level one approach, a level two analysis can provide generally conservative
estimates of potential scour. When applying a tidal prism approach, the areas of uncertainty will
be area of the bay, stage-storage characteristics, and the ability to determine the hydraulics
performance of the bridge section.

9.22.3 Level Three Approach

Level three approaches apply varying degree of analyses. Smaller bridges (or systems of
bridges) at a single inlet, or embayments or river mouths can be analyzed with one-dimensional
unsteady flow models. The model would apply the hydrologic boundary conditions described
above.

Causeway bridges, bridges with unusual configurations, and larger and more complicated
bridges (or systems of bridges) require the use of two-dimensional unsteady flow models.
Generally, scour analyses of complex piers and bridges necessitate application of two-
dimensional numerical hydraulic models.
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The tradeoff is that the small amount of additional modeling effort produces additional
confidence in the velocity and depth parameters. The potential results of these more site
focused values may be smaller foundation elements (new bridges) and reduced scour
countermeasure material quantities (existing bridges).

Some specific and critical bridges may require advanced numerical and physical modeling.
These advanced numeric models may couple hydrodynamic, wave, and sediment transport
modules while the physical model simulates the actual processes using a scaled down version
of the physical feature with representative hydrodynamics, waves, and sediments.

Once the flow parameters have been properly determined, they are applied to the various scour
types and methods described below to estimate the magnitudes of scour at the bridge.

9.23 Types of Coastal Bridge Scour

The types of scour that occur at bridges in the coastal environment include the same general
categories (local (pier and abutment) and contraction) as found at riverine bridges. Additionally,
coastal bridges can experience scour as a result of wave action (wave scour) and localized
areas of high velocities flows. Finally, HEC-18 recognizes that sea-level rise might occur over
the life of the structure, so that consideration should also be incorporated into scour analyses.
As described below, even for the general categories, the practitioner must consider important
caveats and differences associated with the coastal environment.

9.2.3.1 Local (Pier and Abutment) Scour

Local scour includes pier and abutment scour. In riverine local scour mechanisms, the scour
hole typically forms near the upstream structure face. Some bed material deposition occurs near
the downstream face. Given the flood and ebb associated with the coastal environment,
sediment transport mechanisms can differ, resulting a scour hole can forming around the entire
pier. Figure 9.5 depicts such an example of scour forming around entire pier. The scour is
exacerbated by debris accumulation. Debris accumulation is not uncommon during coastal
storm events.

9.2.3.1.1 General Approach for Local Scour

As long as the design hydraulic conditions are determined based on appropriate hydrodynamic
methods, local scour equations such as those found in HEC-18 can be applied to coastal
bridges. At a minimum this includes sites suitable for level one analysis and smaller coastal
bridges in protected embayments.

9.2.3.1.2 Wide and Complex Pier Geometry

HEC-18 includes methods to compute pier scour for standard and complex pier geometries. The
HEC-18 equations include wide pier correction factors that may be applicable to bascule piers
when the pier is wide in comparison to the flow depth. HEC-18 also outlines a procedure for
evaluating scour at complex piers that include a combination of pile groups, piles caps, and
piers. Other local scour equations are presented in Hoffman and Verheij (1997), Melville and
Coleman (2000) and Sheppard (2003).
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9.23.2 Contraction Scour

In a riverine context, contraction scour involves the removal of material from the bed and banks
across all or most of the channel width. This component of scour results from a contraction of
the flow area at the bridge which causes an increase in velocity and shear stress on the bed at
the bridge. The contraction can be caused by the bridge or from a natural narrowing of the
stream channel.

Contraction scour occurs in the coastal environment, but formation can greatly depend on the
location and orientation of the bridge (inlet vs. causeway vs. embayment) and embankments.
For example, a bridge crossing an inlet on a barrier island may have contraction limited only by
the touchdown embankment length. Surge and waves could inundate the roadway approaches
and allow water passage at those locations (as well as through the bridge opening).

9.2.3.2.1 General Approach for Contraction Scour

HEC-18 contraction scour equations can be applied to coastal bridges (given similar hydraulic
caveats as described for local scour). Contraction scour should be computed based on the live-
bed or clear-water equations depending on the velocity of flow approaching the bridge in the un-
constricted waterway. The location of the approach flow will depend on whether worst case
conditions occur during the flood/ebb tide or surge/post-storm hydraulics.

If astronomical tide currents have high velocities, scour should be computed for these conditions
in addition to design velocities produced by hurricane or storm surge conditions. Surges can
produce extreme velocities that could produce very deep scour. The HEC-18 equations may be
overly conservative for surge conditions because these equations were developed for ultimate
scour conditions. While the surge may produce extreme velocity, the high velocity condition may
persist for such a short duration that ultimate scour cannot be reached. Additional sediment
transport analysis and judgment may be necessary for computing scour in tidal waterways.

9.2.3.2.2 Time Dependent Contraction Scour

Computing contraction scour using procedures outlined in HEC-18 will produce ultimate
conditions that may not be reasonable. Ultimate contraction scour is reached when the
sediment supply from upstream is matched by the sediment transport capacity in the scoured
bridge opening. Equating sediment transport capacity to upstream supply results in the HEC-18
live-bed contraction scour equation, which uses a simplification of the Laursen sediment
transport equation (Larsen 1960). Sediment transport relationships could also be used directly
to compute ultimate contraction scour. Applying sediment transport formulas to contraction
scour is recommended in HEC-18 for more complex situations. Specifically, HEC-18 states:

“Both the live-bed and clear-water contraction scour equations are the best that
are available and should be regarded as a first level of analysis. If more detailed
analysis is warranted, a sediment transport model should be used.”

A sediment transport model, such as the USACE’s HEC-RAS (USACE 2008) could be used to
compute ultimate contraction scour conditions for variable flow rates using a stepped
hydrograph as long as sufficient simulation duration is used and the steady-state gradually-
varied flow assumptions are not violated. It could also be estimated for shorter duration rapidly-
varied flow conditions used the unsteady flow modeling capability of the model. Similarly,
sediment transport relationships could be used directly to make estimates of the rate of
sediment transport. Once the volumetric rate of sediment transport is known, contraction scour
hole geometry can be assumed, and the depth of time dependent contraction scour for an
assumed storm can be determined.
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laboratory experiments were conducted with irregular waves using modern wave-generation
capabilities. The weaknesses of McConnell’s method for the highway bridge application were
that it was not based on a highway deck geometry, it has not been repeated by other
investigators or at other scales, it is perhaps overly complex in its separate treatment of internal
and external beams and decks, and it was not developed for decks at or below the still-water
elevation.

The two existing approaches developed for the offshore oil industry, Bea, et al. (1999) and
Kaplan, et al. (1995), can be used to estimate loads on bridge decks with significant extensions
and adaptations. The strengths of these two approaches include their theoretical, physics-based
background with Morison’s equation (discussed later in this Chapter) and their implicit inclusion
of the body of knowledge developed over the past five decades of offshore rig design. Their
weaknesses include the complexity of application, the substantial difference in cross-section
geometry (including the fact that most offshore platforms have open-grid decks to reduce
vertical loads), and that they were specifically developed and tested for structures with very high
clearance between the still-water elevation and the bottom of the deck. There is another
potential theoretical weakness in that the Morison’s equation assumes that the structures are
“thin” as compared to the wavelength which is much more questionable for coastal bridges than
it is for offshore platform decks. Morison’s equation assumes that the structure does not
significantly affect the fluid velocities in the wave.

None of the above mentioned methods adequately estimate loads for the case where the bridge
deck is completely submerged below the still-water level. The investigators did not test or
consider this condition.

934 Wave Load Constituents

Figure 9.16 shows a schematic of an assumed, typical time-history of one component (either
vertical or horizontal) of wave-induced loads on a rigid structure like a bridge deck. Such loading
is consistent with measured laboratory loads reported in the literature by numerous
investigators.

One part of the wave-induced force is a longer-duration slowly “varying” force. This “varying”
force changes magnitude and direction with the phase (crest or trough) of the wave as the wave
passes under or across the structure. This part of the wave-induced load has been called
“quasi-static,” or simply “wave” force by others in the coastal engineering literature. The duration
of the “varying” load corresponds with the period of the incident waves that is typically on the
order of 3 to 15 seconds. The horizontal slowly varying loads are in the landward direction
(based on direction of wave propagation) for the wave crest but can reverse to the seaward
direction in the wave trough. Likewise, the vertical slowly varying loads are directed up (i.e. lift)
for part of the wave but can be downward for part of the wave. The downward-directed wave
load can be due to both the mass and downward momentum of the portion of the wave crest
above the bridge deck. The uplift loads appear to be typically greater than the downward-
directed loads.
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In general, the value for Y is the portion of the wave height, H, above the SWL. A useful
engineering estimate of Y for this purpose is 75% of H. Thus Yna above can be estimated as:

Y, =075H, (9.3)

where:
Himex = design maximum wave height (defined below)

9.3.6.1.1 Nominal Maximum Wave Height Approach

The design maximum wave height (Hnax) depends on the site-specific conditions. The design
sea-state can be estimated using a wave generation model applied to that site for specific wind
and water level conditions. Given a design significant wave height (Hs), the design maximum
wave height can reasonably be set as:

Hoox = 1.7 H (9.4)

The value of 1.7 given in Equation 9.4 corresponds with a wave height statistic on the Rayleigh
Distribution (see Table 4.1) that is slightly higher than the average of the highest 1% of wave

heights (FI1). This 1.7 value corresponds with the probable maximum wave height for 200

waves. This is a reasonable number of waves for the typical durations of the peak of a storm
surge and average wave periods in storm surges’. For example this would be roughly 24
minutes with average wave periods of T=7 s.

Combining Equations 9.3 and 9.4 yields:
Ymax = 1.3 H, (9.5)

9.3.6.1.2 Depth Limited Maximum Wave Height Approach

In some cases however, the maximum wave height might be depth-limited, i.e., very large
waves in very shallow water. Larger waves in the design sea state may break farther offshore of
the bridge and the largest waves will not reach the bridge. In this case, check the depth-induced
breaking criterion (or similar criteria):

(%)max ~0.8 (9.6)
This can be written as:
Hpex = 0.8 d (9.7)
where:

ds _ depth at bridge structure during design conditions (i.e. including the storm

surge)

For the depth limited case, combining Equations 9.3 and 9.7 yields:

” The Longuet-Higgins (1952) equation (as presented in the Coastal Engineering Manual, USACE 2002)
provides a more complex approach than Equation 9.4 for estimating Hpax-
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Ymex = 0.6d (9.8)

9.3.6.1.3 Estimating the Maximum Wave Crest Elevation

The difference between the SWL elevation and wave crest elevation for the maximum wave in
the design sea-state (Ymax) used in Equation 9.2 should be the lesser of the values yielded from
Equation 9.5 and Equation 9.8. Therefore, considering the potential for non-depth-limited and
depth-limited maximum wave heights, the primary equation estimating the elevation of the
maximum wave crest (see Figure 9.17) becomes:

= (design storm surge SWL)+ (1.3 H, or 0.6 d,)

'min

(wave crest elevation)

max

(9.9)

This equation can be used to set the elevation of the low-chord of bridge decks that span
coastal waters. The next section discusses the use of additional freeboard above this elevation
and the determination of the input surge and wave height to Equation 9.9.

9.3.6.2 Freeboard Considerations

“Freeboard” can be added to the maximum wave crest elevation found from Equation 9.9. The
approach outlined above does not provide “freeboard” above the wave crests. In riverine
systems, State DOTs may require one or two feet of “freeboard” to be added above the design
water surface elevation to account for wave action or debris as well as for uncertainty in the
analysis. This freeboard, if added in the coastal situation, will also account for higher waves in
the sea-state. The uncertainties involved in coastal surge SWL analysis are likely at least as
great as those in the riverine situation (if not significantly greater). Thus, some additional
freeboard for the low-chord elevation of coastal bridges may be appropriate.

However, complete clearance from all wave forces may not be needed to ensure bridge integrity
during major coastal storms. Post-storm inspections of damage to bridge decks along the north-
central Gulf coast in 2004 and 2005 indicate that some bridge decks survived that were
exposed to some wave loads. Apparently, the loads were small enough that they did not cause
damage. The damage pattern suggests that there was a critical elevation at each location for
that specific bridge deck design and those site-specific and storm-specific surge and wave
conditions. Spans below that critical elevation were displaced off the pile caps; spans above that
elevation were not. The critical elevation was below the elevation for complete wave clearance
given by Equation 9.9. This is likely due to resistance to wave forces provided by the weight of
the bridge spans and the limited connections.

For example, Figure 9.14 shows some simply-supported spans on the US 90 bridge across
Biloxi Bay, Mississippi still in-place even after removal of other spans. These remaining spans
had a higher low chord elevation than those displaced. The critical elevation for the bridge
damage was a low-chord elevation of roughly 23 feet (Douglass et.al. 2006) (all bridge span
elevations in this discussion are average elevations of the bottom of the outer girder relative to
NGVD). There may have been damage at higher elevations that was not visible from shore.

On the east side of the drawbridge shown in Figure 9.14, the span at elevation 24.5 feet (low-
chord) stayed in place and the next lower span (elevation = 22.9 feet) moved. The estimated
maximum storm surge SWL elevation at this location during Hurricane Katrina was 21.5 feet
(NGVD) with an estimated significant wave height of H; = 9.8 feet (see Figure 3.5). The
Equation 9.9 procedure would estimate that the crest of the maximum wave was at + 34.2 feet.

Applying this example of Katrina damage to the Biloxi bridge: the maximum wave crest
elevation was + 34.2 feet, yet a bridge span as low as + 24.5 feet “survived.” Thus, the bridge
span with a low-chord elevation almost 10 feet lower than the maximum wave crest elevation
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apparently did not move. One conjecture about this observation is that the wave loads were
insufficient to overcome the weight of the decks and the connection resistance.

Some researchers have suggested that simply-supported bridge decks with low chord
elevations above the elevation of the crest of the significant wave survived wave attack in the
hurricanes of 2004 and 2005 (Chen 2005). This would suggest the Yax could be set to 0.75H,
and not require any additional freeboard. A preferable approach is to set the deck elevations
based on an improved understanding of the wave loads. The discussion above also assumes
that the pile cap design can withstand wave loads.

9.4 Other Coastal Bridge Issues

This section very briefly discusses other design and maintenance issues related to coastal
bridges including increased concrete spalling due to wave splash, and lateral loads on pilings.

Some low-elevation coastal bridges have suffered increased concrete damage near their
landward end just above vertical retaining walls. Wave splash during storms sprays salt water
on the underside of the bridge deck concrete and, over time, these areas can become areas of
concern for bridge inspectors. The use of reinforced concrete in the marine environment
typically requires additional engineering considerations, including the use of air entrainment
admixtures and increased minimum thickness of specified concrete cover over reinforcing bars.
Newer bridges, with higher clearance requirements and longer, higher approach sections, often
avoid this problem by elevating all of the bridge deck well above the elevation of splash. Wave
runup and splash on existing low bridges could be reduced by placing rip-rap on the vertical
walls. Clearance issues for coastal bridges over navigation channels are primarily controlled by
the US Coast Guard.

Lateral loads on bridge pilings and pile groups in a coastal situation can be increased due to
waves. These loads in riverine situations are well modeled by the traditional fluid mechanics
approach of estimating drag as a function of the water velocity squared and an empirical drag
coefficient (e.g. Standard Specifications for Highway Bridges, AASHTO 2002). However, the
nature of wave motion produces loads beyond those due just to drag. The oscillatory water
particle motion below waves can impart significant forces on structures due to the fluid
accelerations as well as the velocities. Thus, it is neither adequate nor appropriate to just
increase the velocity used in the drag equations to account for the maximum wave orbital
velocity. The acceleration generated forces, also called inertia forces, should be considered.

Morison’s equation from ocean engineering estimates the horizontal force per unit length of a
vertical pile in waves as:

nD?
fp=fi+fD=CMpTax+CDpDu|u| (9.10)
where:
fo = horizontal force per unit length of a vertical pile
fi = inertial force per unit length of pile
fo = drag force per unit length of pile
D = diameter of pile
p = density of water (1025 k/m® for seawater)
u = horizontal water particle velocity at the axis of the pile (as if the pile were not
there)
ay = horizontal water particle acceleration at the axis of the pile (as if the pile

were not there)
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Co
Cwm

drag coefficient
inertia or mass coefficient

The first term in Morison’s equation accounts for the dynamic force on the structure due to the
acceleration in the waves. It is called the inertia term. The second term is the drag term and it is
analogous to the drag load on a piling in unidirectional flow. The absolute value is used in the
drag term because the load reverses direction with wave phase. In a wave, the water particle
velocity, direction and acceleration at different points are constantly changing with phase. They
also vary with depth below the surface and the total force on the pile is the depth-integrated sum
of these changing loads. The two terms are out of phase and thus not maximum at the same
time.

More information, including values for the coefficients and appropriate applications, on
Morison’s equation can be found in other references (Sarpkaya and Isaacson 1981; USACE
1984).

An inherent assumption in Morison’s equation is the “thin piling” assumption that velocity and
acceleration do not vary over the structure in the direction of wave propagation and that the
piling is thin enough to not cause much of an effect on the wave. Because of the complexities
involved in applications of Morison’s equation, a coastal or ocean engineer should be included
in the design or analysis team for estimating wave loads on pilings. Empirical consideration of
these forces is described in Wiegel R. L. (1964) and NAVFAC DM 26.2 (1982). In cases of
shallow water and/or wave breaking, where water particle velocities and accelerations will be
significantly under-predicted by simple linear wave theory, higher-order theories, discussed in
Chapter 4, are required. Dean's stream-function approach is a non-linear wave theory that was
developed to predict wave kinematics and forces on structures in deep and shallow water
settings (Dean 1965).

9.5 Selection of Design Storm Surge & Design Wave Heights

9.5.1 Design Storm Surge SWL

The selection of the design storm surge SWL (still-water-level) can be based on an analysis of
historic storm surge elevations at the specific site or on an analysis that incorporates site-
specific modeling of historical (hindcast) storm surges (see section 3.2 and specifically section
3.2.2 for additional details).

As described in section 3.3.2, FEMA FISs and FIRMs provide SWL for many coastal areas.
These may be suitable sources for these data, as long as study and methodological caveats are
well understood.

A nearby tide gage may provide a reasonable first approximation of surge at a site. In particular
when a bridge location along a coast is between two tide gages, a reasonable estimate of the
storm surge at the site might be generated by comparing the long-term statistics from the two
gage locations. However, care should be taken that typical storm surges are not significantly
different from those at the nearest tide gage. This could be the case for bridge crossings in
areas that can magnify the storm surge due to local bathymetry and geography. Storm surge
elevations can vary significantly from location to location.

Site-specific modeling of historical (i.e. hindcast) storm surges is appropriate for the design of
new bridges and decisions concerning modifications to existing bridges. The potential damage
justifies a comprehensive hydrodynamic surge analysis. Developing a probabilistic basis for this
design storm surge elevation is consistent with both the process for riverine bridge design
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considerations as well as risk-based flood maps for coastal management done by FEMA and
other agencies. Both approaches, historical gage analysis and historical storm modeling
analysis, can be used. The historical gage analysis can be used as a check on the
reasonableness of the results of the modeling approach.

95.2 Design Wave Heights

The design wave height (H;) used in Equation 9.9 is the significant wave height at the bridge
location during design conditions. This can be determined by using the appropriate techniques
outlined in Chapter 4. For fetch-limited situations, the parametric wind-wave generation
modeling method (Appendix C) may be adequate. For some situations in shallow water without
much storm-surge, depth-limited wave conditions may apply. Many situations, including those
exposed to open ocean storm waves, may require probabilistic oceanic wave modeling.

As a check, some FEMA FISs contain wave height estimates. However these may not report Hs,
but some other wave height statistic. Apply such estimates with knowledge of these and other
study caveats.

953 Coastal Engineer Involvement

Given the importance and complexity of these considerations to the integrity of the highway
structure, the involvement of a qualified coastal engineer in the project's design or pre-
construction review is highly recommended.
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