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Abstract
In this study, a methodology is developed for creating stable channel transitions at bridge stream
intersections. A methodology is developed to assess the level of success of a channel transition
project based on the project’s attainment of a multi-criteria definition of a successful transition.
In addition, the methodology guides the design type selection process for new construction. For
existing channel transitions, the assessment method provides an objective way of rating the
ability of a channel transition project to address the complexities presented at a site. The design
type selection methodology guides the designer to select a design that addresses the instabilities
identified in a rapid channel stability assessment. The rapid channel stability assessment is also
used to identify bridge crossings where “do nothing” is a potentially valid solution. Once a
design type is selected, the designer can check for trends in potential for sediment mobilization
or deposition using a velocity ratio analysis, and to identify design weaknesses through a design
failure modes and effects analysis. Based on the sites included in this study this methodology
aptly assesses existing transitions and provides valuable input to decision makers considering
constructing transitions at existing or new bridges. Based on the sample of bridges in this study,
do nothing is a potentially valid solution when the stability analysis results in a rating of
excellent or good. This methodology can be applied to existing and new bridges and at locations
both within and outside of the Mid-Atlantic.
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Introduction
Creating and managing stable transitions of streams through bridge openings is of vital
importance to protecting infrastructure and the public. Bridge crossings can be impositions on
the local hydraulic conditions of the waterways they span; they can modify the flow of water,
sediment, and woody debris (Johnson et al. 2010). Hydraulic failure, including scour, flood,
tidal, and debris buildup, is the primary failure mechanism of bridges in the United States
(Wardhana and Hadipriono 2003). Bridges are expensive capital investments that can cost
millions of dollars to construct and maintain. When it is cost prohibitive to build a bridge that
spans the entire floodplain, flow altering devices can aid creating a stable channel transition that
maintains the transport of materials through the bridge opening (Johnson et al. 2010).
Bridges over streams and rivers are susceptible to erosional processes during a wide range of
flows (Johnson and Carroll 2016). Local and contraction scour erodes sediment from bridge piers
and abutments, potentially affecting the safety of the bridge. There has been considerable focus
on assessing scour, designing countermeasures to protect bridges against scour, and designing
foundations to resist scour. Stream channel instability, on the other hand, including bank failure,
lateral migration, and bed degradation, has the potential to impact safety at bridges as much or
more than local and contraction scour. Figures 1-5 provide examples of unstable channels at
bridges in the mid-Atlantic area. Figures 1 and 2 show channel widening upstream of the bridge
that could threaten the bridge wing walls and abutments. Figure 3 shows an example of upstream
bank failures that have resulted in unstable conditions at the bridge and significant deposition of
sediment. Figure 4 provides an example of channel degradation that has exposed foundations and
is causing the banks to become unstable. Deposition of sediment at bridge openings can also
create unstable conditions by clogging the waterway (Johnson and Carroll 2016). Aggradation
can cause the restricted waterway to concentrate such that scour is increased at abutments and/or
piers in the remaining opening and to develop large, mobile bars, as shown in Figure 5, that
increase lateral migration of the channel. The restricted waterway might also result in increased
backwater, causing flooding upstream of the bridge.
There are a variety of techniques available for countering stream channel instability at bridges.
Countermeasures are typically categorized into three groups: armoring, hydraulic control, and
grade control (Lagasse et al. 2009). The treatment of stream channel instability and selection of
countermeasures are dependent on the physical conditions at the bridges, such as reach-wide
channel degradation, aggradation, or lateral channel movement or widening. The feasibility of
and confidence in each of the various countermeasures is a function of multiple factors,
including effectiveness, cost, maintenance, constraints, and the ability to detect failure. Some
countermeasures have been systematically tested, while others may have been laboratory tested,
but not field tested (Johnson et al. 2010). Certain countermeasures cannot be used effectively
within existing right-of-ways. There are a wide range of costs associated with the initial design
and construction of the measures as well as the maintenance costs. The ability to detect failure or
impending failure of any of the countermeasures is important to assuring that the bridge will be
protected during high flow events. Few state DOTs offered transition design guidance in their
hydraulics manuals. For a majority of the manuals only general information on channel stability
was available, and most referred to established federal guidance. Transition construction is often
limited in scope by the right of way size, other constraining infrastructure, property, and/or
environmental restrictions.
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To limit stream impacts to bridge infrastructure and maintenance costs, a greater breadth of
knowledge is needed on the effectiveness of various types of channel transitions. There is a
finite number of channel transition projects currently constructed. To learn from this limited
sample size, there is a need for a method of assessing the existing channel transition projects for
effectiveness at mitigating inherent channel instabilities. Successful transitions can be defined
by building on the definition of stable channels at bridges. Johnson (2005) defines a stable
channel in the vicinity of a bridge as one in which the relationship between geomorphic process
and form is stationary and the morphology of the system remains relatively constant, over a
defined distance upstream and downstream from bridge, and with minimal lateral movement.
Maintaining infrastructure integrity and safety is the primary goal of creating a channel transition
at a bridge. Two other goals of bridge operators are also included in our expanded definition;
channel transitions should maintain the ability to convey the designed flood flow and require
minimum maintenance. Combining these goals, successful channel transitions through bridge
openings protect infrastructure integrity, maintain the designed flood conveyance of the bridge
opening, and require minimal maintenance. To assess existing structures attainment of these
stated goals, two tools were used: damage state assessments and complexity table. The first
assesses damage to the infrastructure and channel transition. The second tool identifies the
degree of difficulty presented by inherent qualities of a site that can complicate the creation of a
stable transition.
In addition to studying existing transitions, agencies desire to design and construct transitions
that are well suited for a given location’s attributes. Designing a potentially successful channel
transition requires that the design identify and remediate instabilities in the reach. Design checks
add an additional level of confidence in a design. A rapid channel stability assessment (Lagasse
et al. 2012; Johnson 2005) is used to initially identify areas of instability within a bridge reach.
Once a channel transition is designed, a velocity analysis using a ratio of channel velocity (V)
over critical velocity (Vc) (V/Vc) analysis and a design failure modes and effects analysis
(DFMEA) are conducted to review the design. The V/Vc analysis shows trends in sediment
mobilization. The DFMEA is used to identify design components that have relatively higher risk
priority numbers (RPNS). These components can either be substituted for other components or
redesigned to reduce the RPN.
The objective of this project is to improve current practices for developing and maintaining
stable, resilient channels at bridges. The objective of this study will be achieved through the
following goals:
1. Develop a methodology to assess the degrees of success of stream channel transition designs
through bridge reaches at existing bridges, based on the continued ability of these projects to
protect the integrity of the bridge crossing, maintain the conveyance of the designed flow,
and require minimal maintenance.
2. Develop a methodology to guide the design selection process at existing or new bridges by
identifying existing channel instabilities prior to design and by providing design checks.
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Figure 1. Looking upstream from bridge, Krantz Mill Road over Big Beaver Creek, PA.

Figure 2. Looking downstream at bridge, Krantz Mill Road over Big Beaver Creek, PA.
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Figure 3. Looking downstream at Hinkley Hills Road over East Branch of Rocky River in
Medina County, Ohio.

Figure 4. Stream channel degradation at U.S. Rt. 199 N, 0.8 km S of Gandeville, WV.
4

Figure 5. Deposition and lateral migration at PA 3060 over S. Branch Sugar Creek near Troy,
PA.
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Literature Review
Recent Advances in Scour and Channel Instability Practices
Hydraulic Engineering Circular 23 (HEC-23) (Lagasse et al. 2009) is the Federal Highway
Agency manual for scour and stream channel instability countermeasures (Johnson and Carroll
2016). Table 2-1 of HEC-23 provides a very good summary of the uses and applications of the
countermeasures in the manual at the time of writing. The authors surveyed all of the state DOTs
as well as consultants and FHWA regions to determine the experiences with the various
countermeasures. HEC-23 presents general discussions and design guidelines for 19
countermeasures, ranging from riprap to soil cement to articulated concrete blocks. Biotechnical
countermeasures discussed in the manual include live staking and vegetated riprap; however, the
primary focus is on armoring banks, slopes, and beds. The manual is meant to provide an
overview of options, but does not address common limitations, such as right of ways, and does
not address specific regions of the country.
Based on the demand for more environmentally sensitive, sustainable countermeasures for
treating stream bank stability in the vicinity of highways, the NCHRP funded project 24-39,
titled Evaluation and Assessment of Environmentally Sensitive Stream Bank Protection
Measures, was recently completed. The objectives of the research were to produce guidelines for
appropriate selection, design, installation, and maintenance of environmentally sensitive stream
bank stabilization and protection measures (Lagasse et al. 2015). The guidelines were based on a
literature review, assessments of current field installations, and laboratory testing.
In a recent study for the National Cooperative Highway Research Program (NCHRP 24-33),
Sotiropoulos (2013) and Radspinner et al. (2010) conducted reviews of the current use of instream structures for stabilizing stream channels, focusing on five of the most commonly used
structures: rock vanes, J-hooks, bend-way weirs, cross vanes, and w-weirs. They conducted
laboratory and field experiments and computational studies in order to develop engineering
guidelines, design methods, and recommended specifications for in-stream structure installation,
monitoring, and maintenance. Their study provided significant results relevant to this study. The
literature review, survey of practitioners, and experiments showed that a single rock vane or weir
did not adequately control erosion on meander bends and that the size, angle, and spacing of
these structures would require at least 100 feet of stream length, well outside of most ROWs.
A risk-based method for selection countermeasures was proposed by Johnson and Niezgoda
(2004) using a failure modes and effects analysis. The method is a relatively simple, systematic
technique for assigning relative risk to scour countermeasure choices at the design phase and
takes into consideration economic, environmental, and social benefits. The resulting ratings can
be used to determine components of the design that require particular attention to prevent failure
of the countermeasure and to adequately protect the bridge, as well as justification for decision
making.
Different channels vary in their susceptibility to hydromodification, degradation to a stream as a
result of changes to the flow or sediment regime (Bledsoe et al. 2012). The magnitude of regime
change was not the driver of hydromodification; susceptibility of the channel change more
accurately indicated the potential for hydromodification. “Factors affecting the intrinsic
sensitivity of the channel system to hydromofication include the ratio of disturbing to resisting
6

forces, proximity to thresholds of concern, rates of response and recovery, and potential for
spatial propagation of impacts,” (Bledsoe et al. 2012).

Stream Stabilization Practices
The type of protection that is used at a bridge depends on the nature of the problem. Lagasse et
al. (2009) provide a comparison of a selected group of countermeasures by qualitatively
describing the functional application (i.e., local scour, contraction scour, and channel instability),
suitable river environment (river type and size, flow conditions, and physical condition),
maintenance, and installation experience. At existing bridges, the bridge engineer can choose
from one of two categories of countermeasures: armor the channel bed and banks or alter the
flow alignment. These methods can also be used in combination.
By far, the most common treatment for protecting bridges from scour is armor, particularly
riprap. Other types of armor include precast concrete units, grout filled bags, foundation
extensions, and concrete aprons. All of these measures armor the bed or bank material against
erosive forces. They do not break up vortices or redirect the flow. If sized, graded, and placed
well, armor can be a very effective measure for preventing scour at both piers and abutments and
locally halting channel instability. However, for bridges with narrow waterway openings, armor
can cause further contraction of the waterway opening and actually exacerbate scour. At vertical
wall abutments, riprap and other armor may be ineffective due to the steepness of the banks.
Detailed information on riprap, gabions, rock mattresses, vegetated riprap, grout bags/mattresses,
and articulated concrete blocks, along with their design guidelines, can be found in HEC-23.
One armoring technique not covered in HEC-23 that is finding increasing use with some DOTs
is geocells. Geocells are relatively inexpensive countermeasures used for slope protection. The
cells are connected in expandable panels made from high-density polyethylene, polyester or
another polymer material. When expanded during installation, the interconnected strips form the
walls of a ﬂexible, three-dimensional cellular structure into which speciﬁed inﬁll materials, such
as soil, sand, aggregate, or cement, are placed and compacted. The result is a free-draining
system that prevents mass movements by providing confinement through tensile reinforcement
(Geosynthetics 2013). Geocells have been widely used for slope protection in highway
applications and many others. Design and installation guidelines are provided at websites, such
as Strata and other makers of geocells.
Flow altering devices can be used to realign the flow to mitigate against local and contraction
scour as well as bank widening and lateral migration. These measures include submerged (Iowa)
vanes, bendway weirs, rock vanes, and cross vanes and have been used for many years to deflect
flows and sediment and to control spiral flow in bends and erosion at banks. Each of these flow
altering devices is described briefly below.
In experimental studies, it was found that submerged vanes were effective over a wide range of
flow depths from two to eight times the vane height (Odgaard 2009). Submerged vanes are
typically constructed from sheet pile or reinforced concrete founded on adequately deep pilings,
but could also be made of large rocks or wood with footers of adequate depth to resist erosional
forces. Odgaard (2009) provides design and construction guidelines.
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Bendway weirs are low elevation stone sills, very similar to vanes, used to improve lateral
stream stability and flow alignment problems (Lagassee et al. 2009). Bendway weirs are
typically not visible at bankfull flow and redirect flow by causing it to pass perpendicularly over
the weir. They are made from stone, tree trunks, or grout filled bags. Lagasse et al. (2009)
provide design guidelines.
Vanes and cross vanes are stream restoration or stabilization structures commonly used to
improve lateral stability and flow alignment and, in the case of cross vanes, provide some grade
control on degrading beds. Like submerged Iowa vanes, these structures tend to be very effective
in flow depths up to about five times their height. Johnson and Tessier et al. (2001) and Johnson
et al. (2002) tested these structures in a laboratory flume at a single span model bridge to assess
their ability to move scour away from pier and abutment foundations, thereby reducing scour at
bridges. The results showed that scour at the pier or abutment was generally reduced on the order
of 65–90%, depending on flow conditions and the structure configuration. The scour was moved
away from the abutment or pier into the center of the channel. These structures have not yet been
systematically tested in the field; however, preliminary design criteria for these structures and
their appropriate applications, in terms of bridge and stream types, are given in Johnson and
Tessier et al. (2001) and Johnson et al. (2002).
In addition to armoring and/or instream structures, stabilization practices may include realigning
the channel with the bridge opening, changing the channel width or depth upstream of the bridge,
and lowering one or both floodplains to provide additional room for the river to convey or store
flow and sediment. These practices typically necessitate working with local land owners and
relevant state agencies to provide access to the land upstream of the bridge. As an example,
Figures 6 and 7 shows the Ohio SR 412 bridge over Fuller Creek prior to and after a project in
which the upstream floodplain was lowered and widened to accommodate additional flow and
sediment, essentially creating a two-stage channel for a brief reach upstream.
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Figure 6. Looking upstream pre-construction at Ohio SR 412 over Fuller Creek.

Figure 7. Looking upstream post-construction at Ohio SR 412 over Fuller Creek.
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Incorporating Stream Stabilization Practices into Bridge Countermeasures
Limited research results exist for treating unstable channel transitions at bridge waterways.
Johnson (2005; 2006) developed a method for assessing stream channel stability in the vicinity
of a bridge. The method consists of 13 indicators that collectively yield the relative overall
stability as well as the vertical versus lateral stability. The Federal Highway Administration
(FHWA) Hydraulic Engineering Circular (HEC) 20 (Lagasse et al. 2012) incorporated the
Johnson (2005; 2006) method into their guidelines for assessing and protecting against stream
channel instabilities. HEC-20 provides a starting point for analyzing channel instability to
determine the causes of the problem and possible solutions. HEC-23 (Lagasse et al. 2009)
provides guidance on design and construction of countermeasures for protecting bridge
foundations against scour and channel instability. Proper use of these guidelines requires
experience, the availability of equipment, and sufficient right-of-way. Due to these limitations,
Newlin and Johnson (2009) suggested an adaptive management approach to maintenance of
stream channels at bridges, rather than a more common risk-averse management approach, to
take advantage of opportunities for learning new information about stream channel response.
As described earlier, there are a variety of practices and countermeasures are available for
creating stable transitions at bridges for a range of channel conditions. Johnson (2002) and
Johnson et al. (2010) developed a set of scenarios and determined best or state-of-the-art
practices for each of those scenarios. The scenarios included meander migration, flow
contraction, poor alignment of the channel to the waterway opening in straight or meandering
channels, bank instability, bed degradation, and debris accumulation. However, sediment
accumulation was not explicitly addressed. Based on field observations, Johnson (2006)
developed recommendations for addressing stream channel instability based on common issues
in physiographic provinces across the U.S.
The problem of aggradation at bridges is not sufficiently addressed in current guidelines and is a
difficult problem to mitigate. While sediment deposition in a bridge waterway is often not
considered to be a condition that threatens a bridge foundation, as discussed previously,
significant sediment deposition can alter the waterway, causing scour conditions and flooding.
Many of the Mid-Atlantic States experience severe sediment deposition (see Figure 8, for
example), often with bed material comprised of unconsolidated gravel and cobbles. Poor
watershed practices combined with prior channel modifications, such as straightening, and
glacial deposits are often the culprits that lead to this condition. Johnson and Hey et al. (2001)
developed a suite of possible solutions for dealing with chronic sediment deposition at bridges.
The solutions included dredging (the current practice at many bridge locations), bar removal,
upstream sediment traps, channelization, channel relocation, and bridge modification. Each of
these solutions has benefits and disadvantages and requires a range of costs, including initial
construction and maintenance. They examined the costs over a 50-year period and found that
establishing a sediment trap that could be easily accessed for cleaning was the most costefficient.
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Figure 8. Severe sediment deposition at PA 287 over Mitchell Creek, North of Tioga, PA.
In recent years, DOTs have used many of the practices described here to solve sediment
accumulation and other instability problems at bridges. The use of in-stream structures, such as
vanes, cross vanes, and w-weirs, and channel modifications have been considered as a way of
controlling stream channel instabilities for a wide range, including sediment deposition,
especially when they can be constructed within the right-of-way. For example, the Ohio
Department of Transportation is experimenting with the use of in-stream structures to provide
improved channel alignment with the bridge abutments, move sediment through the bridge
opening, and stabilize channel banks. Figure 9 shows one example for a bridge west of Toledo,
Ohio. Considerable sediment and debris upstream of the bridge were causing chronic
maintenance problems, as shown in Figure9. To alleviate these conditions, a partial w-weir was
installed in the Fall of 2015 in an attempt to improve the movement of sediment and debris
through the bridge opening (Figure 10). The weir is currently being monitored for effectiveness.
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Figure 9. Preexisting conditions upstream of bridge at U.S. Rt. 20 over Bean Creek in Fulton
County, Ohio.

Figure 10. Partial w-weir installed upstream of the bridge in Fall, 2015 at U.S. Rt. 20 over Bean
Creek.

Current State Guidance for Stream Modification at Road Crossings
Few state DOTs offer guidance in their design manuals related to creating stable channel
transitions at bridge crossings. Several noteworthy examples from DOT guidelines are
summarized below.
WashDOT acknowledges in their Hydraulics manual (WashDOT 2015) that structures, such as
bank barbs and drop structures, are largely ineffective for rivers with a large sediment load. They
even discourage their use in such situations.
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IDOT has a limitation for stream modification projects to not increase scour and erosion
(Drainage 2011). IDOT determines that a project is reaching this goal if the average existing
channel velocity is not increased beyond the scour velocity of the predominant soil type at the
project site unless it already naturally exceeds the predominant soil types scour velocity. Beyond
this point, there is a 10% increase limit imposed. Illinois also acknowledges that extensive
channel excavation aimed at increasing flood conveyance is an ineffective practice because the
site will aggrade until the natural channel pattern is re-established. IDOT states that these
limitations have resulted in a reduction of flooding, negative effects to the upstream floodplain,
and lateral migration of the stream within the artificially widened area, which frequently leads to
a skewed watercourse approach that further endangers the bridge. IDOT also discourages
overbank excavation. They believe the excavations will eventually aggrade back to the original
state.
After historic flooding in 2011 from hurricane Irene, Vermont’s Agency of Natural Resources
(ANR) has generated several river project standards to protect and enhance floodways (Kline
2015). Their Equilibrium Standard restricts changes to stream gradient that may affect sediment
transport. This standard is meant to eliminate negative stream alterations, but may limit the use
of grade altering designs at bridge crossings. Vermont’s ANR also has a river corridor standard
which requires new development to leave a meander belt for natural stream processes. This
standard would require modification of bridge design practices to accommodate for bank
stability.
The Oregon Department of Transportation has implemented some of the most extensive
standards for new bridge construction. The have created fluvial performance standards (FPS)
aimed at creating sustainable, eco-friendly bridge crossings by allowing natural channel
processes to take place through the bridge crossing (ODOT 2004). The standard has long been
attempting to control the stream through the bridge crossing. The primary stated requirements for
new crossings are first to “promote natural sediment transport patterns for the reach, provide
unaltered fluvial debris movement, and allow for longitudinal continuity and connectivity of the
stream-floodplain system”. This requires no fill within the “functional floodplain,” defined as
the width at the elevation three times the average bankfull depth. Another requirement of the
standard is that the bridge opening must be sufficiently wide to allow for the site-potential
maximum length debris to pass through. Site-potential debris is determined base of maximum
tree height within the basin and the transportation capacity of the stream.
Anderson (2008) conducted a review on applying Oregon’s FPS to bridge design through three
study crossings. Overall, Anderson asserted that the standards were a positive measure because
they allowed for natural channel processes and they reduced costs through more expedient
permitting. The results of the study also showed that the standards may also prevent the design of
excessively constrictive bridges for smaller crossings. In that case, the fluvial standard is the
governing factor in span length over hydraulic considerations. Cummings (2013) also examined
the effects of the FPS on crossing maintenance. Her team did not find any correlation of
reduction of maintenance cost for 57 bridges designed using the new FPS. However, she
acknowledged that the oldest bridges in the study were constructed in 2007, which is not enough
time to draw conclusions about maintenance reduction over the lifetime of the structures.
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Methodology for Assessing Degree of Success of Existing Waterway
Transitions at Bridges
This study suggests and describes the application of tools to assess the degree of success of
existing channel transitions based on the definition described above. Damage state assessments
(Table 1) (Jones and Johnson 2015), and site complexity assessments (Table 2) were used to
investigate the success of the study transitions at creating a stable system that protects the
integrity of the infrastructure. These tools were respectively used to assess any damage to the
channel transition, and to assess the complexity of creating a stable channel presented by the
inherent site conditions. Combining the results of these tools provides a holistic summary of the
relative success of the transition and the individual difficulties presented by a site. In addition,
describing damage states avoids labeling projects as success or failure.
Physical determination of the conveyance of a bridge opening would require cross sectional
surveying and computer modeling. Surveying was beyond the budget and scope of this project.
As a substitute, achievement or failure to meet the design conveyance was determined by
comparing the initial condition shown in pictures provided by MDSHA to visual inspection of
existing condition of the bridge opening. Where large depositions had occurred it was assumed
the bridge opening no longer meets the design flood conveyance. Further complicating the
determination of whether the bridges meet the design conveyances, several of the bridge designs
include a preformed scour hole. It is unclear under what flow conditions the scour holes will be
open and conveying flow, and when the sediment in the holes will be stationary. This is a
complex three dimensional sediment transport question and a potential area of future research.
For bridge operators, channel maintenance is an expensive and time consuming process. The
need to dredge as a result of sediment deposition and the need to replace riprap or armoring are
the primary types of costly maintenance that successful transitions would minimize or eliminate.

Damage States
A damage states table was developed as a way to rate the relative degrees of damage to an
existing channel transition. Table 1 provides the damage state factors and ratings developed for
use in this study, and it was based on a similar damage states table developed by Jones and
Johnson (2015) that described the damage states of channel modification projects. The factors
included in the damage states table are based on the definition of a successful transition, areas of
concern expressed by MDSHA personnel, modes of failure observed at bridges during this study,
and from the rapid channel stability assessment (Lagasse 2012).
This table defines the level of damage to various aspects of a waterway transition postconstruction. After rating each category the sum of the ratings is calculated. This value is
normalized by the number of factors to obtain an overall damage state. An undamaged project
will mainly be composed of factors in Table 1 that are rated as “none” with only a few
“moderate” ratings and no “extensive” or “complete” ratings. Any indicators ranked as
extensive or complete require immediate attention to assure that future infrastructure integrity is
not compromised. The infrastructure integrity indicator assesses the current state of the primary
infrastructure, while the other categories indicate the level of damage to parts of the channel
transition. The transition may be damaged without currently impacting the primary
14

infrastructure; however, future damage to the infrastructure may be possible as a result to
damage in another indicator category. For this reason, each indicator was weighted equally.
Each of the damage factors is described below.
1. Infrastructure integrity: Infrastructure integrity is a primary concern of bridge owners and
ratings that indicate damage in this susceptible project area should be of serious concern and
addressed promptly.
2. Instream structure and countermeasure integrity: Instream structure and countermeasure
integrity addresses damage to components of the transition itself. This factor was included in
the damage state table of Jones and Johnson (2015); however, the ratings have been modified
in this study. Jones and Johnson (2015) used the median value of the damage scores that
were assessed for each individual structure. Using the median has the potential to hide
damage to an individual structure that is paramount to the stability of the transition. The
modified ratings used in Table 1 attempt to remedy this issue.
3. Bank stability and lateral migration: Bank stability and lateral migration rates the damage
to lateral project stability. This factor was taken directly from Jones and Johnson (2015).
4. Project tie-in: Project tie-in was included as MDSHA personnel expressed concerns with the
destabilization of channel transitions as a result of erosion at the project tie-ins at the up- or
downstream ends of the project reach. If the project did not include a reach outside of the
bridge right-of-way, the upstream and downstream tie-ins are considered the riprap or wing
walls immediately adjacent to the bridge.
5. Bed degradation: Bed degradation is evidence of damage to a project resulting from shear
stresses in the channel exceeding the resistance of the bed material. Bed degradation is a
concern because long-term bed degradation has the potential to endanger bridge crossing
foundations. This category was adapted from the rapid channel stability assessment (Lagasse
et al. 2012).
6. Sediment deposition and woody debris accumulation: Sediment deposition and woody
debris accumulation is evidence of a lack of channel competence and/or capacity or a bridge
waterway opening that does not convey the incoming debris supply. The ratings for this
damage factors were adapted from the rapid channel stability assessment (Lagasse et al.
2012).
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Table 1. Channel transition project damage state susceptible project areas and ratings.
Damage Ratings
Damage Factors
1 - None

1. Infrastructure
integrity

2. Instream
structure and
countermeasure
integrity
(including
riprap)

3. Bank stability
and migration

4. Project tie-in

2 - Moderate

3 - Extensive

Infrastructure
shows unexpected
Erosion has left signs of
Infrastructure is
infrastructure (1) vulnerability that
not in immediate nearer stream
has the potential
danger of being
flow or (2) more to impact the
unintentionally
surface exposed integrity or
altered by stream to stream flow
functioning of the
flow.
than as-built
infrastructure.
design.
Infrastructure (1)
is exposed to
stream flow.
One or more of
the structures
Structure(s) have
have been
been damaged and
None of the
displaced or
are
structures have
circumvented so nonfunctioning.
been displaced
that their
Damage to these
and there is no
function is no
structures is
visible erosion or
longer fulfilled. causing instability
burial by
However, the
within the reach
deposition. All
damage to these that will require
are functioning
structures does
direct attention to
as intended.
not directly
prevent future risk
impact the
to the crossing.
crossing.
Bank failures or
Isolated
raw banks
instances of
frequent,
bank failures
describing 30(mass wasting,
60% of reach.
Banks are stable
undercut, etc.) or Channel migration
and vegetated.
raw banks,
is evident in the
affecting 5-30% vicinity of the
of the project
bridge but thalweg
reach.
is within design
channel limits.
All tie-in
Tie-ins show
Tie-ins are
locations are
some erosion or eroding with
stable with no
adjustment but
potential future
erosion around
are sufficiently
impacts to
ends.
removed from
infrastructure.

4 - Complete

The structural
integrity of
infrastructure is
compromised or
infrastructure has
failed as a result
of stream flow.

Structure(s) are
displaced from
as-built location
and/or detached
from bank such
that the structure
no longer
functions as
designed. The
crossing is in
immediate
danger.
Bank failures or
raw banks
prevalent,
describing more
than 60% of the
project reach.
Thalweg has left
design channel
limits anywhere
in reach.
Tie-ins are
exposed. Erosion
around ends is
excessive and
imminently
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critical
infrastructure to
prevent direct
impacts.

5. Bed
degradation

6. Sediment and
woody debris
aggradation

There is
evidence of
higher flows
accessing
floodplain (e.g.
debris or
deposition on
floodplain).

Less than 1/3 of
the bottom is
affected by
sediment
deposition. Pools
are not filling in
and there are no
unintended
depositions or
debris jams.

Evidence of
moderate or
severe
entrenchment
affecting 5-30%
of project reach.

Evidence of
moderate or
severe
entrenchment
affecting 30-60%
of project reach.

Sediment
deposition is
affecting less
than 1/3 of the
channel bottom
or deposition in
pools is evident.
Occasional
depositions or
debris jams are
present.

Sediment
deposition is
affecting 1/3 to
2/3 of the channel
bottom, reducing
waterway
adequacy.
Moderately
frequent
depositions or
debris jams
requiring
occasional
maintenance.

threatening
project stability
and critical
infrastructure.
Evidence of
moderate or
severe
entrenchment
affecting >60%
of reach. A head
cut or knickpoint
is present or
began within the
project reach.
Aggradation is
evident or
sediment
deposition
affects > 2/3 of
the channel
bottom, severely
reducing
waterway
adequacy.
Obstructions are
frequent and
maintenance is
required
regularly

Sum Total of Ratings
Average Rating

Complexity Table
This table provides a means for systematically assessing the innate complexities of a site that
will be important when trying to create a stable waterway transition through an existing bridge
crossing. This table was developed in part from indicators from the rapid channel stability
assessment (Lagasse et al. 2012; Johnson 2005). While they use many of the same indicators,
the two tables were developed to assess different facets of steams near bridges; the rapid channel
stability assessment is used to assess stability of a bridge site at a moment in time, the
complexity table focuses on inherent and persisting characteristics of a site. Some sites are
inherently more stable than others due to qualities of the stability complexity factors. For
example, sites with strongly cohesive bank soils are more resistant to lateral erosion compared to
unconsolidated material. Cohesive banks would, therefore, be less complex than unconsolidated
banks. If a site with a constructed transition receives a favorable stability rating after
experiencing several flood flows, and it has a difficult or extreme complexity rating, then the
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design was well suited to the present conditions. Such designs would likely be suitable for use at
sites with similar conditions as described by the complexity table.
The assessment begins by assigning ratings to each of the 11 factors shown in Table 2. After
ratings are determined, a composite score is tabulated by summing the individual factor ratings
(Table 3). In addition to the composite score, the number of factors that rate as extreme are
noted because they are problem areas of note. Table 2 provides a list of the 11 factors, divided
between general, vertical, and lateral factors, along with the descriptions for each factor and
associated ranges of ratings. The method focuses on the more permanent features of a site, such
as bed and bank materials and watershed condition. Channel stability problems that have
feasible remediation solutions and likely will be included in the stabilization design were not
included. For example, steep banks that can be laid back and even an adverse flow angle of
attack can be mitigated by stream and/or bridge foundation realignment. The 11 factors are
described below.
1. Watershed and floodplain activity and characteristics: This factor accounts for
destabilizing forces in the watershed as a whole. Many problems are watershed wide and
cannot be directly observed by looking at the narrow right of way at the bridge. An extreme
rating in this category indicates a changing flow and sediment regime. Runoff and sediment
supply is likely increasing in this watershed which can cause the channel change in several
ways including degrading, aggrading, or widening. Which of these three methods of change
occurs depends on the relative changes in runoff and sediment supply, and the relative
resistances of both the bed and banks. These are accounted for in other factors.
2. Infrastructure and equipment constraints: This factor pertains to the ability to use heavy
equipment to construct a stream transition. The use of heavy equipment can be constrained
by impinging infrastructure, such as overhead powerlines, underground pipes, and/or other
buildings and roadways. Equipment use could also be limited in high quality waterways due
to environmental concerns or regulations. Lack of heavy equipment would limit the extent of
feasible projects.
3. Debris jam potential at bridge: This factor measures the ability of the upstream waterway
and bridge opening to convey the debris supply in the waterway. Narrow bridges or bridges
with piers in the flow that catch incoming debris are unfavorable. Debris jams can create
large lateral loads on the bridge, can modify flow in a way that increases scour, and require
costly maintenance by the bridge operator. This factor directs the designer to span the
floodplain where physically and economically feasible.
4. Bed material: This factor gauges the resistance of the bed to degradation and the potential
rate of vertical change. For stability, a heavily armored bed, or stable bedrock is the ideal
condition. Very loose and erodible material indicates the potential for large and more rapid
vertical changes.
5. Confinement and channel degradation: This factor indicates lowering of elevation of the
stream bed. If degradation is occurring, evidence, such as described in the rating categories,
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can be found throughout the reach. Evidence of long term bed degradation may warrant
grade control structures that control the bed degradation.
6. Sediment aggradation: This factor is an indicator of the competence of the stream to
transport the sediment load. Aggradation can be a result of a decrease in channel slope, an
over-widened channel, point bar formation on the inside of a meander, or as a result of a
poorly aligned bridge opening. Once the cause of aggradation has been properly identified,
suitable designs can be determined.
7. Bank material: This factor indicates the resistance of the bed to lateral motion and the
potential rate of lateral change. For stability, high clay soils are very resistant to erosion.
Loose material with a high percentage of sand, or banks that include loose gravel layers are
less able to resist lateral motion or widening of the stream.
8. Vegetative bank material: This factor gauges the susceptibility of the banks to erosion and
the potential rate of lateral change due to the streamflow. A wide band of vegetation with
multiple layers of protection greatly enhances the lateral stability of a stream.
9. Upstream distance from meander point: This factor measures the distance from the
upstream face of the bridge opening to the location of the upstream meander. Meanders
represent lateral migration, sediment deposition, and can indicate the flow negatively
impacting the bridge. Locations with extreme ratings may benefit from countermeasures that
align the flow.
10. Downstream constriction or bends: This factor represents sources of backwaters that may
impact the bridge transition. Backwaters reduce the effect of certain flow control devices,
and also can increase sediment deposition.
11. Bridge waterway opening contraction: This factor gauges the impact of the bridge itself on
the stream. Narrow bridges cause increased flow contraction which can create a backwater
upstream of the bridge. Flow centering devices may be used to aid in getting the flow
through the bridge opening more efficiently.
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Table 2. Complexity table factors and ratings.
Stability
Rating Categories
Complexity
Rating
1 – 3 Moderate
4 – 6 Difficult
7 – 9 Extreme
Factors
General Factors
Frequent
Continual
Stable and
disturbances in the
disturbances in the
undisturbed or
watershed, including watershed.
occasional minor
cattle activity,
Significant cattle
disturbances in the
landslides, channel
activity, landslides,
watershed, including
1. Watershed
sand or gravel
channel sand or
cattle activity
and floodplain
mining, logging,
gravel mining,
(grazing and/or
activity and
farming, or
logging, farming, or
access to stream),
characteristics
construction of
construction of
construction,
buildings, roads, or
buildings, roads, or
logging, or other
other infrastructure.
other infrastructure.
minor deforestation.
Urbanization over
Highly urbanized or
Limited agricultural
significant portion of rapidly urbanizing
activities
watershed
watershed
Closely surrounded
No obvious
Other infrastructure
2.Infrastructur
by infrastructure
infrastructure in the
or constraints in area
e and
that hinders
immediate project
that will require
equipment
construction and/or
area that hinders
modified plans for
constraints
inability to use
construction.
equipment operation.
heavy equipment
Moderate debris
Negligible debris
Heavy debris
3. Debris jam
supply; potential
supply or no catch
supply; features
potential at
catch points at or
points within flood
that are known to
bridge
upstream of the
prone width.
catch debris
bridge.
Vertical Factors
Resilient due to
cohesion, tight
Moderately packed
Very loose, highly
packing, grain
with some
erodible,
4. Bed material hiding, and/or
overlapping
unconsolidated
possibly imbricated armoring, or mild
material
grains
cohesion.

5.
Confinement
of channel &
degradation

Active floodplain;
minimal channel
confinement;
infrastructure not
exposed; none or
low levees set well
back from the river

Moderate
confinement in
valley or channel
walls; some
exposure of
infrastructure;
terraces exist;
floodplain

Knickpoints visible
downstream;
exposed water lines
or other
infrastructure;
channel-width-totop-of-banks ratio
small; deeply
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abandoned or
rebuilding; levees
are moderate in size
and have minimal
setback from the
river

confined; no active
floodplain; levees
are high and along
the channel edge

Sediment deposition
is affecting <1/3 of
the channel bottom.
Deposition in pools
is minimal and there
are few to no
unintended
depositions are
present.

Sediment deposition
is affecting 1/3 to
2/3 of the channel
bottom or pool
depths have
measurably
decreased.
Moderately frequent
or large unintended
depositions.

Aggradation is
evident or sediment
deposition affects
>2/3 of the channel
bottom. Pools have
filled in, creating an
unintentionally
homogeneous bed.
Unintended
depositions are
frequent.

7. Bank
material

Cohesive material.
High clay content.

Minimally cohesive,
moderately erodible
material.

Unconsolidated
sand and/or gravel

8. Vegetative
or engineered
bank
protection

Wide band of woody
vegetation with
several rows of
vegetation extending
out from the
channel; majority of
deciduous trees with
mature, healthy, and
diverse vegetation
located near
channel; in absence
of vegetation banks
are lined or armored

Small band of
woody vegetation;
majority of softwood
or coniferous trees;
young or old aged;
vegetation lacking in
diversity; no lining
of banks but some
armoring may be in
place on one bank.

Lack of woody
vegetation or
narrow band varied
in age and health;
primarily softwood,
shallow rooted,
coniferous trees
with very young,
old and dying,
and/or monostand
vegetation; no
lining or armoring
of banks.

9. Upstream
distance to
bridge from
meander
impact point

More than 5 channel
widths

2-5 channel widths

Less than 2 channel
widths

10.
Downstream
constrictions
or bends

None or loose bend
or slight constriction
downstream. No
backwater impact on
project at design
conveyance of
bridge.

Moderate bend or
flow constriction
downstream with a
backwater that does
not reach the bridge
crossing at the
design conveyance.

Tight bend or flow
constriction
downstream that
likely creates
backwater
condition up
through bridge

6. Sediment
aggradation

Lateral Factors
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11. Bridge
waterway
opening
Contraction

Bridge fully spans
floodplain or only
contracts highest
return period flows

Bridge waterway
opening includes
moderate setbacks
from the bankfull
channel

crossing at or below
the design
conveyance.
Bridge waterway
opening is at the
bankfull channel
width with no
overbank flow
relief.

Composite Rating, R
Number of Factors Receiving an Extreme Rating
Table 3. Composite Complexity Rating Ranges
Composite
Category
Rating, R
Moderate
R ≤ 33
Difficult
34 < R ≤ 66
Extreme
67 ≤ R
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Methodology for Guiding Design Selection
The following methodology describes how to rapidly analyze site conditions, select a suitable
design type, and check and refine the design (Figure 11). A rapid channel stability assessment
described in HEC-20 (Lagasse et al. 2012; Johnson 2005) is used to assess overall channel
instability, as well as the contribution to instability from lateral and vertical factors. A suitable
design must then address each area of instability. Once an initial design is made, it is checked
general trends in sediment mobilization using a V/Vc analysis. If the analysis results in an
unfavorable high or low V/Vc throughout the length of the project, then alternative channel
geometries can are tested to see if a more desirable ratio can be obtained. A desirable V/Vc
analysis results in a consistent ratio throughout the reach and a ratio that facilitates a level
sediment transport that neither results in aggradation nor degradation. Once the analysis shows a
favorable V/Vc throughout the length of the project, a DFMEA is conducted.
The DFMEA identifies components of the design with high risk priority numbers (RPNs).
Components can be added or changed to lower RPNs. DFMEAs can also be used as a tool to
assist choosing between alternative designs by comparing their total RPNs. If any modifications
are made to the design that would affect the results of the V/Vc analysis, the analysis should be
repeated. If the results of this V/Vc analysis are favorable, the design is considered to be
appropriate. Figure 11 shows the process for selecting the design type. The flow chart
components of channel stability assessment, V/Vc analysis, and the DFMEA are described in
detail.

Rapid channel stability assessments (Lagasse et al. 2012)
Developed by Johnson (2005) and adopted by the Federal Highway Association in HEC-20
(Lagasse et al. 2012), the rapid channel stability assessment is a qualitative method to assess
levels of stability based on thirteen independent stability indicators. These indicators include
watershed wide instabilities as well as local vertical and lateral instabilities. This study uses the
stability assessment unmodified from its form in HEC-20. Based on site visit observations and
aerial imagery of the watersheds indicator ratings were assigned for the existing condition at
each of the bridges included in this study. The ratings for each of the individual indicators were
summed to compute an overall rating. The numerical sum is compared to a table to obtain a
qualitative overall rating of excellent, good, fair, or poor. Vertical and lateral fractions can be
calculated to indicate if overall instability more vertically or laterally derived. Indicators 4-6
pertain to vertical stability, and indicators 8-13 pertain to lateral stability. Vertical and lateral
fractions are then calculated by summing the appropriate ratings and normalizing by the total
number of points possible for each group (Johnson 2005).
The results of the rapid channel stability assessment can be used as a starting place to identify
suitable design types, such as do nothing, excavated floodplain, grade control, channel
relocation, etc. Based on the limited sample group of this study, ‘do nothing’ is an option at sites
with an overall rating of excellent or good. Doing nothing should not be an automatic choice for
sites with an overall rating of good. Some sites receiving a rating of good may have individual
indicators with poor ratings. Indicators with ratings of poor point out issues that may need
addressed through channel modifications. If channel modifications are considered necessary or
potentially necessary, then the results of individual indicators can be used as an aid at selecting
potential design components.
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Figure 11. Site assessment, design selection, and design review process flowchart.
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V/Vc Analysis
In this study, V/Vc is used to observe trends in sediment mobilization. Many geomorphic studies
agree that stream power is a powerful indicator of channel stability (Bledsoe and Watson 2001,
Brookes 1988, Bull 1979). It has often been used to predict bedload transport (Bagnold 1977,
Petit 2005). The stream power per unit channel width, ω, is typically assessed over an extended
reach, rather than in a short reach, as in the case of transition projects at bridges. In addition, in
our case, stream power is a very difficult value to accurately assess for a given cross section,
unless very detailed flow data are available.
An alternative is to combine shear stress with the Manning equation to yield a critical velocity
that is strongly related to stream power (Richardson et al. 2001). According to Petit et al. (2005),
critical velocity, introduced by Hjulstrӧm in 1935, is the oldest way of estimating bedload
mobilization. MDSHA and the Federal Highway Administration have previous experience using
critical velocity to assess the initiation of bedload mobilization (Kerenyi 2007 and Richardson et
al. 2001). In this method, we set the average boundary shear stress (𝜏𝑜 ) to equal the critical shear
stress (𝜏𝑐 ), and solve for friction slope (Sf). Substitution of this slope into to Manning equation
provides the critical velocity, Vc. In this manner, Vc can be shown to be related to stream power
(ω), and is readily compared to velocities for a range of discharges at locations upstream and at
the bridge. Mobilization through the bridge opening itself is not considered in this study. The
focus is on the trends in mobilization at cross sections upstream and downstream of the bridge.
Many of the bridges have performed scour holes that are transient in depth and shape. Also, this
study calculates V/Vc from 1-D flow modeling in HEC-RAS that cannot capture the
multidimensional flow field through a scour hole.
Shield’s – Manning Equation for Critical Velocity
This derivation is also shown in section 3.5.5. of FHA Hydraulic Design Series #6 (Richardson
et al. 2001).
At critical conditions, the critical shear stress just equals the average boundary shear stress:
𝜏 𝑐 = 𝜏𝑜

(1)

𝜏𝑜 = 𝛾𝑅𝑠𝑖𝑛(𝜃)

(2)

Applying the wide channel and small channel angle approximations:
𝜏𝑜 = 𝛾𝑦𝑆𝑓

(3)

Substituting the Shields equation for τc:
𝜃𝑐 (𝛾𝑠 − 𝛾)𝐷 = 𝛾𝑦𝑆𝑓

(4)

Solving Eq. 4 for Sf:
𝑆𝑓 =

𝜃𝑐 (𝛾𝑠 −𝛾)𝐷
𝛾𝑦

=

𝜃𝑐 (𝑆𝑠 −1)𝐷
𝑦

(5)
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Where Ss = specific gravity of sediment.
Manning’s equation solved for friction slope, Sf, is given by:
𝑉 2 𝑛2

𝑆𝑓 = 1.492 𝑦 4/3

(6)

Assuming V = Vc at critical conditions and Ss = 2.65, then setting Eq. 5 equal to Eq. 6yields:
𝑉𝑐 2 𝑛2
1.492 𝑦 4/3

=

𝜃𝑐 (𝑆𝑠 −1)𝐷
𝑦

(7)

Solving Eq. 7 for critical velocity yields:
𝑉𝑐 =

1.49
𝑛

𝑦1/6 [𝜃𝑐 (2.65 − 1)𝐷]1/2

(8)

The following assumptions are included in the development and application of this equation.
 The channel is wide (W/D)>10. Hydraulic Radius (R) is approximately equal to depth (y)
R≈y
 Slope is small sin(θ)=S
 Flow is steady and uniform
 dimensionless critical shear stress Θc = 0.03 (Parker et al. 2003, Mueller and Pitlick 2005)
 Specific gravity of sediment Ss = 2.65 (Yang 1996)
 Mobilization begins at V/Vc over 1 (Richardson et al. 2001).
 Manning’s n is constant for all return periods. The HEC-RAS models used to estimate
depth (y) used a constant n value at each cross section.
 Representative Diameter D = D50. .
 V/Vc is represented by an average value for the entire channel at a particular cross section
 V is calculated from 1-D flow data
To simplify the average boundary shear stress (𝜏𝑜 ) equation, the wide channel assumption and
small channel slope angle assumption are used. The wide channel assumption (width >
10*depth) allows the substitution of depth (y) for hydraulic radius (R). The small channel slope
angle allows the substitution of slope (S) for sin(𝜃). The specific gravity of quartz based riverine
sediments is 2.65 (Yang 1996). When channel velocity is greater than critical velocity initiation
of motion occurs (Richardson et al. 2001). In this simulation Manning’s n was taken from the
MDSHA HEC-RAS models which had constant n values for all return period flows. In this
study, this analysis was conducted using the D50 sediment data from MDSHA geomorphology
reports (MDSHA 2014 and 2008 A) and flow data from the MDSHA HEC-RAS models. D50
was chosen as the representative diameter because it readily available information from MDSHA
geomorphic reports. D could be adjusted to other diameters to tailor the analysis to a specific
scenario. For example if the aim was to mobilize fine sediments to promote clean gravels for fish
spawning habitat D could be assumed to be D16. Similarly, if the goal was to assess the
mobilization of the largest sediments D84 or D99 could be used. V/Vc was calculated at each
stream station represented by a HEC-RAS cross section. From the HEC-RAS output tables,
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Minimal Channel Elevation was subtracted from Water Surface Elevation to get the equilibrium
flow depth (y). The results were plotted as V/Vc versus river station.
The V/Vc ratios obtained as a result of this analysis are not likely representative of the actual
ratios in the channel due to the effects of bends in the channel and because the equilibrium depth
was taken from a one dimensional analysis in HEC-RAS. The results are an average value for a
given cross section. At a bend, the actual ratio would be higher than average toward the outside
of the bend, and lower than average on the inside of the bend. The results are of interest because
they can be used to assess the relative V/Vc from river station to river station. Partial transport
studies show that at shear stresses twice the critical value, partial movement of sediment can be
expected (Pitlick and Wilcock, 2001). Due to the strong relationship between the critical
velocity equation and shear stress, this study assumes a similar trend for velocity twice the
critical value. If there is a significant lowering of the ratio near the bridge, deposition is likely to
occur. Trends in mobilization can be used to assess transition designs before construction to
lower the chance of creating a depositional zone within the bridge reach.

DFMEA
Developed in the 1960’s, Failure Modes and Effects Analyses (FMEA) have since been applied
to a variety of industries (Niezgoda and Johnson 2007). A Design Failure Modes and Effects
Analysis (DFMEA) is a qualitative method intended to illuminate potential failure modes of
individual design components and identify the impact of each failure mode on the system as a
whole. DFMEA was applied to components of stream restoration designs by Niezgoda and
Johnson 2007. This method allows the designer to assign relative values for the consequence of
failure (C), likelihood of occurrence of the failure (O), and the likelihood of the design controls
at detecting or preventing the failure (D). The rating tables for C, O, and D must be established
prior to the analysis to prevent bias in the final values. C, O, and D are multiplied together to
give the designer a Risk Priority Number (RPN). RPNs are relative assessments of the risk
associated with a failure mode of a given component. Areas with relatively high RPNs should be
given greater attention by the designer. Once a priority component has been identified, more
advanced design controls should be used. If more advanced design controls do not exist, or are
economically unviable, then the design should be adjusted or a new design considered. Another
alternative is to require inspections, testing procedures, and/or monitoring of the component(s) at
risk (Niezgoda and Johnson 2007). These alternatives are less desirable in the eyes of bridge
owners. An ideal transition would function without the need for increased monitoring or
maintenance. The goal of utilizing a DFMEA during the design process is to identify high risk
design components and mitigate the risks to improve the likelihood of success of the channel
transition.
The case study in this report for MD 25 over Georges Run shows the intended application of a
DFMEA to a channel transition project (Table 11). Other controls or improved modeling could
be utilized for other components to further reduce the composite RPN. Use of this tool should
benefit all parties involved in transition construction. The DFMEA should decrease the chance
and/or magnitude of failure of projects. It can also be utilized by the design professional to
explain the necessity for using certain measures to the success of the project.
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Site Summaries and Field Observations
Maryland sites to be included in this study were selected in cooperation with MDSHA personnel.
The sites represent a range of problems and practices, as well as physiographic settings. Two
sites, MD 7 over James Run and MD 136 over James/Broad Run, are included for the purpose of
comparison. No channel stability or transition practices were used at these sites, so they are in
their “natural” state. MD 136 is mistakenly and repeatedly referred to as MD 136 over James
Run. However, it is actually Broad Run. In this report, we will attempt to correct this by referring
to it only as Broad Run. Figure 12 shows the general location of the eight sites. Detailed site
location maps are provided in the Appendix. The sites are situated in four physiographic regions
across the state. Table 4 provides a summary of characteristics for each of the eight sites,
including channel instability/transitions issues at each site and the measures or practices used to
stabilize the transitions. Table 5 summarizes the types of information available from MDSHA at
the initiation of study. Three Pennsylvania Bridges were also included to broaden the examples
provided. These bridges lie within two physiographic provinces, Appalachian Plateau and Ridge
and Valley, These bridges serve as examples of sites receiving stability, damage, and complexity
ratings not demonstrated by the Maryland bridges included in this study. The extent of stream
stabilization at these bridges involves riprapping around the bridge. Figure 13 shows the general
location of these three sites. More detailed location maps are available in Appendix A.
Historical aerial imagery of each site is included in Appendix B.
The Maryland sites were visited during the period of April-July, 2016. At each site, photographs
and notes were taken to provide input to stability assessments. These sites were revisited by the
project graduate student in February, 2017. This second visit was conducted to collect additional
data necessary for analysis of the projects and to observe any changes that may have occurred
over the winter. Additional photos were taken for comparison between visits. Bar sediment
samples were collected from MD 17, MD 223, MD 25, and MD 7. Detailed observations on each
site are provided below, progressing from westernmost to easternmost sites. The Pennsylvania
sites were visited between May and August 2017 to collect photos and take notes.

Figure 12. Locations of the eight Maryland bridge sites.
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Figure 13. Locations of the three Pennsylvania bridge sites.
Stability assessments were conducted for each of the eleven sites based on Johnson (2005; 2006)
and Lagasse et al. (2012). Table 6 provides the results. Assessments for four of the bridges, MD
36 over Georges Creek, MD 223 over Piscataway Creek, PA SR 3036 over S. Fork Sugar Creek,
and PA SR 220 over Vaughns Run, yielded “Fair” ratings. A rating of fair implies that a “more
extensive geomorphic or hydraulic study is needed to further assess the potential for adverse
conditions developing at the bridge” (Johnson 2006). The results can then be used to determine
whether repair or rehabilitation is needed.
In addition to the overall stability, the ratings can be separated into vertical and lateral. For both
the MD 36 and MD 223 bridges, the vertical and lateral scores were similar, as shown in Table 6;
thus, neither of those processes strongly dictates the instability. However, in both cases, there are
several indicators that stand out as having particularly high values, in the “Poor” rating category.
For MD 223, those indicators in the “poor” range include 5 (bed material packing and sorting), 6
(bar development), and 13 (alignment of upstream channel to the bridge opening). This is
certainly not a surprising result, as it is observed that there is significant sediment accumulation
that is altering the alignment of the low-flow channel, but combined with the other ratings leads
to the overall “Fair” score. For MD 36, the indicators in the “poor” range are 4 (channel
entrenchment or confinement) and 9 (bank slope). This is also not surprising; however, as with
MD 223, the combination of these poor ratings along with the other ratings, many of which are
in the “fair” range, leads to an overall “Fair” rating.
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Table 4. Summary of sites included in this study.
Bridge
Route and
Map Location
Number
Waterway
MD 36 over
1013
1 mi. S. of Midland
Georges Cr.
MD 17 over
10071
1 mi. E. of Wolfsville
Middle Cr.
MD 28 over
2 mi. E. of Point of
10014
Tuscarora Cr.
Rocks
MD 223 over
16051
N. of Rosaryville
Piscataway Cr.
MD 25 over
8 mi. W. of Hereford, 1
3019
Georges Run
mi E. of Armacost
MD 165 over W.
12046
3 mi. S. of Jarrettsville
Br of W. Br
MD 136 over
12034
3 mi. E. of Belair
Broad Run
MD 7 over James
12009
0.5 mi. E. of Belcamp
Run
PA SR 220 over
4.2 mi. SW. of Port
9424
Vaughns Run
Matilda
PA LR 405 over
46895
Port Matilda Borough
Bald Eagle Creek
PA SR3036 over S.
6458
1 mi. S of Troy
Fork Sugar Creek

Latitude

Longitude

County

Physiographic
Region

39.579448

-78.966752

Allegany

App Plateau

39.523330

-77.548330

Frederick

Blue Ridge

39.268700

-77.490960

Frederick

Piedmont

38.785550

-76.843779

Prince
Georges

Coastal Plain

39.615443

-76.790174

Baltimore

Piedmont

39.556021

-76.465079

Harford

Piedmont

39.529929

-76.262740

Harford

Piedmont

39.476534

-76.260441

Harford

Coastal Plain

40.798055

-78.051944

Centre

40.756666

-78.113055

Centre

41.766388

-76.787777

Bradford

Ridge and
Valley
Ridge and
Valley
Appalachian
Plateau
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Table 4. (continued) Summary of sites included in this study.
Bridge
Route and
Watershed
Land Use
Number
Waterway
Area (sq km)
mix of forest and urban
MD 36 over
1013
79.7
with minor agricultural, and
Georges Cr.
suburban, plus mining
primarily agricultural with
MD 17 over
10071
65.8
small percent forest and
Middle Cr.
rural

Transition Issues or
Problems

Primary Stabilization Practices or
Measures

reach wide
degradation

cross vanes, lowered floodplain

bar formation on
bend

rock and cross vanes, lowered
floodplain, riprap, sloped
abutment
Lowered floodplain, cross vanes

10014

MD 28 over
Tuscarora Cr.

51.0

primarily agricultural

infilling/aggradation
in left channel and
left span

16051

MD 223 over
Piscataway Cr.

12.2

forest and suburban

aggradation, bar
formation

3019

MD 25 over
Georges Run

33.9

primarily agricultural with
small percent forest and
suburban

aggradation, bar
formation

12046

MD 165 over
W. Br of W. Br

16.5

mix of forest, suburban

lateral movement

12034

MD 136 over
Broad Run

12.1

primarily agricultural with
small percent forest and
suburban

aggradation, bar
formation

none. comparison only.

12009

MD 7 over
James Run

28.7

mix of forest, suburban,
agricultural

aggradation, bar
formation

none. comparison only.

9424

PA SR 220
over Vaughs
Run

7.0

mix of forest, agriculture,
and suburban

aggradation, bar
formation

none. comparison only.

lowered floodplain, preformed
scour hole under bridge, no
structures
lowered floodplain, guidebanks,
preformed scour hole under
bridge, riprap banks, cross vanes,
forked channel d/s
cross vanes, riprap, old bridge
foundations
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46895

6458

PA LR 405
over Bald
Eagle Creek
PA SR 3036
over S. Fork
Sugar Creek

53.4

mix of agriculture, forest,
and suburban

none

none. comparison only.

14.2

mix of agriculture, and
suburban

aggradation, bar
formation, lateral
movement

none. comparison only.
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Table 5. Summary of data and analysis provided by MDSHA for each site.
Bridges
MD 36
MD 17
MD 28
MD 223
MD 25
Available
over
over
over
over
over
information
Georges Cr. Middle Cr.
Tuscarora
Piscataway
Georges
(1013)
(10071)
Cr. (10014) Cr. (16051) Run (3019)

MD 136
over Broad
Run
(12034)

MD 7 over
James Run
(12009)



As-built surveys
Monitoring
reports
Hydrologic
reports
Hydraulic
reports
HEC-RAS
models
Geomorphology
Reports

MD 165
over W. Br
of W. Br
(12046)
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Table 6. Stream channel stability assessments at project sites based on Johnson (2005; 2006) and Lagasse et. al (2012). Descriptions
and ratings for each of the thirteen indicators are given in Johnson (2005; 2006). Indicators four through six are indicators of vertical
stability. Indicators eight through thirteen are indicators of lateral stability.
Bridges
MD 223
MD 165
MD 136
MD 36 over MD 17 over MD 28 over
MD 25 over
MD 7 over
Indicators
over
over W. Br over Broad
Georges Cr. Middle Cr.
Tuscarora
Georges
James Run
Piscataway
of W. Br
Run
(1013)
(10071)
Cr. (10014)
Run (3019)
(12009)
Cr. (16051)
(12046)
(12034)
1.Watershed
9
8
8
9
7
7
7
7
2. Flow habit
8
4
4
5
2
3
3
3
3. Channel
8
5
5
9
8
7
7
7
pattern
4.
10
6
5
5
4
5
5
4
Entrenchment
5. Bed material
7
8
7
11
7
8
6
8
6. Bar
6
9
5
11
9
8
7
10
development
7. Obstructions
4
5
5
4
2
10
5
4
8. Bank soil
9
5
5
9
5
5
5
5
9. Bank slope
11
6
3
7
5
8
10
8
10. Bank
6
4
9
8
3
9
10
10
protection
11. Bank
3
6
7
9
4
9
10
9
cutting
12. Bank failure
2
4
3
2
2
3
5
3
13. U/S
9
9
3
10
10
4
6
3
meander
92
79
69
99
68
86
86
81
Overall Rating
(Fair)
(Good)
(Good)
(Fair)
(Good)
(Good-Fair) (Good-Fair)
(Good)
Vertical
0.64
0.64
0.47
0.75
0.56
0.58
0.50
0.61
Fraction
Lateral Fraction
0.56
0.47
0.42
0.63
0.40
0.53
0.64
0.53
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Table 6. (continued) Stability assessments for the Pennsylvania bridge channel transitions.
PA SR
PA LR 405 PA SR 2203036 over
over Bald
US 220
Indicators
S. Fork
Eagle
over
Sugar
Creek
Vaughns
Creek
(46895)
Run (9424)
1.Watershed
8
7
11
2. Flow habit
3
3
5
3. Channel
6
3
8
pattern
4.
8
3
5
Entrenchment
5. Bed material
8
5
7
6. Bar
11
2
10
development
7. Obstructions
6
2
3
8. Bank soil
8
3
3
9. Bank slope
6
3
8
10. Bank
9
4
10
protection
11. Bank
9
3
11
cutting
12. Bank failure
8
2
7
13. U/S
10
1
12
meander
100
41
100
Overall Rating
(Fair)
(Excellent)
(Fair)
Vertical
0.75
0.28
0.61
Fraction
Lateral Fraction
0.69
0.22
0.71
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MD 36 over Georges Creek
Bridge #1013, Maryland Route 36 (MD 36) over Georges Creek, is located in Allegany County,
1.5 miles Northeast of Lonaconing, Maryland. This site lies within the Appalachian Plateau
transition of the Valley and Ridge physiographic region. MD 36 at this crossing is classified as a
rural-minor arterial road and, as of the year 2009, has an average daily traffic (ADT) of 7,706
(Baughn 2016). The land use within the 79.7 square kilometers (30.7 square miles) watershed
upstream of the bridge is primarily agricultural, but also includes residential lots, commercial
developments, pasture, and woods. This site received the following National Bridge Inventory
ratings: #60 substructure condition, 8; #61channel and channel protection, 8; #71 waterway
adequacy appraisal, 7; #113 scour critical bridges, 5 (Federal, 2016). In the vicinity of the MD
36 crossing, Georges Creek is a gravel-bed channel with well vegetated banks. Other reaches of
Georges Creek between Lonaconing and Midland have constructed vertical-walled banks and
areas of degradation of the fractured bedrock (MDSHA 1999 B). Woody vegetation is
establishing on lateral bars throughout the reach. Degradation is the primary process within this
watershed; however, sediment deposition also occurs in areas of lower energy flow, such as in
backwaters caused by bridges and at slope changes (MDSHA 2003). Factors affecting stability of
this watershed include channelization, entrenchment, and flow constrictions from bridge
crossings and flood walls. There is a railroad bridge approximately 122 meters (400 feet)
downstream that creates a backwater condition from the rail bridge to bridge #1013 (Figure 14A)
(MDSHA 2003).
The MD 36 crossing over Georges Creek was replaced in December 2005 due to scour damage
to the existing bridge. The previous crossing was a three-span bridge 32.6 meters (107 feet) in
length (MDSHA 2003). The bridge had vertical abutments with a 50-degree skew to the
roadway. The flow approached the crossing at approximately 25 degrees, resulting in scour. The
new bridge is a double span bridge that is better aligned with the flow. The site modifications
included excavation of the floodplain on the left upstream bank (Figure 14B) and instream
structures. Channel structures begin upstream with a cross vane, followed by three J-hook vanes,
a series of three cross vanes, the bridge, and a downstream cross vane. The cross vanes are
intended to control the grade and degradation through the reach. The J-hook vanes are intended
for bank stability. From the data at USGS 01599000 Georges Creek at Franklin MD gage with a
record going back to 1924, this watershed at large has experienced up to a 8 year flood.
Several of the J- hook vanes have rock that is fracturing and deteriorating (MDSHA 2008c).
There is considerable deposition and vegetative growth upstream of the right span of the bridge
(Figure 15). During site visits, widespread degradation and entrenchment were observed
throughout the rest of the watershed, as were localized areas of deposition of large rocks.
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A
B
\
Figure 14. MD 36 over Georges Creek: A.) Standing on Bridge 1013\ looking downstream with the railroad bridge in the background.
B
B.) Standing
on Bridge 1013 looking upstream showing vanes Bin background and excavated floodplain at right of picture.
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Figure 15. MD 36 over Georges Creek standing upstream on lowered floodplain showing
aggradation and woody vegetation accumulating in right span.

MD 17 over Middle Creek
Bridge #10071, Maryland Route 17 (MD 17) over Middle Creek, is located in Frederick County,
2.4 kilometers (1.5 miles) northeast of Myersville, Maryland. The site and upstream watershed
lie within the Blue Ridge physiographic region. MD 17 is classified as a Rural-Major Collector
with an ADT of 1,951 vehicles as of 2009 (Baughn 2016). The existing land use in the 65.8
square kilometer (25.4 square mile) upstream watershed consists of pasture, cropland, forest,
commercial developments, and residential lots. This site received the following National Bridge
Inventory ratings: #60 substructure condition, 7; #61channel and channel protection, 7; #71
waterway adequacy appraisal, 8; #113 scour critical bridges, 5 (Federal, 2016). In the vicinity of
the MD 17 crossing, Middle Creek is a gravel bed channel with well vegetated banks. Sources of
potential instability in the reach include past anthropogenic activities, such as channel relocation,
changing land use, presence of a downstream quarry, and confinement from abandoned
abutments upstream (MDSHA 2000 A and MDSHA 1999 A).
The MD 17 crossing over Middle Creek was replaced in October 2005. Deposition of sediment
in the left span had resulted in a scour hole forming along the right abutment (MDSHA 2000 A).
The previous crossing was a two span bridge, approximately 24.1 meters (79 feet) in length. It
was replaced by a single span bridge, intended to prevent aggradation. A cross vane marks the
upstream extent of the channel stabilization project associated with the bridge replacement. The
cross vane was placed to control the bed elevation. A lowered floodplain was constructed for
about 100 feet upstream. A series of three vanes were constructed upstream to redirect flow away
from the steep right bank and right abutment. A cross vane was also used downstream of the
project to prevent head cuts from migrating up from the downstream gravel quarry.
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During a site visit on May 17, 2016, aggradation of the left bank under the bridge and
undermining of the riprap stabilization on the downstream right bank were observed (Figure 16).
Figure 17 shows the evolution of the upstream excavated floodplain from post construction in
2006 to February 2017. Figure 18 shows a similar evolution from the viewpoint of the bridge.
The outside bank upstream is experiencing erosion above the rock vanes, and the inside bend has
had extensive deposition. The lateral bar has pushed the channel against the bridge riprap on the
opposite bank and eroded some of the riprap from the toe of the abutments (Figure 19). The
bridge is still protected from lateral migration by riprap, geotextile, and the old crossing
foundations. However, the riprap erosion will require maintenance. Due to the extent and depth
of the lateral bar (above the water surface elevation extending approximately 10.6 m (35 ft) out
from the left abutment, extending the length of the project reach from the upstream face of the
bridge, and jutting approximately 1.2-1.5 m (4-5 feet) high from the normal water surface to the
maximum), the conveyance of the bridge is likely reduced from the design.

Figure 16. MD 17 over Middle Creek standing upstream looking downstream showing
aggradation occurring on left bank.
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A
\

B
\

C
D
\ Figure 17. MD 17 Middle Creek: Upstream of bridge looking
\ down at the bar development and bridge opening. A.) January 2006
Post Construction. (MDSHA) B.) November 2006 Post flood. Riparian plantings washed out, and large bar developed. (MDSHA) C.)
May 2016 Upstream of upper cross vane. Woody vegetation established. D.) February 2017 showing bar height relative to bridge and
channel alignment against right bank.
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A
B
\Figure 18. MD 17 Middle Creek: Standing on bridge looking upstream,
\ showing curvature of immediately upstream. (MDSHA) A.)
January 2006 after construction. B.) November 2006 after flood event (MDSHA).
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A
\

B
\

C
D
\ Figure 19. MD 17 Middle Creek. Evolution of channel alignment \and riprap on right bank. A.) January 2006 post construction.
(MDSHA) B.) May 2016 channel has moved and eroded riprap. C and D.) February 2017 Riprap appears to be in same position as
2016. These pictures are at lower flow and show the old foundations.
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MD 28 over Tuscarora Creek
Bridge #10014, Maryland Route 28 (MD 28) over Tuscarora Creek, is located in Frederick
County, 4.4 kilometers (2.7 miles) west of Point of Rocks, Maryland. This site lies within the
Piedmont physiographic region. MD 28 is classified as a rural-minor arterial road with an ADT
of 3,212 vehicles as of 2009 (Baughn 2016). The primary land use in the 51.0 square kilometer
(19.7 square mile) upstream watershed is agricultural. The remainder is a mix of residential,
commercial, industrial, and institutional land use. This site received the following National
Bridge Inventory ratings: #60 substructure condition, 8; #61channel and channel protection, 7;
#71 waterway adequacy appraisal, 7; #113 scour critical bridges, 5 (Federal, 2016). In the
vicinity of the crossing the channel is a gravel channel with significant amounts of agriculturally
derived silt present in the system (MDSHA 2002 A). The channel has well vegetated banks. The
primary symptoms of instability in the reach are entrenchment and deposition of fine sediment.
The MD 28 crossing over Tuscarora Creek was replaced in 2007 because the previous bridge
was scour critical and superstructure had deteriorated. The previous crossing was a two span
bridge totaling 14.0 meters (46 feet) in length. The new bridge is 33.5 meters (110 feet) in length
across two spans. The hydraulic structures used in the channel at this bridge include a cross vane
at the upstream boundary of the project and a rock vane upstream of the bridge. Although the
rock vane still in place and undamaged, it is partially buried and does not appear to be effective.
Floodplain excavation and riparian plantings were also undertaken at this site.
Aggradation of the excavated floodplain was observed during a site visit on May 17, 2016
(Figure 20). Figure 21 shows the initial elevation of the floodplain. Judging from observations
made during site visits, the floodplain elevation has increased due to deposition approximately
0.3-0.6 m (1-2 ft) (Figures 20 and 21). It appears the majority of this deposition occurred shortly
after construction. Also, the downstream cross vane is buried under sediment; however, burial
does not affect the vanes ability to prevent upstream head cut migration. The channel is well
aligned with the right span and appears to be in a stable state. Figure 22 shows several photos
that show the upstream and downstream portions of the site. Beaver activity was observed near
the bridge (Figure 22D).

43

Figure 20. MD 28 standing upstream showing aggradation in left span and rock vane in bottom
right of picture.

Figure 21. MD 28 Tuscarora Creek: 2007 post construction standing on downstream floodplain
looking upstream (MDSHA).
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A

C

B

D

Figure 22. MD 28 Tuscarora Creek: A.) February 2017 Upstream looking downstream at bridge opening. Woody vegetation in
multiple areas. B.) February 2017 Standing on bridge looking upstream. C.) May 2016 Standing on bridge looking
downstream. D.) February 2017 Beaver activity evident throughout project reach. No dam construction was observed.
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MD 223 over Piscataway Creek
Bridge #16051, Maryland Route 223 (MD 223) over Piscataway Creek, is located in Prince
Georges County, 1.9 kilometers (1.2 miles) north of Rosaryville, Maryland. This site lies within
the Coastal Plain physiographic region. MD 223 is classified as a State Secondary Rural Urban
OPA (Other Principle Arterials) with an ADT of 31,292 vehicles as of 2012 (Baughn 2016).
Andrews Joint Airfield covers 54% of the 12.2 square kilometers (4.7 square miles) watershed
upstream of the crossing. The remaining land uses include a mix of forest, open land, and
residential lots. This site received the following National Bridge Inventory ratings: #60
substructure condition, 8; #61channel and channel protection, 8; #71 waterway adequacy
appraisal, 8; #113 scour critical bridges, 8 (Federal, 2016). In the vicinity of the MD 223
crossing, Piscataway Creek is a gravel bed channel with well vegetated banks. There are
unconsolidated lateral bars throughout the reach. Current channel conditions are likely a result of
past anthropogenic activities, which included straightening, relocation, and deposition of legacy
sediment from mill dams (MDSHA 2008 A).
The MD 223 crossing over Piscataway Creek was replaced in 2012 due to frequent flooding of
the roadway. The previous crossing was composed of four adjacent 2.97 meter x 2.01 meter
(9.58 feet x 6.58 feet) corrugated metal arch pipes, each 55 feet in length (MDSHA 2010). This
configuration created a backwater condition upstream of the culverts that contributed to
aggradation and flooding issues at the crossing. For the new bridge, the primary practices used
for the stream channel transition were lowering of the floodplain and clearing of debris.
Although the new bridge realigned the channel and bridge opening, the bridge is still on the
outside of a large meander; thus, deposition of sediment upstream, downstream, and within the
bridge opening is a chronic problem, as shown in Figures 23, 24, and 25. Approximately 80
percent of the widened channel area in the vicinity of the bridge has experienced deposition of
gravel bars that have modified the flows approach to the bridge. Figures 26, 27, and 28 show
several angles of the project during and shortly after construction. The upstream bar redirects the
low flow such that the angle of approach to the bridge opening low flow is increased and flow
within the bridge opening is directed against the left abutment. At high flows the stream likely
overtops these bars and approaches the bridge approximately perpendicularly. The opening
beneath the bridge appears to be acting as a sediment trap. However, the observed bar
downstream of the bridge opening indicates that at least a portion of the sediment is moving
through the opening to the downstream channel.
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Figure 23. June 2016 MD 223 Standing on bridge showing upstream gravel bar and new channel
alignment.

Figure 24. MD 223 June 2016 downstream face of bridge.
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Figure 25. Looking upstream under the bridge. Note the deposition in the left of the picture.

Figure 26. MD 223 2013 post construction showing excavated area upstream of bridge (Justin
Lennon, personal communication, September 15, 2016).
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Figure 27. MD 223 Stabilized tributary and excavated floodplain on right bank upstream of
bridge. (Justin Lennon, personal communication, September 15, 2016).

Figure 28. MD 223 post construction, looking at downstream face of bridge. Channel widened
through. (Justin Lennon, personal communication, September 15, 2016).
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MD 25 over Georges Run
Bridge #3019, Maryland Route 25 (MD 25) over Georges Run, is located in Baltimore County,
1.6 kilometers (1 mile) East of Armacost, Maryland. This site lies within the Piedmont
physiographic region. MD 25 is classified as Major Rural Collector with an ADT of 4,881
vehicles as of 2009 (Baughn 2016). The primary land use in the 33.9 square kilometer (13.1
square mile) upstream watershed is agricultural with a minor percentage of forest and residential
lots. This site received the following National Bridge Inventory ratings: #60 substructure
condition, 9; #61channel and channel protection, 8; #71 waterway adequacy appraisal, 8; #113
scour critical bridges, 5 (Federal, 2016). In the vicinity of the MD 25 crossing, Georges Run is a
gravel bed stream with well vegetated banks. Channel instability in the upstream area is likely a
result of increased sediment supply from a past relocation of Peggy’s Run and lateral migration
of the channel upstream of the project bounds.
The MD 25 crossing over Piscataway Creek was replaced in early 2016. Stream alterations
made during reconstruction included excavation of the upstream floodplain (Figure 29),
construction of upstream guide banks, excavation of a scour hole under the bridge, and
excavation of a forked channel downstream (Figure 30). The excavation of the left floodplain
was intended to provide storage for sediment. The forked channel created downstream of the
bridge opening was intended to provide relief for high flows so that high stresses against the
right bank are reduced from previous levels.
Sediment deposition in this newly excavated area was observed during visits in April and again
in June, 2016 (Figure 29A and B). Cross vanes upstream of the bridge were observed to be
partially buried (Figure 29C and D). As of the August, 2016 site visit the floodplain near the
upstream cross vane had deposition of gravel up to approximately 125 mm (0.41 ft) in diameter
to a depth in excess of 20 cm (0.066 ft) (Figure 31A). This deposition has caused the stream to
approach the upstream cross vane at an angle that negates the vane’s function. These issues are
approximately 100 m (328 ft) upstream of the bridge crossing. There is also deposition of finer
materials closer to the bridge both on the floodplain and in a bar just upstream of the bridge
(Figure 31B). Some bank erosion was observed on the right bank in the vicinity of the upstream
tie in and cross vane (Figure 32A). Close to the bridge, a large gravel bar extends from the left
guide bank downstream toward the bridge (Figure 33). Debris accumulation in the upstream
Peggy’s Run may help to slow the downstream migration of sediment in the future. Peggy’s Run
is considered to be a major source of sediment to this site (MDSHA 2014) (Figure 34). As of the
most recent site visit, this erosion had not visibly progressed beyond the initial erosion that took
place shortly after construction (Figure 32B). Beaver activity was also observed at the bridge
(Figure 35).
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Figure 29. MD 25 Upstream looking at bridge in background. A.) April 2016 B.) June 2016 C.) August 2016 D.) February 2017.
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Figure 30. MD 25 Looking downstream at bifurcated channel. A.) June 2016 B.) February 2017.
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f Figu re x

A
B
Figure 31. MD 25 Floodplain deposition A.) deposition of over 6 inches of large gravel near upstrea cross vane. Some gravel
approximately 12 cm along medium axis. B.) approximately two inches of sandy deposition near approximately 10 m. upstream from
guidebank.
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Figure 32. MD 25 Upstream right bank tie in, flow directly approaches tie in. A.) April 2016 B.) June 2016.
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Figure 33. MD 25 February 2017 looking upstream from bridge.

Figure 34. MD 25 June 2017 looking upstream at straightened section of Peggy’s Run, a major
sediment source.
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Figure 35. MD 25 February 2017 Chewed trees are evidence of beaver activity in project reach.
No observation of dam building.
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MD 165 over W. Branch of Winters Run
Bridge #12046, Maryland Route 165 (MD 165) over a tributary to the West Branch of Winters
Run, is located in Harford County, 6.77 kilometers (4.22 miles) north of Baldwin, MD. This site
lies within the Piedmont physiographic region. MD 165 is classified as a rural major collector
with an ADT of 7,471 vehicles as of 2009 (Baughn 2016). Residential lots are the primary land
use in the 16.5 square kilometer (6.4 square mile) upstream watershed. The remainder of the
watershed is a mix of pasture, forest, and cropland. This site received the following National
Bridge Inventory ratings: #60 substructure condition, 8; #61channel and channel protection, 7;
#71 waterway adequacy appraisal, 8; #113 scour critical bridges, 5 (Federal, 2016). In the
vicinity of the crossing, the West Branch of Winters Run is a gravel bed channel.
The MD 165 crossing over West Branch was replaced in 2004 due to issues with scour. The
previous crossing was a single span, 9.8 meter (32 feet) long concrete slab bridge(MDSHA 2002
C). It was replaced by a single span, 15.9 meter (52 feet) long bridge designed to convey up to a
25-year storm. The hydraulic modifications made during construction included realigning the
channel to a previous location and construction of four cross vanes to control grade through the
bridge.
As of a site visit on June 6, 2016, there was woody debris in the upstream channel and the
channel is laterally migrating toward the left bank (Figure 36). Inferring from previous pictures,
the uppermost part of the project became buried with incoming sediment causing the
circumvention of the uppermost cross vane (Figure 37). This issue has since been compounded
by more deposition and tree fall (Figure 37C). All instream structures upstream of the bridge are
no longer functioning as intended as a result of the channel migration (Figure 37D). However,
the opening itself appears to be free of debris and sediment accumulation and is aligned with the
channel. Downstream of the bridge, two cross vanes were constructed (Figure 38). Flow exiting
the bridge impacts an area of unprotected bank between two cross vanes (Flow 39). This
configuration has resulted in lateral erosion of the bank that now threatens a private driveway.
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Figure 36. MD 165 over tributary to the West Branch of Winters Run, facing downstream toward
the bridge. Note the lateral erosion, poorly functioning vanes, and woody debris in the channel.
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Figure 37. MD 165 W. Br. Winters Run: Upstream of bridge. A.) October 2005 Looking upstream from bridge showing the two cross
vanes. (MDSHA) B.) October 2005 Upstream cross vane partially buried with sediment. (MDSHA) C.) April 2016 Standing at first
cross vane upstream of bridge looking upstream. Lots of woody vegetation falling in stream. D.) April 2016 channel has circumvented
uppermost cross vane seemingly in response to woody debris falling across throat of cross vane. Approximate original flow path
shown with arrow.
D
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Figure 38. MD 165 W. Branch Winters Run: Downstream looking up toward dam showing evolution of project. A.) March 2005 post
construction. (MDSHA) B.) April 2016 showing erosion of left bank and channel migration
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Figure 39. MD 165 W. Branch Winters Run: Flow exiting the bridge opening is directly aimed at
the area of armored bank between the wings of the two downstream cross vanes.
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MD 136 over Broad Run
Bridge #12034, Maryland Route 136 (MD 136) over Broad Run, is located in Harford County,
2.6 kilometers (1.6 miles) northeast of Creswell, Maryland. This site lies within the Piedmont
physiographic region. MD 136 is classified as a rural major collector and has an (ADT) of 6,361
vehicles as of 2009 (Baughn 2016). Agriculture is the primary land use within the 12.1 square
kilometers (4.7 square miles) upstream watershed. Residential lots and forest are the next largest
land uses; commercial areas and grassy lots also are present in the watershed. This site received
the following National Bridge Inventory ratings: #60 substructure condition, 8; #61channel and
channel protection, 7; #71 waterway adequacy appraisal, 8; #113 scour critical bridges, 8
(Federal, 2016). In the vicinity of the MD 136 crossing, Broad Run has a gravel channel bed
with well vegetated banks.
The MD 136 crossing over Broad Run was rebuilt in 2006 due to deterioration of the
superstructure and frequent overtopping. The existing bridge was a single span of 8.5 meters (28
feet) in length. No stream channel alterations were made at this site during reconstruction.
Upstream of the bridge, the left bank is being undermined and a sediment bar has accumulated
(Figure 40). The channel is well aligned with the bridge opening and sediment accumulation
does not appear to be an issue (Figure 41). The stream is not imminently threatening the
infrastructure; however, it is primarily being protected by undercut trees. Toppling of the trees
may not be as imminent as their precarious lean would suggest. A small Black Cherry tree that
is undercut and overhanging the channel is visible in identical condition both in photos from post
reconstruction (2006) and in a 2016 site visit (Figure 42). Despite the lateral migration upstream
and the associated sediment load produced, this channel did not have major depositions in the
channel in the vicinity of the bridge. It was noted that the valley upstream of the bridge is wider
(Figure 43) than the valley downstream (Figure 44), possibly indicating increasing sediment
mobilization downstream.
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Figure 40. MD 136 over Broad Run, looking upstream from bridge.

Figure 41. MD 136 over Broad Run looking downstream at the bridge opening. The previous
bridge abutments were left under the reconstructed bridge.
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Figure 42: MD 136 Broad Run looking upstream from bridge notice double tree at left of picture and small leaning tree at right of
picture. Negligible movement over ten years. A.) September 2006 B.) June 2016.
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Figure 43. MD 136 over Broad Creek approximately 100 m upstream of bridge. Note wide
valley and extended straight riffle reach.

Figure 44. MD 136 over Broad Creek looking down through bridge opening. Downstream valley
narrows and banks steepen.
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MD 7 over James Run
Bridge #12009, Maryland Route 7 (MD 7) over James Run, is located in Harford County, 0.8
kilometers (0.5 miles) east of Belcamp, Maryland. This site lies at the transition of the Piedmont
and the Coastal Plain physiographic regions, known as the Fall Zone. MD 7 is classified as an
Urban Minor Arterial with an ADT of 12,500 vehicles as of 2013 (Baughn 2016). The primary
land use in the 28.7 square kilometer (11.1 square mile) upstream watershed is agricultural.
There also forested areas, medium density residential lots, low-density residential lots, and
pasture areas. This site received the following National Bridge Inventory ratings: #60
substructure condition, 8; #61channel and channel protection, 7; #71 waterway adequacy
appraisal, 5; #113 scour critical bridges, 7 (Federal, 2016).
The crossing was reconstructed in 2014. No stream alterations were made at this site during
reconstruction (MDSHA 2009). The stream transports a significant gravel load (Figures 45 and
46). Sediment and debris has accumulated upstream and beneath the bridge, but appears to be
moving through the opening and downstream (Figure 46). At this site the bed is composed of
angular gravels (D50 = 33 mm), and the banks are composed of finer material. The channel is
broad and very shallow. The channel upstream appears to be widening as there are also large
leaning trees on both banks. Given the unstable upstream conditions with woody debris being
added to the stream, debris accumulation will likely be an ongoing issue. The channel was well
aligned with the bridge opening.

Figure 45. MD 7 August 2016 Looking downstream from bridge showing gravel deposition and
straightness of channel downstream.
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Figure 46. Upstream looking downstream at bridge showing depositions. A.) April 2016 B.) August 2016.
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PA SR 220 – US 220 over Vaughns Run
Bridge #9424, PA SR 220 – US 220 over Vaughns Run, is located in Centre County, 6.8 km (4.2
miles) SW of Port Matilda, PA. This site lies within the Ridge and Valley Province along the
base of the Allegheny Front. PA SR 220 is classified as Rural Major Collector and has an
average daily traffic of 1,806 as of 2013 (Baughn 2016). The primary land use in the 7.0 square
kilometer (2.7 square mile) upstream watershed is forested with some low density residential.
This site received the following National Bridge Inventory ratings: #60 substructure condition, 6;
#61channel and channel protection, 5; #71 waterway adequacy appraisal, 6; #113 scour critical
bridges, 8 (Federal, 2016).
This crossing was last reconstructed in 1952. Land cover differs on opposite sides of the bridge.
Upstream the area is densely covered by woody vegetation (Figure 47). Downstream of the
bridge is an overgrazed cattle field where the cattle have direct access to the stream (Figure 48).
The channel approach to the bridge opening is skewed. The stream flows down from the
Allegheny Plateau and it can be assumed that the stream slope reduces as it reaches the valley.
This location is also only approximately 100 m (328 ft) from where Vaughns Run enters Bald
Eagle Creek. A landowner at a similar bridge (structure #9427) said that he has observed Bald
Eagle Creek causing a backwater up to PA SR 220. It is reasonable to assume that this also
happens at bridge #9424 over Vaughns Run. There is significant deposition at the bridge likely
caused by the unfavorable angle of approach, the reduction in bed slope, and the likely
backwater from Bald Eagle Creek (Figure 49).

Figure 47. PA SR 220 over Vaughns Run showing upstream riparian vegetation with numerous
dead trees along stream channel.
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Figure 48. PA SR 220 over Vaughns Run looking downstream showing failing banks, sediment
deposition, sparse riparian vegetation, and cattle with direct access to the stream.

Figure 49. Downstream face of PA SR 220 over Vaughns Run right span is completely clogged
with sediment and the left span is partially clogged. Flow is undercutting riparian vegetation on
the banks.
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PA LR 405 over Bald Eagle Creek
Bridge #46895, Pennsylvania Local Route 405 (PA LR 405) over Bald Eagle Creek, is located in
Centre County, within Port Matilda, PA. This site lies in at the boarders of the Appalachian
Plateau and the Ridge and Valley physiographic provinces. Bald Eagle Creek parallels the
Allegheny Front within the Ridge and Valley physiographic province. PA LR 405 is classified as
a rural minor collector and carries an average daily traffic of 1,589 as of 2013 (Baughn 2016).
The primary land use in the 53.35 square kilometer (20.6 square mile) upstream watershed is
agriculture. There are also forested areas, medium density residential lots, low-density residential
lots, and pasture. This site received the following National Bridge Inventory ratings: #60
substructure condition, 8; #61channel and channel protection, 8; #71 waterway adequacy
appraisal, 9; #113 scour critical bridges, 8 (Federal, 2016).
This crossing was reconstructed in 2011. The channel is straight for at least 35 m (115 ft)
upstream and downstream of the bridge (Figures 50 and 51). The channel approaches the bridge
opening perpendicularly. The channel substrate is large angular gravel (Figure 52).

Figure 50. PA LR 405 over Bald Eagle Creek looking upstream. The channel is strait
approaching the bridge opening.
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Figure 51. PA LR 405 over Bald Eagle Creek looking downstream. The channel is strait exiting
the bridge channel, and the banks are well vegetated.

Figure 52. PA LR 405 over Bald Eagle Creek showing large blocky substrate in the vicinity of
the bridge.

PA SR 3036 over South Fork of Sugar Creek
Bridge #6458, Pennsylvania State Route 3036 (PA SR 3036) over South Fork of Sugar Creek, is
located in Bradford County, 1.6 kilometers (1 mile) south of Troy, PA. This site lies in the
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Appalachian Plateau physiographic province near the transition of the Mountainous High Plateau
Section and the Glaciated Low Plateau Section. PA SR 3036 is classified as a Local (Rural) road
with an ADT of 168 vehicles as of 2013 (Baughn 2016). The primary land use in the 14.2 square
kilometer (5.5 square mile) upstream watershed is agricultural. There also forested areas,
medium density residential lots, low-density residential lots, and pasture areas. This site received
the following National Bridge Inventory ratings: #60 substructure condition, 7; #61channel and
channel protection, 3; #71 waterway adequacy appraisal, 9; #113 scour critical bridges, 5
(Federal, 2016).
The crossing was constructed in 1973. The stream transports a significant gravel load (Figure 5).
Sediment and debris has accumulated upstream and beneath the bridge. Upstream of the bridge
the channel is broad and shallow. Downstream the channel runs along a residential yard, and it is
narrow, straightened, and entrenched. At this site the bed is composed of angular gravels (D50 =
33 mm), and the banks are composed of finer material. The channel is broad and very shallow.
The channel is poorly aligned with the bridge opening.
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Results
Damage States
Damage state assessments were carried out at each of the 11 project sites. These assessments
rate the relative degrees of damage at an existing channel transition. Each of the six individual
ratings is out of a possible four points which correspond to none, moderate, extensive, and
complete damage. The overall rating ranges from six to 24. The damage state ratings the study
bridges are shown in Table 7.
MD 28 over Tuscarora Creek and PA LR 405 over Bald Eagle Creek received overall scores of
six corresponding to no damage for any of the indicators. The Maryland bridges received overall
scores from six to 12. The Pennsylvania bridges, which were chosen as very good successful
transitions and very unsuccessful transitions, ranged from six to 20. Sediment and debris
accumulation was rated as completely damaged at MD 223. This was the only complete damage
rating assessed at a MD bridge. MD 223 received no damage ratings for all other categories.
MD 7 over James run received an extensive damage rating for one indicator, and MD 17, MD
165 over Winters Run, and MD136 over Broad Run received an extensive damage rating for two
indicators.
Complete damage ratings were assessed for bank stability at PA SR 3036 over S Fork Sugar
Creek and for both bank stability and sediment and debris accumulation at PA SR 220 over
Vaughns Run. Both of these bridges scored extensive damage in several other factors.
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Table 7. Damage state ratings for present state of project sites. Ratings are out of a possible 24.
Bridges
MD 223
MD 165
MD 36 over MD 17 over MD 28 over
MD 25 over
Indicators
over
over W. Br
Georges Cr. Middle Cr.
Tuscarora
Georges
Piscataway
of W. Br
(1013)
(10071)
Cr. (10014)
Run (3019)
Cr. (16051)
(12046)
1.
Infrastructure
1
2
1
1
1
1
integrity
2.
Instream
2
1
1
1
2
2
structure
integrity
3.
1
3
1
1
2
3
Bank stability
4.
1
1
1
1
2
3
Project tie-in
5.
Bed
1
1
1
1
1
1
degradation
6.
Sediment and
2
3
1
4
2
2
Debris
Overall Score
8
11
6
9
10
12

MD 136
over Broad
Run
(12034)

MD 7 over
James Run
(12009)

1

1

1

1

3

2

3

1

1

1

1

3

8

9
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Table 7. (continued) Damage state ratings for present state of project sites. Ratings are out of a
possible 24.
Bridges
PA LR 405
PA SR 220PA SR 3036
Indicators
over Bald
US 220 over
over S. Fork
Eagle Creek Vaughns Run
Sugar Creek
(46895)
(9424)
1.
Infrastructure
3
1
3
integrity
2.
Instream
3
1
3
structure
integrity
3.
Bank
4
1
4
stability
4.
3
1
3
Project tie-in
5.
Bed
1
1
3
degradation
6.
Sediment and
3
1
4
Debris
Overall
17
6
20
Score
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Complexity Table
Complexity table analyses were carried out for each of the 11 projects (Table 8). The
complexity table results represent the level of complexity or difficulty presented by the inherent
site characteristics. All Maryland bridges received a rating of difficult. The Pennsylvania bridges
were included in this study to show that ratings of moderate and extreme complexity were
present in nature. PA LR 405 over Bald Eagle Creek rated moderate for complexity. PA SR
3036 over S. Fork Sugar Creek and PA SR 220 over Vaughns Run both rated extreme for
complexity. It is reasonable that all bridges from the Maryland set are rated difficult as these
sites were chosen with MDSHA personnel as sites of particular interest or concern.
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Table 8. Complexity ratings for present state of study bridges. The total score is out of a possible 90. The structure number is in
parentheses after the route number and waterway name.
Bridges
MD 223
MD 165
MD 136
MD 36 over MD 17 over MD 28 over
MD 25 over
MD 7 over
Factors
over
over W. Br over Broad
Georges Cr. Middle Cr.
Tuscarora
Georges
James Run
Piscataway
of W. Br
Run
(1013)
(10071)
Cr. (10014)
Run (3019)
(12009)
Cr. (16051)
(12046)
(12034)
1.
6
5
5
6
4
4
4
4
Watershed
2.
3
3
2
3
2
2
3
3
Constraints
3.
4
4
4
3
3
3
4
3
Debris
4.
4
5
4
8
7
5
3
5
Bed material
5.
7
3
2
2
2
2
2
2
Confinement
6.
3
7
2
8
6
5
3
5
Aggradation
7.
Bank
6
2
2
6
2
2
2
2
material
8. Bank
5
3
7
7
8
7
4
4
protection
8.
5
9
4
9
4
4
6
1
Meander
9.
D/S
8
2
1
2
2
3
2
2
constriction
10.
3
3
2
4
4
6
6
8
Waterway
Overall
54
46
35
58
44
43
39
39
Score
(Difficult)
(Difficult)
(Difficult)
(Difficult)
(Difficult)
(Difficult)
(Difficult)
(Difficult)
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Table 8. (continued) Complexity ratings for the present state of Pennsylvania study bridges. The
total score is out of a possible 90. The structure number is in parentheses after the route number
and waterway name.
Bridges
PA LR 405 PA SR 220PA SR 3036
Factors
over Bald US 220 over
over S. Fork
Eagle Creek Vaugns Run
Sugar Creek
(46895)
(9424)
1.
6
5
8
Watershed
2.
6
4
4
Constraints
3.
5
3
7
Debris
4.
6
5
6
Bed material
5.
6
3
5
Confinement
6.
9
2
9
Aggradation
7.
Bank
6
3
3
material
8. Bank
8
3
9
protection
9.
9
2
9
Meander
10.
D/S
3
1
2
constriction
11.
9
4
5
Waterway
Overall
73
35
67
Score
(Extreme)
(Moderate)
(Extreme)
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V/Vc
As an example, for the 10-year flow at MD 223 over Piscataway Creek, assuming n = 0.045
(MDSHA, 2010) and the dimensionless critical shear stress, τ* = 0.03 (Parker et al, 2003;
Mueller and Pitlick, 2005), then beginning upstream and working toward the bridge, Table 9
provides the ratio of average velocity to critical velocity. Figure 53 shows a graphical
representation of mobilization at each channel cross section.

V/Vc

Assuming the partial transport concept applies here (since our Vc is based on shear stress), then
the calculations above show that sediment upstream of the bridge will be mobilized during the
10-year flood, but likely only partial mobilization (at best will be realized at the bridge. On the
inside bends, such as under the bridge, there is likely no mobilization taking place, as the
velocity (and shear stress) is much lower in those local.
5
4.5
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Figure 53. MD 223 10 year return period V/Vc.
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Table 9. HEC-RAS output of channel characteristics. Vc and V/Vc are calculated externally from
HEC-RAS.
Min
Channel
River
W.S.
Depth (D) Channel
Channel
Froude
Vc
V/Vc
Station Elevation
(Difference) Velocity
Elevation
#
Upstream
(ft)
(ft)
(ft)
(ft/s)
(ft/s)
6560
197.6
190.6
7.1
4.3
0.35
1.3
3.3
6230
196.1
190.2
5.9
4.0
0.32
1.4
2.9
5825
194.6
188.1
6.6
3.9
0.28
1.5
2.6
5515
193.5
187.4
6.2
3.3
0.28
1.1
2.9
5215
192.3
187.3
5.0
3.6
0.32
1.6
2.3
4885
190.9
186.8
4.1
3.7
0.41
1.5
2.5
4695
189.4
184.8
4.6
4.5
0.45
1.5
2.9
4515
189.0
184.9
4.1
2.4
0.24
1.5
1.6
4275
188.4
182.6
5.8
4.1
0.33
1.4
3.0
4210
188.2
181.4
6.8
3.7
0.26
1.4
2.7
4120
187.7
181.3
6.4
4.5
0.37
1.4
3.2
3980
187.0
181.3
5.7
4.1
0.33
1.4
3.1
3890.01
186.3
180.7
5.6
6.0
0.49
1.4
4.3
3858.01
186.2
180.0
6.2
5.0
0.37
1.4
3.5
3756
186.2
177.0
9.2
3.2
0.19
1.5
2.2
3730
186.2
177.0
9.2
2.6
0.15
1.9
1.3
3690
186.0
177.0
9.0
3.8
0.23
2.1
1.8
3637
Bridge
3580.01
185.8
177.0
8.8
2.8
0.18
2.1
1.4
3505.01
185.6
179.8
5.8
4.6
0.34
2.0
2.3
3275
185.2
180.5
4.7
3.4
0.29
1.9
1.8
3005
184.3
178.9
5.4
3.6
0.29
1.8
2.0
2660
182.9
178.4
4.5
4.2
0.38
1.9
2.2
2390
182.3
177.9
4.4
2.5
0.22
1.4
1.8
2250
181.9
177.2
4.7
2.8
0.26
1.3
2.2
1990
181.1
176.7
4.4
3.6
0.32
1.4
2.6
1580
179.6
176.2
3.4
3.1
0.32
1.3
2.3
1340
178.9
175.0
3.9
2.7
0.26
1.5
1.8
1000
178.1
174.3
3.8
2.6
0.26
1.4
1.9
MD 36 over Georges Creek is relatively undamaged, receiving ratings of none except for two
ratings of moderate for Instream Countermeasures, and Sediment and Woody Debris
Aggradation. The upstream J-Hook vanes were constructed of lower quality rock that flaked;
however, that has had no noticeable effect on the project as a whole. There is sediment
deposition and woody vegetation growth in one span of the bridge. Also noteworthy is the
damage rating of none for Degradation. During site visits, widespread degradation and
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entrenchment were observed throughout the rest of the watershed and localized areas of
deposition of large rocks. This site received a difficult complexity rating. Considering the
favorable damage state rating after this site has experienced several large return period events
and the difficult degree of complexity, this design seems to work well at managing the original
instabilities. Referring back to the initial definition of a stable transition stated earlier in this
paper, the integrity of the infrastructure has been maintained; however, the design flood
conveyance is likely slightly reduced due to sediment deposition and woody vegetation growth
within the designed opening. The need for removal of woody vegetation from the instream bar
will likely continue to be a maintenance issue.
MD 17 received damage ratings greater than none for three indicators. Bank Erosion and
Sediment Deposition were assessed a rating of extensive. This is a result of the bend upstream
and under the bridge crossing. The outside bank upstream is experiencing erosion above the
rock vanes, and the inside bend has had extensive deposition. The lateral bar has pushed the
channel against the bridge riprap on the opposite bank and eroded some of the riprap from the
toe of the abutments. The bridge is still protected from lateral migration by riprap, geotextile,
and the old crossing foundations. However, the riprap erosion will require maintenance. Due to
the extent and depth of the lateral bar (above the water surface elevation extending
approximately 10.6 m (35 ft) out from the left abutment, extending the length of the project reach
from the upstream face of the bridge, and jutting approximately 1.2-1.5 m (4-5 feet) high from
the normal water surface to the maximum), the conveyance of the bridge is likely reduced from
the design. This channel transition received a complexity rating of difficult. This transition
meets the infrastructure integrity part of the successful channel transition; however, it can be
assumed it does not attain maintenance of the design flow, or minimal maintenance. The design
of this transition project was constrained by the unfavorable location of the bridge, and the
inability to realign the channel due to tree cutting restrictions.
MD 28 over Tuscarora Creek received zero damage ratings higher than none. Inferring from
pictures and from site visits, the floodplain has risen through deposition approximately 0.3-0.6 m
(1-2 ft) It appears the majority of this deposition occurred shortly after construction. Also, the
downstream cross vane is buried under sediment; however, burial does not affect the vanes
ability to prevent upstream head cut migration. This deposition did not warrant any ratings of
damage for any of the indicators. The channel is well aligned with the bridge and appears to be
in a stable condition. Despite this site receiving a complexity rating of difficult, this transition
currently meets all the criteria of the definition of a successful transition.
At MD 223 over Piscataway Creek, the Sediment and Woody Debris Aggradation damage
indicator received a rating of complete damage. Approximately eighty percent of the widened
channel area in the vicinity of the bridge has experienced deposition of gravel bars that have
modified the flow approach to the bridge. At high flows the stream likely overtops these bars and
approaches the bridge approximately directly. Based on the USGS 01653600 Piscataway Creek
at Piscataway MD gage, with a record going back to 1966, this watershed has experienced a 33
year return period storm since the reconstruction of this bridge in 2013. Due to the low ratio of
V/Vc through the bridge reach, significant mobilization of the sediment is not expected. Due to
roadway realignment for the nearby intersection, the bridge was constructed on or just
downstream of a river bend. Within the bend, the actual V/Vc is expected to be higher than the
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calculated average value on the outside of the bend, and lower than calculated on the inside of
the bend. Computing V/Vc during the design process could have identified the decrease in the
trend of V/Vc at the bridge. This transition likely does not directly endanger infrastructure
integrity; however, the design conveyance is reduced and maintenance will be required.
MD 25 over George’s Run received two damage ratings of none and four ratings of moderate.
This project was only recently completed in early 2016. The moderate ratings were assigned do
to river adjustments at the upstream project end. Some erosion was observed on the right bank in
the vicinity of the upstream tie-in and cross vane. Also, the incoming sediment, including larger
gravels from Peggy’s Run, is depositing near the upstream cross vane. As of the August 2016,
site visit, the floodplain near the upstream cross vane had deposition of gravel up to
approximately 125 mm in diameter to a depth in excess of 20 cm. This deposition has caused the
stream to approach the upstream cross vane at an angle that negates the vane’s function of
aligning flow. The vane would still prevent lowering of the channel bed elevation if the stream
remains within the boundary of the vane. These issues are far removed (approximately 100 m)
from the bridge crossing. There is also deposition of finer materials closer to the bridge both on
the floodplain and in a bar just upstream of the bridge. The V/Vc analysis shown in the MD 25
case study shows a decreasing trend in mobilization as the stream approaches the bridge for the
10 year return period event (Figure 54). A similar trend was observed for other return periods.
Ignoring issues upstream, this site attains the definition of a successful transition. The
infrastructure is protected, and the design conveyance is met. The project is too young to
determine the future maintenance needs.
MD 165 over a Tributary to the West Branch of Winters Run is straight and stable immediately
around the bridge. The project as a whole has issues with lateral erosion and sediment
deposition. The uppermost part of the project became buried with incoming sediment causing
the circumvention of the uppermost cross vane. This issue has since been compounded by more
deposition and tree fall. Downstream as the water exits the bridge it is directed at an unprotected
area between the two cross vanes. This has resulted in lateral erosion that is encroaching on a
private driveway. Referring to the definition of a successful transition, the bridge integrity is
maintained, the design flood conveyance appears to be maintained, and there is no foreseeable
need for maintenance. However, this transition received the highest damage state rating of all the
Maryland bridges included in this study, 12/24. Most of the damage is related to the cross vanes
that were buried, circumvented, and aim flow at an under protected area of bank. While the
effectiveness of the transition can be assessed as designed, it is more difficult to say how the
transition would be assessed without the cross vanes.
MD 136 over Broad Run received damage ratings of extensive for the Bank Stability and Project
Tie-in indicators. At this project no stream stability countermeasures were constructed. These
two items are linked as they both relate to the lateral migration of the reach upstream of the
bridge. The stream is not imminently threatening the infrastructure; however, it is primarily
being protected by undercut trees. Without the trees there is little bank protection remaining.
Toppling of the trees may not be as imminent as their precarious lean would suggest. A small
black cherry tree that is undercut and overhanging the channel is visible in identical condition
both in photos from post reconstruction (2006) and in a 2016 site visit (Figure 42). At this time,
this bridge attains all three aspects of the definition of a successful transition. The possibility for
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future instability is present, as indicated by the results of the rapid channel stability analysis
conducted. This site received a stability rating of 86, right on the border of the good and fair
categories. A fair rating suggests alternatives to the do nothing design should be considered.
MD 7 over James Run received ratings of moderate for the Bank Stability indicator and of
extensive for the Sediment Deposition indicator. No stream stability countermeasures were used
at this location. At this site the bed is composed of angular gravels (D50 = 33 mm), and the
banks are composed of finer material (MDSHA 2004). The channel is broad and very shallow.
The channel upstream appears to be widening as there are also large leaning trees on both banks.
This site achieves the primary part of the definition of a stable channel; infrastructure integrity is
maintained. The bridge opening flood conveyance is likely compromised by sediment
deposition within the span.
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Case Studies
The following are three case studies of the channel transitions at Maryland bridges. The MD 25
over Georges Run study demonstrates the use of the entire guiding design selection methodology
(Figure 11). The MD 7 over Georges Run demonstrates the process for a bridge where do
nothing is a potentially viable option. The MD 136 over Broad Run represents a site where no
channel transition was constructed, but according to the results of a rapid channel stability
analysis one might have been warranted.

MD 25 over Georges Run
This case study provides an example our design type selection guidance. It demonstrates how to
use a rapid channel stability assessment (Lagasse et al. 2012) to identify instabilities, select a
transition that addresses the instabilities, and analyze the proposed design in a way that should
increase the likelihood of creating a stable transition. The overall assessment process is
described and shown in the methodology section in Figure 11.
This is a semi-hypothetical case study based on a project that has already been constructed.
Three design options were considered in this study. Design Option 1 represents the preexisting
condition of the site, Design Option 2 represents the transition that was constructed by MDSHA,
and Design Option 3 represents raising the floodplain of Design Option 2 by 0.46 m (1.5 ft).
Reports and photographs (MDSHA 2014) of the pre-construction conditions (Design Option 1)
were used as input for the rapid channel stability assessment. The instabilities were determined
from the assessment. The design ultimately constructed by MDSHA in 2016 (Design Option 2)
was used as the initial design for this case study. This design involved floodplain excavation,
cross vanes upstream of the bridge, a guide bank immediately upstream of the bridge, and a
forked channel downstream of the bridge. A V/Vc analysis was conducted using the cross
sections from the proposed geometry in the HEC-RAS model of the constructed design. This
V/Vc analysis showed a decrease in V/Vc compared to the rest of the study reach at several cross
sections in the designed channel, as shown in Figure 54. A decrease in V/Vc may be indicative of
a tendency for sediment to deposit. Also, as a result of the lower floodplain elevation, the V/Vc
decreases in the redesigned channel for return period storms greater than the 2-year event. The
low V/Vc ratios observed for the designed channel warrant a comparison with a design in which
the sediment is transported through the bridge opening for a range of flows. Thus, for this case
study, Design Option 3 involved raising the bank heights the of initial designed channel (Design
Option 2) to both maintain the trend of V/Vc throughout the study reach and to maintain the
average 2-year event V/Vc for the 10-year event V/Vc. Following the flowchart in Figure 11, a
DFMEA was conducted for the Design Option 3. Measures can then be changed or added to
reduce the high RPNs. Due to the low ratio of V/Vc, Design Option 2 would not have made it to
the DFMEA step in the flowchart. However, a DFMEA was conducted for both Design Option 2
and 3 for reference to compare the two design options. The DFMEA for design option 2 is
available in Appendix D. Each of part of this method is described in further detail in the
following paragraphs.
The preliminary stability rating of the pre-existing stream channel of the MD 25 bridge is given
in Table 10. The results indicate that this reach was experiencing significant instability both
laterally and vertically. Although both the lateral and vertical instability fractions are high, the
lateral is 0.84, which is significantly higher than the vertical fraction 0.63. Since the bridge
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received an overall rating of fair, “do nothing” is not a valid option in this case. The indicators
that received the worst ratings included bar development, bank soil, bank, slope, bank protection,
bank cutting, bank failure, and upstream distance to meander. The high rating for bar
development indicates a tendency for deposition either due to a decrease in competence and/or
an increased incoming sediment supply. The banks were approximately one meter high with an
angle of 80-90 degrees. Mass wasting was evident by the scalloped bank and slumped material.
An approximately 200 m (650 ft) reach of Peggy’s Run, a tributary approximately 250 m (820 ft)
upstream of the crossing, was straightened in the past by a landowner. It now contributes a
significant portion of the local sediment load (MDSHA 2014).
Table 10. Channel stability rating for MD 25 over Georges Run before reconstruction by
MDSHA.
Stability Indicators
1.Watershed
2. Flow habit
3. Channel pattern
4. Entrenchment
5. Bed material
6. Bar development
7. Obstructions
8. Bank soil
9. Bank slope
10. Bank protection
11. Bank cutting
12. Bank failure
13. U/S meander
Overall Rating
Vertical Fraction
Lateral Fraction

MD 25 over
Georges Run
(3019)
7
2
8
7
7
9
2
9
11
12
10
9
10
103
(Fair)
0.63
0.84

Any potentially successful design for this case must address the two main issues of unstable
banks and sediment deposition. The pre-construction and proposed construction geometries
from the HEC-RAS model were used to check the general trend in the ratio of V/Vc, required to
mobilize the stream sediment. Figure 54 (left) shows the ratios for the pre-construction channel.
Figure 54 (center) shows the ratios for the constructed channel. River Station 0 is downstream of
the bridge, and river station 16 is upstream near the confluence with Peggy’s Run. Generally, for
the pre-construction channel the V/Vc ratio increases in the downstream direction. The ratio
upstream of the bridge is lower in all scenarios. This suggests that deposition is more likely to
occur. If the project goal is to capture sediment or to store it in a more easily accessible location
for later dredging, then this ratio is acceptable. However, this ratio is too low to mobilize the
sediment.
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A hypothetical alternate design is considered in this study to determine whether it is possible that
a channel with higher banks might facilitate the transport of sediment through the bridge
opening. This option includes a channel with higher banks than Design Option 2. The geometry
in the HEC-RAS model was adjusted by raising the excavated floodplain elevation by
approximately 0.46 meters (1.5 feet). The resulting V/Vc ratios of this alternative design are
shown in Figure 54 (right). Raising the floodplain elevation resulted in a more consistent V/Vc
ratio throughout the reach for the 10-year flood event. However, the ratio is likely still too low to
mobilize sufficient sediment. While the desired result was not achieved by this design
modification, it demonstrates how iterative changes can be made within this design selection
framework (Figure 11).
After the designer determines a design geometry with an acceptable ratio of V/Vc throughout the
reach, Figure 11 shows that a design failure modes and effects analysis (DFMEA) should be
conducted. The DFMEA is used to identify the project components, the potential failure
mechanisms of each component and the potential for detecting a failure. Table 11 is the DFMEA
for Design Option 3 with higher banks than Design Option 2. Again, DFMEAs for both Design
Option 2 and 3 were included in this study for comparison purposes. The DFMEA for Design
Option 2 (Table D1) is available in Appendix D. The DFMEA highlights design components
with relatively higher risk priority numbers. Components that have significantly higher RPNs
are likely weak points in the design. Such components can be redesigned more robustly or
switched for other more reliable components that achieve the same function. In addition to
identifying components with high RPNs, the DFMEA can be used to aid in deciding between
multiple potential designs that have passed the V/Vc analysis. Comparisons of total RPN can be
made between the designs. If one design is significantly lower it should be selected. If the
designs have similar total RPNs, cost can be brought into the comparison.
If any modifications to the channel geometry design are made after conducting the DFMEA, the
V/Vc analysis is conducted again, as shown in Figure 11, to examine any potential sediment
mobilization issues. If the V/Vc results are acceptable, the design can be considered final.
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Figure 54. V/Vc for the 10-year return period flood event. River station 0 is downstream and station 16 is upstream of the bridge near
the confluence with Peggy’s Run. (left) pre-construction channel, (center) constructed channel, (right) alternate design.
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Table 11. DFMEA Example for MD 25 over Georges Run redesigned with higher banks.
Potential
Potential
Potential
Potential failure
effect(s) of
effect(s) of
cause(s)/
Component
Ca
Oa
mode (s)
failure on
failure on whole
mechanism(s)
components
system
of failure
Bank erosion;
Excessive
lateral
Design of bank
Additional
scouring above
movement;
stabilization
erosion around
6
4
and behind
infrastructure
measures not
abutments
structure
impact;
sufficient
sediment input
Bank erosion;
lateral
Rock linings (RipAdditional
Structure
movement;
Improper
rap at bridge and
erosion around
6
6
displacement
infrastructure
sizing of rock
around cross vanes)
abutments
impact;
sediment input
Bank erosion;
Insufficient
lateral
design of
Additional
Structure
movement;
structure
erosion around
6
4
undermining
infrastructure
foundation to
abutments
impact;
resist hydraulic
sediment input
forces
Bankfull
design
sediment
Potential
Sediment input;
transport
Cross-sectional
failure of
local to regional
capacity to
Rapid widening
6
4
geometry change
adjacent
property or
great and
measures
structural loss
insufficient
bank
stabilization
measures

Current design
controls

Da RPNb

HEC 23
guidance

6

144

HEC 23
guidance

6

216

HEC 23
guidance

6

144

Allowable
shear stress or
stream
competence
check

8

192

88

Excessive
deposition (too
wide)

Burial of other
measures

Increased
flooding

Bed degradation
(too narrow)
and head cutting

Undermining
of measures

Eventual bank
collapse,
infrastructure
impacts, loss of
overbank habitat

Vegetative bank
stabilization

Erosion of
vegetation and
banks

Potential
failure of
adjacent
measures

Eventual bank
collapse,
infrastructure
impacts,
sediment input

Guide bank

Erosion from
lateral
migration of
channel and
flood flow
impact

None or
minimal

Infrastructure
impacts,
sediment input

4

8

6

4

Insufficient
design of
bankfull
sediment
transport
capacity
Designed
bankfull
sediment
transport
capacity to be
too great
Design of
bankfull
sediment
transport
capacity to be
too great
Insufficient
bank
stabilization
measures

8

Allowable
shear stress or
stream
competence
check

8

256

6

Allowable
shear stress or
stream
competence
check

8

384

8

Allowable
shear stress or
stream
competence
check

8

384

4

Allowable
shear stress

8

128

Total

1848
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MD 7 over James Run
This case study provides an example our design selection process that results in a ‘do nothing’
design. No channel stabilization measures were taken at this site. A rapid channel stability
assessment was conducted during a visit to the site; the results are provided in Table 12. An
overall rating of Good was received. Poor ratings of 10 were received for the bar development
and bank protection indicators. James Run is strait for at least 100 yards upstream of the MD 7
crossing. Based on leaning trees on both banks, the channel appears to be widening. Evident by
the overall stability rating, this site has good stability. The ‘do nothing’ design is appropriate for
this location because of its good stability rating. A V/Vc analysis was not conducted for this site
because of issues with the HEC-RAS model needed for the analysis inputs.
Table 12. Channel Stability rating for MD 7 over James Run existing condition
Stability Indicators
1.Watershed
2. Flow habit
3. Channel pattern
4. Entrenchment
5. Bed material
6. Bar development
7. Obstructions
8. Bank soil
9. Bank slope
10. Bank protection
11. Bank cutting
12. Bank failure
13. U/S meander
Overall Rating
Vertical Fraction
Lateral Fraction

MD 7 over
James Run
(12009)
7
3
7
4
8
10
4
5
8
10
9
3
3
81
(Good)
0.61
0.53

MD 136 over Broad Run
This case represents a bridge where no channel transition was constructed; however, based on
the stability rating, a transition may have been warranted. This location received a stability
rating of 86 (Table 13). This value is right at the break point of the good and fair categories.
While a transition has not been necessary at this location, there is some instability within the
bridge reach that may warrant future attention. The banks upstream are steeply cut by the
erosive forces of the meandering channel. Undercut banks were observed and many of the trees
upstream are leaning (Figure 40). The wide band of vegetation composed of large trees is the
factor that is limiting instability in this reach. Without this vegetation the instability would be
greater. Figure 55 shows wide variations in V/Vc with a low ratio of approximately 1.5 just
upstream of the bridge.
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4
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2
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1
0.5
0
0
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4
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8
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12
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Figure 55. V/Vc for the 10 year return period flow at MD 136. Flow is from right to left.
Table 13. Stability rating for MD 136 over Broad Run.

Stability Indicators
1.Watershed
2. Flow habit
3. Channel pattern
4. Entrenchment
5. Bed material
6. Bar development
7. Obstructions
8. Bank soil
9. Bank slope
10. Bank protection
11. Bank cutting
12. Bank failure
13. U/S meander
Overall Rating
Vertical Fraction
Lateral Fraction

MD 136 over
Broad Run
(12034)
7
3
7
5
6
7
5
5
10
10
10
5
6
86
(Good-Fair)
0.50
0.64
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Conclusions and Recommendations
By defining a the characteristics exhibited by successful channel transitions through bridge
crossings and developing a method to assess the attainment of these characteristics this study
creates an objective framework for examining the relative success of individual existing
transitions. This existing transition assessment method facilitates a discussion of the suitability
of various design types to a variety of site conditions. Assessing the damage state of a project
that has experienced larger return period flows assesses the success of that transition at managing
the flow and sediment regime presented at that site. The complexity assessment rates the degree
of difficulty presented by the inherent characteristics of a site. Sites that remain relatively
undamaged overtime may be well suited for sites with similar complexity ratings. This study
developed the methodology for assessing existing sites and determining sites that may be
suitable examples for future projects. The sites in this study were of different project design
types and complexities. A much larger sample size is needed to determine if a project design
type is truly suitable for a set of given site complexities. The damage states assessment and
complexity table are composed of factors that were written to be universally applicable to any
channel transition at a bridge crossing project. These two assessments are applicable to any size
channel; individual rating descriptions within a factor were written using non-dimensional units.
For example, some descriptions are written in terms of channel widths or fractions of channel
width. The interpretation of the results of the complexity table may not be universally
applicable. This table was only applied to bridges in the Mid-Atlantic. The relative scale of
complexity is based on transitions observed over the course of this project. Complexity was
assessed out of a possible 99 points, and the three overall ratings categories moderate, difficult,
and extreme are three equally scaled bins. All of the MD sites received a difficult complexity
rating. These crossings were chosen for study as bridges of particular interest; it is not
extraordinary that they all fall into this category. Channels in other regions that have very
different features may also rate in one category.
In addition to creating a methodology for assessing existing transitions, this study created a
methodology that guides the design type selection process. This process uses the rapid channel
stability assessment adopted by the Federal Highway Administration in HEC-23 to initially
assess a site for instabilities that need to be addressed by the design. This assessment has been
tested in 14 physiographic provinces across the continental United States (Johnson 2006). Once
a design has been constructed this study has developed two design checks. The V/Vc analysis is
a useful tool at assessing general trends in sediment mobilization. Due to the use in this study of
one dimensional HEC-RAS models to provide inputs for channel depth and velocity, the V/Vc
results are only suitable at showing relative mobilization. It assumes that the velocity ratio
follows similar mobilization rules as a shear to critical shear ratio. The design failure modes and
effects analysis requires the designer to systematically analyze all the potential failure modes of
the design and to consider solutions that reduce the risk priority numbers of relatively high risk
design components. Combining this method with current design knowledge should further the
likelihood of successful channel transition creation. All of the tools in this methodology are
fundamental in nature and are applicable to channel projects both within and outside of the MidAtlantic.
The following observations and recommendations are based on field observations, comparisons
of imagery over a period of years, and analyses. Although the number of sites included in the
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study represent a very limited sample size that spans several physiographic regions, bridge
configurations, dates of construction, and channel transition types, several general
recommendations can be made.
Studies of the effectiveness of stream channel projects at creating successful transitions require a
wide variety of data and information. Stream bridge interfaces are complex situations that require
a holistic analysis from a geomorphological, hydrological, hydraulic, and sedimentological
perspective. Much of this information was available from MDSHA. However, much of this
information was not available for several locations (Table 5). Some of the reports from MDSHA
were incomplete; some were incomplete drafts with missing figures and tables. In particular, asbuilt surveys were unavailable. It is strongly recommended that improved data collection and
archiving should be undertaken in the future.
Preformed scour holes under bridges were used at several bridges in the study to facilitate the
conveyance of a design flood flow under a roadway that cannot be elevated. Wider bridge spans
would be both more expensive and have the potential to reduce particle mobility to the point of
causing unintended sediment depositions. However, flow through preformed scour holes are
three dimensional flows. No literature was found that studied the mobilization of particles
within preformed scour holes under various return period flows. Without further study, it cannot
be assumed that the scour hole is open and conveying its portion of the flow. Stream flows may
be unable to mobilize the sediment within the hole at certain return period flows that also rely on
the scour hole to convey a portion of that flow.
Excavated floodplain type designs appear to be well suited to sites that have the presence of
legacy sediments, that are severely entrenched, that are within watersheds that have the goal of
increasing flood storage capacity, and/or that are unable to convey the incoming sediment load.
Although both monetarily and environmentally costly, at locations where conveyance of the
incoming sediment load is infeasible, sediment removal is easier and less costly at locations
upstream of a bridge rather than under a bridge. MD 17 over Middle Creek, MD 28 over
Tuscarora Creek, MD 25 over Georges Run, and MD 223 over Piscataway Creek all included
floodplain excavation to some extent. To greater and lesser extents, all of these projects
experienced depositions on the floodplain, often shortly after construction. Excluding MD 25
over Georges Run because it is recently constructed, MD 28 received the most stable overall
rating of the Maryland Bridges in the rapid channel stability assessments. As seen at MD 223,
excavated floodplains have less ability to control the position of the channel thalweg. One
possible solution may be to bury vanes within the floodplain to maintain the stream channel at a
perpendicular angle of approach to the roadway.
Some general characteristics describe sites where the do nothing option is most likely to be
successful. A wide riparian buffer of large, healthy, woody vegetation was observed to often be
found in stable sites. MD 136 over Broad Run demonstrates the power of woody vegetation at
stabilizing a channel transition (Figure 42). Bridges located on straight reaches often had far
fewer problems than bridges near meanders or on streams that were very meandering. Woody
vegetation and straight channels were often present at channels with the most stable transitions.
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Monitor for beaver activity at MD 25 and MD 28. Gnawing of stabilizing woody vegetation was
observed at both of these sites during field visits (Figures 22D and 35). Extensive removal of
riparian vegetation or dam construction would have the potential to destabilize currently stable
transitions.
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Appendix A: Location Maps

Figure A1. MD 36 over Georges Creek location map. The bridge is located 2.41 km (1.5 mi) NE
of Lonaconing, MD.
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Figure A2. MD 17 over Middle Creek location map. The bridge is located 2.4 kilometers (1.5
miles) northeast of Myersville, MD.
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Figure A3. MD 28 over Tuscarora Creek location map. The bridge is located 4.4 kilometers (2.7
miles) west of Point of Rocks, MD.
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Figure A4. MD 223 over Piscataway Creek location map. The bridge is located 1.9 kilometers
(1.2 miles) North of Rosaryville, MD.
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Figure A5. MD 25 over Georges Run location map. The bridge is located 1.6 kilometers (1 mile)
East of Armacost, MD.
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Figure A6. MD 165 over Branch of West Branch of Winters Run location map. The bridge is
located 6.77 kilometers (4.22 miles) North of Baldwin, MD.

103

Figure A7. MD 136 over Broad Run location map. The bridge is located 2.6 kilometers (1.6
miles) North East of Creswell, MD.
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Figure A8. MD 7 over James Run location map. The bridge is located 0.8 kilometers (0.5 miles).
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Appendix B: Historical Imagery
All imagery was obtained using Google Earth’s Historical Imagery library. Applicable citation
is included in each individual photo. If available, original sources for copyrighted imagery are
displayed in the individual picture above and to the left of the imagery date. For each site, the
oldest available imagery, the most recent imagery, and all other imagery of visible resolution
were included.

MD 36 over Georges Creek
These images show the overall layout and evolution over time of the constructed channel
transition through Bridge 1013 carrying MD 36. Imagery dating back to 1988 was available;
however, the earliest clear aerial imagery is from January 2008, two years after construction.
This structure and channel transition were constructed by January 2006. In these images, the
stream flows from right to left. In the far left of the picture is an old railroad bridge that
constricts the streamflow enough that during some floods the backwater reaches Bridge 1013.
The channel transition includes five cross vanes, four J-hook vanes, and an excavated flood plain
that runs the length of the project on the left bank upstream of Bridge 1013. One cross vane is
located mid-way between the railroad bridge and bridge 1013. Three are spaced upstream of
Bridge 1013. Upstream from the cross vanes, are four J-hook vanes on the right bank. The fifth
cross vane is at the upstream extent of the project, upstream of the J-hook vanes.
In the image from 1988, it is difficult to make out many details, however the photo was included
for completeness of the historical record. In the 1988 image, the general planform is visible when
compared to the other imagery. The image from 2005 was taken during construction. In the
January 2008 image, most of the structures are clearly visible. By this time, several of the
structures have been buried by incoming sediment. The rock used for the vanes experienced
deterioration through flaking of the inferior quality rock available in the area. This was noted in
the monitoring reports completed by Costal Resources, Inc. Images from 2013, 2015, and 2016
show the further evolution of the project. Small adjustments to stream channel width and
movement of sediment through the reach can be seen in this series. Primarily, bed and bank
changes are visible in the reach with the J-hooks and in the vicinity of bridge 101
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Figure B1. MD 36 over Georges Creek August 1988.

Figure B2. MD 36 over Georges Creek June 2005 during construction.
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Figure B3. MD 36 over Georges Creek January 2008 post construction with most structures easily visible, but several are buried.

Figure B4. MD 36 over Georges Creek September 2013 deposition visible around bridge.
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Figure B5. MD 36 over Georges Creek October 2015.

Figure B6. MD 36 over Georges Creek November 2016 little change.
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MD 17 over Middle Creek
These images show the overall layout and evolution over time of the constructed channel
transition of Middle Creek through Bridge 10071 carrying MD 17. Imagery dating back to 1988
was available; however, the earliest clear aerial imagery is from February 2007, over a year after
construction. This structure and channel transition were constructed by December 2005. In these
images, the stream flows from left to right.
This channel transition includes two cross vanes, and three rock vanes. The cross vanes are
located at the extreme upstream and downstream ends of the project reach. The rock vanes start
immediately upstream of Bridge 10071 along the right bank. The upstream structures are
intended to aid in turning the flow away from the upstream right bank and aligning flow with the
bridge opening. The downstream cross vane is in place to prevent migration of a headcut from
the gravel mining operation downstream.
The image from 1988 shows the general planform of the channel. The images from 2007, 2010,
2013, and 2015 show the evolution of the gravel point bar on the left bank upstream of the
bridge. In the 2015 image woody vegetation has taken root on the point bar.
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Figure B7. MD 17 over Middle Creek April 1988.
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Figure B8. MD 17 over Middle Creek February 2007 post construction with excavated floodplain clearly visible.

Figure B9. MD 17 over Middle Creek.
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Figure B10. MD 17 over Middle Creek May 2013.

Figure B11. MD 17 over Middle Creek September 2015.
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MD 28 over Tuscarora Creek
These images show the overall layout and evolution over time of the constructed channel
transition of Tuscarora Creek through Bridge 10014 carrying MD 28. Imagery dating back to
1988 was available; however, the earliest clear aerial imagery is from September 2003. This
structure and channel transition were constructed in late 2007 or early 2008. This record
contains several images of the site both before and after construction. In these images, the
stream flows from left to right.
This channel transition project includes three rock cross vanes. Two were constructed upstream
of the bridge and one downstream. These were intended to maintain grade throughout the reach
and prevent head cut migration.
Evident from the images from 1988, 2003, and February 2007 before construction the reach
upstream of the bride was a divided channel. Some type of work is evident in the September
2003 imagery, and it appears some stabilization measures were taken along the streambank. The
measure was likely rock riprap because the area remains partially un-vegetated four years later in
the February 2007 imagery. In the image from June 2007 the initial worksite for reconstruction
is established. By the image from September 2008, the new bridge is in place and the channel
transition is completely vegetated. The upstream cross vanes are visible in the 2008, 2013, and
2015 cross section, evident by the sections of white ripples. The downstream cross vane is never
clearly visible in any of these images.
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Figure B12 MD 28 over Tuscarora Creek April 1988.

Figure B13. MD 28 over Tuscarora Creek September 2003 with what appears to be fresh riprap.
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Figure B14. MD 28 over Tuscarora Creek February 2007.

Figure B15. MD 28 over Tuscarora Creek June 2007 construction preparations visible.
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Figure B16. MD 28 over Tuscarora Creek September 2008 post construction with uppermost cross vane visible.

Figure B17. MD 28 over Tuscarora Creek May 2013.
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Figure B18. MD 28 over Tuscarora Creek September 2015.
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MD 223 over Piscataway Creek
These images show the overall layout and evolution over time of the constructed channel
transition of Piscataway Creek through Bridge 16051 carrying MD 223. Imagery dating back to
1988 was available, however the earliest clear aerial imagery is from February 2006. This
structure and channel transition were constructed by August 2013. This record contains several
images of the site both before and after construction. In these images, the stream flows from left
to right.
This channel transition project consists of a realigned channel, excavated flood plain upstream,
and a preformed scour hole and widened channel through the bridge opening.
In the image from 1988, it is difficult to make out many details, however the photo was included
for completeness of the historical record. The image from February 2006 is the best view that
shows the laterally active and braided reach upstream. This area, between the bridge at MD223
and Andrews Air Force Base, is the source of the large sediment input to the project reach. It
appears from imagery that Piscataway Creek is buried and likely concrete lined when it travels
under Andrew Air Force Base. This clear water exiting the base, increases sediment transport
downstream. In the 2011 image, initial work is underway for the construction of the new bridge.
The 2012 image shows both road ways and depicts how the roadway realignment for the
intersection left the stream at a less favorable angle of approach to the bridge. The images from
2014, 2015, and 2016 show the development and evolution of large gravel deposits both
upstream and downstream of the bridge
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Figure B19. MD 223 over Piscataway Creek April 1988.
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Figure B20. MD 223 over Piscataway Creek February 2006.
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Figure B21. MD 223 over Piscataway Creek June 2011 during early phases of reconstruction.
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Figure B22. MD 223 over Piscataway Creek October 2012 during construction both bridges visible.
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Figure B23. MD 223 over Piscataway Creek October 2014 post construction large bars evident both upstream and downstream.
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Figure B24. MD 223 over Piscataway Creek April 2015 multiple upstream channels and bars visible in woods.
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Figure B25. MD 223 over Piscataway Creek April 2015.
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Figure B26. MD 223 over Piscataway Creek December 2016.

127

MD 25 over Georges Run
These images show the overall layout and evolution over time of the constructed channel
transition of Georges run through Bridge 3019 carrying MD 25. Imagery was available dating
back to 1994. This structure and channel transition were constructed by early 2016. No imagery
is available from post construction. In these images, the stream flows from left to right. Meander
scars and abandoned channels are evident upstream. In these images, the tributary approaching
from the bottom, Peggy’s Run, was straightened before 1994. The old meandering channel is
clearly visible. The new channel created by the property owner, is harder to see. It runs along the
tree lined hill at the bottom of the images. Due to this straightening, Peggy’s run is a major
source of material to this system.
Images are provided from 1994, 2005, 2006, 2008, and 2014. In addition to the meander scars, it
is possible to see the migration of meanders between gunpowder road and MD 25. The
migration of the meander immediately upstream of the old crossing impacted the roadway of
MD25.
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Figure B27. MD 25 over Georges Run April 1994 old meander scars shown for both Georges and Peggy's run along Gunpowder Rd.
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Figure B28. MD 25 over Georges Run June 2005.

Figure B29. MD 25 over Georges Run April 2006.
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Figure B30. MD 25 over Georges Run September 2008.

Figure B31. MD 25 over Georges Run October 2014.
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MD 165 over W. Branch Winters Run
These images show the overall layout and evolution over time of the constructed channel
transition of a tributary to the West Branch of Winter’s Run through Bridge 12046 carrying MD
165. Imagery dating back to 1994 was available; however, the earliest clear aerial imagery is
from March 2004. This structure and channel transition were constructed by in 2004.
This channel transition includes four rock cross vanes and straightening of the channel
immediately upstream of the Bridge 12046. There are two cross vanes upstream and two
downstream of the bridge.
The image from 1988 shows the general planform of the channel. The 2004 image shows a
brushy channel and two meanders in close proximity upstream of the bridge. In 2008 the
construction has been completed. The upstream cross vanes are evident by the white riffles in
the channel, and the wings of the downstream cross vanes are visible. The channel has been
straightened. The images from 2010 and 2014 show the meandering of the channel upstream of
the bridge. The upstream cross vanes were circumvented seemingly due to a combination of tree
fall and sediment deposition.
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Figure B32. MD 165 over Trib. West Branch Winters Run April 1994.
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Figure B33. MD 165 over Trib. West Branch Winters Run March 2004.

Figure B34. MD 165 over Trib. West Branch Winters Run January 2008 post construction.
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Figure B35. MD 165 over Trib. West Branch Winters Run August 2010.

Figure B36. MD 165 over Trib. West Branch Winters Run October 2014.
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MD 136 over Broad Run
These images show the overall layout and evolution over time of the constructed channel
transition through Bridge 12034 carrying MD 136. Imagery dating back to 1994 was available;
however, the earliest clear aerial imagery is from March 2004. This structure and channel
transition were constructed in 2006. In these images, the stream flows from right to left.
No channel stability or transition practices were used at this site, so it is in a “natural” state. This
site was included in the study for comparison purposes.
In the image from 1994, it is difficult to make out many details; however, the photo was included
for completeness of the historical record. In the 1994 image, the general planform is visible when
compared to the other imagery. The photos from 2004 and 2008 are well suited for comparison.
These images show the channel is adjusting laterally upstream but not immediately upstream of
the bridge. In the 2008 image the new bridge is present. Taken in summer, the 2013 image is
mostly obscured by vegetation. However, as the most recent photo, it was included for
completeness.
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Figure B37. MD 136 over Broad Run April 1994.
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Figure B38. MD 136 over Broad Run March 2004.
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Figure B39. MD 136 over Broad Run January 2008 post construction.
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Figure B40. MD 136 over Broad Run May 2013.
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MD 7 over James Run
These images show the overall layout and evolution over time of the constructed channel
transition through Bridge 12034 carrying MD 136. Imagery dating back to 1994 was available;
however, the earliest clear aerial imagery is from March 2004. This structure and channel
transition were constructed in 2014. The latest imagery is from May 2013 and therefore now
imagery is available of the post construction state. In these images, the stream flows from right to
left.
No channel stability or transition practices were used at this site, so it is in a “natural” state. This
site was included in the study for comparison purposes.
In the image from 1994, it is difficult to make out many details; however, the photo was included
for completeness of the historical record. Large bars are shown in various positions in the 1994,
2004, 2008, and 2013 imagery. These changes show the sediment supply is large, but it is
moving.
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Figure B41. MD 7 over James Run April 1994.

Figure B42. MD 7 over James Run March 2004.

Figure B43. MD 7 over James Run January 2008

Figure B44. MD 7 over James Run May 2013.
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Appendix C: HEC-RAS Longitudinal Profiles
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Figure C1. Georges Creek at MD 36 HEC-RAS longitudinal profile.
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Figure C2. Tuscarora Creek at MD 17 HEC-RAS longitudinal profile.
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Figure C3. Tuscarora Creek at MD 28 HEC-RAS longitudinal profile.
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Figure C4. Piscataway Creek at MD 223 longitudinal profile.
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Figure C5. Georges Run at MD 25 HEC-RAS longitudinal profile.
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Figure C6. Trib. to W. Branch Winter Run at MD 165 HEC-RAS longitudinal profile.
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Figure C7. Broad Run at MD 136 HEC-RAS longitudinal profile (The reach was incorrectly identified as James Run in past).
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Figure C8. James Run at MD 7 HEC-RAS longitudinal profile.
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Appendix D: DFMEA
Table D1. DFMEA Example for MD 25 over Georges Run constructed design.
Effect of
Effect of failure
Component
Failure mode
failure on
Ca
on whole system
components

Cross Vanes

Insufficient
design of
bankfull
sediment
transport
capacity
Improper
design
specifications

Oa

Design methods

Da

RPNb

6

Allowable shear
stress or stream
competence
check

8

96

2

Engineering
judgement and
experience

8

32

Burial by
incoming
sediment

None or
minimal

Minimal

Rapid lateral
migration away
from vane

None or
minimal

Property or
infrastructure
damage

2

May direct flow
at other
countermeasures
or infrastructure

4

Improper
design or
construction

2

Design guidelines
for structures
(Rosgen 1996)

6

May cause
design to be less
effective

6

Improper rock
sizing or
construction

4

HEC 23 guidance

6

144

6

Design of bank
stabilization
measures not
sufficient

4

HEC 23 guidance

6

144

6

Improper sizing
of rock

6

HEC 23 guidance

6

216

Ineffective
angles

Structure
displacement

Rip-rap at bridge
and around cross
vanes

Cause/ of
failure

Minimal,
nearby
measures may
be less
effective
Potential
failure of this
and adjacent
measure

Excessive
scouring above
and behind
structure

Additional
erosion around
abutments

Structure
displacement

Additional
erosion around
abutments

Bank erosion;
lateral
movement;
infrastructure
impact; sediment
input
Bank erosion;
lateral
movement;
infrastructure
impact; sediment

2

48

152

Cross-sectional
geometry change

Floodplain
excavation

input
Bank erosion;
lateral
movement;
infrastructure
impact; sediment
input

Structure
undermining

Additional
erosion around
abutments

Rapid widening

Potential
failure of
adjacent
measures

Sediment input;
local to regional
property or
structural loss

Excessive
deposition (too
wide)

Burial of other
measures

Increased
flooding

Bed degradation
(too narrow)
and head cutting

Undermining
of measures

Eventual bank
collapse,
infrastructure
impacts, loss of
overbank habitat

Excessive
deposition

Increased stress
on adjacent
measures

Increased
flooding; loss of
flood
conveyance

6

6

4

8

4

Insufficient
design of
structure
foundation to
resist hydraulic
forces
Bankfull design
sediment
transport
capacity to
great and
insufficient
bank
stabilization
measures
Insufficient
design of
bankfull
sediment
transport
capacity
Designed
bankfull
sediment
transport
capacity to be
too great
Insufficient
design of
bankfull
sediment
transport
capacity

4

HEC 23 guidance

6

144

4

Allowable shear
stress or stream
competence
check

8

192

8

Allowable shear
stress or stream
competence
check

8

256

6

Allowable shear
stress or stream
competence
check

8

384

10

Allowable shear
stress or stream
competence
check

8

320
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Guide bank

Lateral
migration of
stream within
floodplain

Nearby
measures may
be less
effective

Bank erosion;
lateral
movement;
modified flow
angles;
infrastructure
impact; sediment
input

Erosion from
lateral migration
of channel and
flood flow
impact

None or
minimal

Infrastructure
impacts,
sediment input

Increased shear
stress on
opposite bank

Loss of flood
conveyance,
decreased quality
of instream
habitat

Nearby
measures may
be less
effective

Bank erosion;
lateral
movement;
modified flow
angles;
infrastructure
impact; sediment
input

Excessive
deposition

DS forked channel
Lateral
migration of
stream within
floodplain

6

Insufficient
bank
stabilization
measures

6

Allowable shear
stress

8

288

4

Insufficient
bank
stabilization
measures

4

Allowable shear
stress

8

128

4

Insufficient
design of
bankfull
sediment
transport
capacity

6

Allowable shear
stress

10

6

Insufficient
bank
stabilization
measures

6

Allowable shear
stress

8

Total

240

288

2890
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