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ABSTRACT

This report reviews the present state of knowledge regarding bridge-abutment scour and the
veracity of the leading methods currently used for estimating design scour depth. It focuses
on research information obtained since 1990, which is to be considered in updating the scour
estimation methods that are recommended by AASHTO, and used generally by engineering
practitioners. Though considerable further progress has been made since 1990, the findings
indicate that several important aspects of abutment scour processes remain inadequately
understood and therefore, are not included in current methods for scour depth estimation. The
state-of-art for abutment scour estimation is considerably less advanced than for pier scour.
Moreover, there is a need for design practice to consider how abutment design should best
take scour into account, as scour typically results in the geotechnical failure of an abutment’s
earthfill embankment, possibly before a maximum potential scour depth is attained
hydraulically. Abutment scour herein is taken to be scour at the bridge-opening end of an
abutment, and directly attributable to the flow field developed by flow passing around an
abutment. This definition excludes other flow and channel-erosion processes such as lateral
geomorphic shifting of the bridge approach channel but includes contraction and abutment
scour as part of the same physical processes that should be treated together rather than
separately in their estimation. The review shows that, since 1990, advances have been made
in understanding abutment-scour processes, and in (1) estimating scour depth at abutments
with erodible compacted earthfill embankments, and at those with solid-body (caisson-like)
foundations; (2) identifying the occurrence of at least three distinct abutment scour
conditions depending on abutment location and construction; (3) utilizing the capacity of
numerical modeling to revea the flow field at abutments in ways that laboratory work
heretofore has been unable to provide. The review identifies and evaluates leading scour
formulas and suggests a framework for developing a unified abutment scour formula that
depends on satisfying severa targeted future research needs.
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EXECUTIVE SUMMARY

INTRODUCTION

The objective of this study is to review the present state of knowledge regarding bridge-
abutment scour and evaluate the leading methods currently used for estimating design scour
depth. It focuses on research information obtained since 1990, and that must be considered in
updating the scour-depth estimation methods recommended by AASHTO?, and used generally
by engineering practitioners. This summary defines the problem of abutment scour, describes the
study’s research approach, and presents its findings along with recommendations and
suggestions for future research projects.

The study builds on the three principal investigators extensive knowledge regarding abutment
scour, and capitalizes on the insights of an expert panel consisting of leading academicians and
engineering consultants who also have significant experience with abutment scour. An extensive
and thorough series of 2-3 day workshops over the life of the project were conducted by the
principa investigators with the results presented to the panel of experts and to the NCHRP
review panel. In this manner, conflicting points of view and commonly held misinformation
about abutment scour have been debated and clarified in completing this study. Collective
physical insights have been integrated into an expert system of organizing, collating, and
evauating current knowledge to create a solid base from which future research needs are
effectively identified and outlined in order to advance the methods needed for engineers to
design safer bridges.

PROBLEM STATEMENT

The complexity of bridge abutment scour necessitates a thorough evauation of the
physical processes involved and their parameterization in scour depth estimation formulas. As
river flow approaches a bridge, the streamlines converge due to the physical contraction in width
and then diverge once through it. In this process, the flow passes around bluff bodies, generating,
transporting, and eventually dissipating large-scale turbulence structures (large eddies shed in a
recognizable pattern due to flow separation abeit intermittently with time). The flow is bounded
by erodible boundaries of complex and changing form that have widely varying compositions
and characteristics. Even the classification of abutment scour as an independent bridge scour
component is problematic, because contraction scour and abutment scour are linked processes
usually occurring together during flood events. Given the complexity of the various scour
processes, and the difficulty of including all of those processesin asingle empirical formula, itis
not surprising that current abutment scour formulas commonly provide scour depth estimates that
vary over a wide range of magnitudes. Furthermore, comparisons of abutment scour depth
estimations from existing formulas with field data and with engineering experience produce
mixed results, partly because of the misperception that abutment scour formulas based on
simplified laboratory experiments apply to al types of abutment scour, even to the most
complicated field situations, and partly due to the difficulty of estimating the flow and sediment
parameters required in existing scour formulas.
Even with the foregoing complexities, some progress has been made in understanding abutment
and contraction scour in the past twenty years or so, but future advances require identifying the
most useful concepts and then winnowing and unifying some of these concepts into an

1 AASHTO ~ Association of American State Highway and Transportation Officials

1
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overarching design philosophy buttressed by fulfilling carefully focused and defined research
needs.

OBJECTIVES
The study’ s specific objectives are:

1. Critically evauate research completed since 1990 in abutment and contraction scour
processes,

2. Compare current scour-prediction practice with the present understanding of scour
processes through a clear delineation of the maor variables governing abutment and
contraction scour;

3. Provide recommendations for adoption of specific research results by AASHTO and use
by the engineering community if possible; and,

4. Where knowledge gaps exist, develop alogical and comprehensive set of research needs
and problem statements to fill them in the near future.

RESEARCH APPROACH

The research approach can best be described as one of expert systems analysis and
evauation. The three co-principal investigators, who have al done extensive research on
abutment scour, pooled their knowledge and experience and augmented it with the insights of an
expert panel consisting of leading academicians and engineering consultants who also have
significant experience with abutment scour. The co-principal investigators conducted an
extensive and thorough series of 2-3 day workshops over the life of the project and periodically
presented the results to the panel of experts and to the NCHRP review panel in interactive oral
presentations as ideas were refined and incorporated into the research product in afeedback |oop.
In this manner, conflicting points of view and commonly held misinformation about abutment
scour were debated and clarified. Collected insights were integrated into an expert system of
organizing, collating, and evaluating current knowledge to create a solid base from which future
research needs could be effectively identified and outlined in order to advance the methodol ogies
needed for engineers to design safer bridges.

As part of the overall research approach, the following criteria were established to evaluate
existing scour-depth prediction formulas in order to identify those that may provide promise and
direction or even aframework for future research:

1. Adequacy of formulas in addressing parameters that reflect the important physical
processes governing abutment scour;

2. Limitations of formulas in design applications with respect to ranges of controlling
parameters on which they are based;

3. Categorization and acceptability of laboratory experiments and research methods that led
to the formulas;

4. Attempts to verify and compare formulas with other lab data and field data, if any, with
which avalid comparison can be made;

5. Applicability and ease of formula use for design (AASHTO manual)

Copyright National Academy of Sciences. All rights reserved.
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RESEARCH FINDINGS

At the outset, it was necessary to re-examine the definition of abutment scour because of
its close association and interaction with contraction scour. Abutment scour is defined herein as
scour at the bridge-opening end of an abutment, and directly attributable to the flow field
developed by flow passing around an abutment. It includes the effects of flow acceleration
due to channel flow constriction as well as local, large-scale turbulence effects due to flow
separation which are present in varying relative proportions depending on the upstream approach
flow distribution and flow distribution at the bridge section, abutment column type, foundation
type and location, flow curvature, and near-field river morphology. Several of the most important
research insights are summarized below.

A New View of Abutment Scour

Based on the foregoing definition of scour and documentation in this report of numerous
failures of bridges due to abutment scour, one of the important initial findings is that many
abutment failures occur due to scour and sliding of the earthfill embankment on the main stream
side of the abutment into the scour hole, or outflanking due to erosion of the earthfill
embankment on the floodplain side due to overtopping or inadequate drainage protection. Even
more difficult to evaluate is the vulnerability to scour caused by lateral shifting of the channel
thalweg such that it directs flow adversely towards abutments and embankments.

Whereas much of the laboratory research of recent years has focused on solid abutments that
extend into the soil foundation, such as with sheet piles or other fairly rigid foundations, more
attention should be focused in the future on erodible embankments. Recognition of the difference
between erodible and solid abutments provides a factor for classifying existing scour prediction
formulas and introduces the importance of geotechnical failure caused by hydraulic scour. In
addition, it suggests the need for estimating the strength of the embankment over the range of
construction forms varying from unprotected, compacted soils of various types through rock
riprap revetment to the solid abutment, and incorporating this estimate into a more
comprehensive scour prediction formula These considerations pose a fundamental design
problem in that partial failure of the embankment that occurs as sliding of earthfill and/or riprap
into the scour hole may ultimately reduce the total scour depth while complete failure of the
embankment may be intolerable if it results in failure of the bridge approach slab or the first
bridge span.

Classification of Scour Formulas
To apply the foregoing criteria for evaluation of the adequacy and limitations of existing
scour prediction formulas, severa classification schemes were developed as explained next.

Classification by Abutment Scour Conditions
For erodible embankments, three common conditions of abutment scour are identified

1. Scour Condition A. Scour of the main-channel bed, when the channel bed is far more
erodible than the floodplain may cause the main-channel bank to become geotechnically
unstable and collapse. The collapsing bank undercuts the abutment and embankment,
which in turn collapses locally and resultsin soil and/or riprap sliding into the scour hole;

2. Scour Condition B. Scour of the floodplain around the abutment. This condition also is
equivalent to scour at an abutment placed in arectangular channel, if the abutment is set
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far back from the main channel. Given the floodplain resistance to scour, this scour
condition usually occurs as clear-water scour and can result in soil and riprap sliding into
the scour hole asiin Scour Condition A;

3. Scour Condition C. Scour Conditions A and B may eventually cause the approach
embankment to breach near the abutment, thereby fully exposing the abutment column.
For this condition, scour at the exposed stub column essentially progresses as if the
abutment column isapier, and it usually occurs as clear-water scour.

Scour conditions A and B can also occur for solid abutments that are located near the main
channel bank, or on the floodplain some distance from the bank. In this case, abutment failure
would result if the scour hole were deep enough to undermine the solid foundation. Scour
Condition C would tend to occur for a solid abutment in the case of outflanking of the abutment
and erosion of the approach embankment.

Classification by Types of Bridge Crossings
The three scour conditions identified in the previous section may occur within the context of
specific classes of bridge crossings:

1. Class | refers to narrower bridge crossings of incised channels, where the channel is
reasonably well represented by a rectangular channel. This class aso includes narrow
crossings for conditions up to bank-full flows.

2. Class Il refers to wider bridge crossings, where the channel is typically compound,
comprising amain channel and wide flood channels. At such sites, significant flows may
be diverted from the flood channels towards the main channel at the bridge section.

3. Class Il refers to bridges spanning wide braided river channels, where the river channel
can be approximated by a rectangular channel under extreme flood flow conditions. At
such sites, the bridge foundations may be significantly skewed to the flow at lesser flood
flow conditions.

Class | and Class I11 are the simplest situations to model in the laboratory. Many of the existing
laboratory data apply to these two classes, which have been modeled typicaly in rectangular
flumes using rigid abutment models extending below the maximum measured scour depth.
Equations derived from such data give the “maximum possible” scour depth that can occur and
should then be conservative for design. Such equations are not suitable for prediction of scour
depths that develop where undermining of the pile cap or slab footing occur, because slope
failure may then limit further scour. Scour Conditions A and C are the most likely for Class | and
Il bridge crossings.

All three scour conditions (A, B, and C) are possible for Type Il crossings of compound channels
which consist of both a main channel and floodplain. Class Il crossings are the most difficult in
terms of scour prediction because of the interaction between the main channel and floodplain
flows and the resultant redistribution of the flow in the contracted bridge section depending on
how much of the floodplain flow is blocked by the embankment. A fourth scour condition might
be added to the Type Il crossing: Scour Condition AB for an abutment with a small setback
distance in which both the floodplain and the bank of the main channel are erodible and the scour
hole on the floodplain extends into the main channel.
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Classification by Parameter Groups

From the dimensiona analysis of the abutment scour problem, it can be shown that specific
groups of dimensionless parameters exist that define different aspects of the physics of the
problem. These parameter groups are given as

G1. Flow/sediment variable ratios such as the flow intensity defined as the ratio of the
approach flow velocity to the critical velocity for initiation of sediment motion, V/V;

G2. Relative abutment and sediment size scales given by the ratio of embankment length to
sediment size, L/d;

G3. Abutment and flow geometry variables such as the ratio of embankment length to flow
depth, L/Y, and abutment shape and skewness factors, K and Ky ;

G4. Flow distribution ratios such as the ratio of the discharge per unit width in the approach
flow section to that in the contracted bridge section, g2/qa;

G5. An abutment stability parameter that quantifies the shear strength of the embankment
relative to the intergranular grain stress due to the height of the embankment

Parameter Group GL1 is essentia in establishing the potential for scour through the ratio of some
flow variable, such as velocity or shear stress, to a variable indicating critical conditions for
sediment movement. This parameter can take a variety of forms including a densimetric grain
Froude number as well as the common V/V.. Establishing the effect of the scale of the horseshoe
vortex relative to sediment size is the intent of Parameter Group G2, but not enough is known at
this stage to firmly establish what this parameter or parameters should be. The influence of flow
contraction on abutment scour is incorporated into existing scour formulas by either Parameter
Group G3 or G4 with the ratio of length scales utilized in the former and discharge ratios in the
latter. Parameter Class G5 is somewhat unique in that it has not been utilized in existing
abutment scour formulas although introduction of erodible embankments into the design problem
suggests the need for a parameter of this type.

Comparison, Evaluation and Selection of Scour Formulas

From an extensive review and analysis of contraction scour, and consideration of the
common parameter classes affecting abutment and contraction scour, it was concluded that the
most promising treatment of the combined occurrence of bridge and abutment scour is to
establish the total effect as an amplification factor times a reference contraction scour depth. The
reference depth would be obtained from well-established contraction scour formulas that depend
on the assumption of equilibrium sediment transport in the live-bed case and the occurrence of
critical conditions in the equilibrium scour hole in the clear-water case. The amplification factor
would be developed as a function of degree of flow contraction caused by the constricted bridge
opening as well asthe local turbulence generated by flow obstruction and separation as described
previoudly.

An extensive comparison of the performance of leading scour formulas against each other and
against sound experimental data bases established a short list of scour prediction formulas that
displayed similar trends in terms of the reference contraction scour depth formulation. This
smaller list of formulas was further subjected to the classification schemes and the selection
criteria developed for this purpose. Finally, a common parameter framework was established that
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encompassed both solid abutments and erodible abutments. While no formula was found to
satisfy al criteria, the framework developed as aresult of this research approach suggests a path
toward refining and unifying a small number of leading scour formulas.

RECOMMENDATIONS

1.

Contraction scour should be viewed as a reference scour depth calculation while
abutment scour should be taken as some multiple of contraction scour rather than additive
toit.

A small subset of abutment scour formulas, each member of which has certain desirable
attributes, should be unified into a single formula in order to develop more redistic and
robust procedures for abutment scour prediction. The following formulas are judged to be
most promising in this regard, and with respect to the established criteria:

a Ettema et a. (2010). It is the only formula that considers an erodible embankment; it has
the desirable attributes of reflecting the physics of the abutment scour process both in
terms of flow constriction and turbulent structures.

b. Sturm (2004, 2006) It includes a method of accounting for flow re-distribution due to
compound channel geometry, and it represents the upper limit of scour for a solid-wall
foundation as opposed to an erodible embankment.

c. Méelville (1997) It is most applicable to short, solid-wall abutments and depends on
abutment length rather than the flow distribution in the contracted section, but it can be
viewed as comparable to the first two formulas.

d. ABSCOUR (Chang and Davis 1998, 1999; MSHA 2010) It contains the desirable attribute
of including the direct effect of flow re-distribution on the floodplain through the Laursen
contraction scour formula and has a computer implementation.

Although the Briaud (2009) formula does not satisfy the criterion for best parameter
framework, it is one of the only databases for cohesive sediments, and the data could be
useful in expanding the range of applicability of the final unified formula.

A flow chart should be developed to be used as a guide to evaluate abutment scour in an
informed manner and to assist the judgment of design engineers including both a unified
scour formula and geotechnical evaluation of scour. For more complex problems, hybrid
numerical and physical models should become a readily accessible option.

In the near term, abutments should have a minimum setback distance from the bank of
the main channel with riprap protection of the embankment including a riprap apron, and
other effective scour countermeasures such as guidebanks should be considered (see
Lagasse et al. 2009, HEC-23)

Further development of an educational curriculum for hydraulic engineers should be
undertaken in order to emphasize the proper choice of parameters that go into any scour
calculation and in the use of 2D and 3D numerical models to better evaluate the hydraulic
parameters. At least in the short term, 2D numerical models should be used on al but the
simplest bridge crossings as a matter of course.

A long-term field program of obtaining high-quality, real-time field data should be
undertaken. While embarking upon such a program will be expensive and require
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patience, the results will move the ultimate solution to the abutment scour problem
forward more effectively than less-expensive post-flood surveys.

CONCLUSIONS
This study leads to the following main conclusions regarding its objectives:

1. Abutment-scour literature published since 1990 documents substantial advances in
understanding abutment-scour processes.

a. New insights exist regarding scour development at abutments with erodible, compacted
earthfill embankments. Differences occur between scour at erodible abutments and
scour at solid abutments on solid-wall foundations similar in nature to sheet piles or
cai sson structures,

b. The flow field around an abutment has essentialy the same characteristics as flow
fields through short contractions. Notably, flow distribution is not uniform and
generates large-scale turbulence. Deepest scour occurs approximately where flow
contraction is greatest. As scour develops at abutments with solid-wall foundations,
the large-scale turbulence may increase in strength and cause scour to deepen;

c. At least three abutment scour conditions may develop at abutments with erodible
embankments, depending on abutment location in a compound channel. Two
conditions may result in embankment failure, while the third condition is pier-like
scour at an exposed abutment column once an embankment has been breached,

d. The roles of variables (e.g., embankment length) and dimensionless parameters (e.g.,
embankment length relative to flood-plain width and relative flow distribution in
compound channels) defining scour processes have become better understood;

e. The leading methods for estimating scour depth better reflect parameter influences,

f. Improved insights exist regarding abutment scour in clay;

g. Insight has been gained regarding the influence of some site complications (e.g., pier
proximity); and,

h. Numerica modeling is substantially growing in utility to reveal two- and three-
dimensional features of flow distribution at abutments in ways that |aboratory work
heretofore has been unable to provide.

2. Thefollowing aspects of abutment scour processes remain inadequately understood:

a. The role of embankment soil strength and flood-plain soil strength on scour

development and equilibrium scour depth;

b. Scour of boundary materials whose erosion characteristics are not adequately
understood (some soils, rock); however, existing reliable data indicate that scour
depths in cohesive soils and weak rock do not exceed those in cohesionless material;

c. Quantification of factors further complicating the abutment flow field (such as debris
or ice accumulation, submergence of bridge superstructure, channel morphology) and
erodibility of flood-plain soils; and,

d. Tempora development of abutment-scour depth, especially the relative timings for
which scour develops at severa locations around an abutment.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

3. The evaluation (Chapter 5) outlines the well-understood relationships between scour
depth and significant parameters, summarized in Table 5-1. Notable examples of recent
information include similitude in hydraulic modelling of flow distribution through a
contracted bridge waterway, and the importance of flood-plain and embankment soil
strengths. Groups of primary parameters are identified in Table 5-2. They define the
magnitude and approximate distribution of the abutment flow field, and therefore the
potential maximum scour depth.

4. Animportant conclusion drawn from the evaluation (Chapter 6) is the need to define a set
of methods for estimating abutment-scour depth associated with different abutment types,
notably for abutments with erodible embankments and those with solid-wall foundations:

a. For abutments with erodible embankments, the estimation methods proposed by
Ettema et al. (2010) and ABSCOUR (MSHA 2010) should be further developed
with aview to producing a set of methods for scour-depth estimation;

b. For abutments with erodible embankments, further research is needed to develop
and verify the geotechnical approach to scour depth estimation; and,

c. For abutments with solid-wall foundations, the estimation methods proposed by
Sturm (2006) and Melville (1997, dso Melville and Coleman 2000) should be
further developed with a view to producing a comprehensive method for scour-
depth estimation.

5. The evauation in this report draws attention to the importance of effective monitoring
and maintenance of bridge abutments. Bridge waterway site complexity (flow field,
foundation material, embankment material) can introduce significant uncertainty for
scour-depth estimation. Moreover, risks attendant to channel changes and possible
deterioration of the abutment structure introduce additional uncertainties as to abutment
condition. Effective monitoring (inspection schedule and instrumentation) is needed to
manage and mitigate the uncertainties.

6. It is important that the abutment designer recognize the limits of existing methods for
scour-depth estimation and the capabilities of new field and numerical modelling tools
through updated continuing education courses.

7. Detailed research needs related to Conclusions 4, 5, and 6 can be found in Tables 8-1, 8-
2, and 8-3 with expansion into research problem statements in Appendix C. The main
research needs shown there are identified as Critical priority as decided by the NCHRP
Project Panel. Work should commence on this road map for the future as soon as
possible.
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CHAPTER 1

INTRODUCTION

This report reviews the present state of knowledge regarding bridge-abutment scour and
evaluates the leading methods currently used for estimating design scour depth. It focuses on
research information obtained since 1990, which is to be considered in updating the scour
estimation methods that are recommended by AASHTO?, and used generally by engineering
practitioners. Though considerable further progress has been made since 1990, the findings
indicate that several important aspects of abutment scour processes remain inadequately
understood. Moreover, the current methods for scour depth prediction do not adequately take
into account the physical scour processes. The state-of-art for abutment scour prediction is
considerably less advanced than that for pier scour prediction.

The review and its recommendations were prepared for eventual use in updating the two
AASHTO manuals Policy for Design of Highway Drainage Facilities and Recommended
Procedures for Design of Highway Drainage Facilities, so that these manuals present the best
available guidelines for abutment scour estimation and countermeasure design, and provide clear
direction as to further research. The recommendations are particularly intended to be used by
AASHTO in developing policies and procedures for use in addressing bridge abutment scour.

The review draws upon a broad range of sources of information regarding abutment scour,
including agency reports, books, and technical papers. Close attention was given to recent
NCHRP project reports on abutment scour; e.g., “Estimation of Abutment Scour” (NCHRP
Project 24-20), “Abutment Scour in Cohesive Materids’ (NCHRP 24-15(2); and, “Abutment
Scour Countermeasures” (NCHRP Project 24-18). Additionaly, the review builds on that by
Parola et a. (1996), who provide a useful earlier wide-ranging assessment of research needs
regarding bridge waterway scour.

1.1 DEFINITIONS

At the outset of this report it is necessary to define the terms abutment, abutment scour,
and abutment failure. These terms are not clearly defined in scour literature or in the common
vernacular about scour.

Abutments comprise severa structural parts, notably an abutment column supporting one end of
a bridge deck, and the column which is set amidst, or backed by, a compacted earthfill approach
embankment. This review may use the term “embankment/abutment” to describe the full
structure — approach embankment and abutment column structure, but where necessary
the separate terms will be applied for clarity. The “embankment” is considered to be the
earthfill that extends from the abutment column into the floodplain away from the stream, while
the term “abutment” refers to the column and the support structure facing the stream. Chapter 2
describes the main features of abutment structure and form.

2 AASHTO ~ Association of American State Highway and Transportation Officials

9
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Abutment scour herein is taken to be scour at the bridge-opening end of an abutment, and
directly attributable to the flow field developed by flow passing around an abutment. It
includes the effects of flow acceleration due to channel flow constriction as well as local large-
scale turbulence effects due to flow separation which are present in varying relative proportions
depending on the upstream approach flow distribution and flow distribution at the bridge section;
abutment column type, foundation type and location; flow curvature; and near-field river
morphology. Other flow and channel-erosion processes cause scour at abutments. One such
process often leading to abutment failure is lateral erosion and shifting of the approach channel
immediately upstream of an abutment as part of a long-term geomorphic process; the approach
flow then impinges against the abutment flank. Many field observations of abutment scour mix
abutment scour (as defined above) and scour caused by channel shifting. Chapter 4 explains the
current understanding of abutment scour.

Abutment scour may cause embankment failure, abutment column failure, or both.
Observations of abutment scour indicate that scour frequently may initiate a geotechnical-
type failure of the earthfill embankment. Failure of the abutment column itself is less
commonly observed. Although failure of the embankment may occur with the abutment column
(and bridge structure) remaining intact, it is a most undesirable condition that renders the bridge
approach dangerous for road vehicles. Chapter 3 elaborates abutment scour conditions and the
various modes of bridge abutment failure.

1.2 MOTIVATION FOR REVIEW

The need to evaluate present knowledge about abutment scour processes and failure
conditions, and determine the extent to which existing scour-estimation methods reflect this
knowledge, is expressed in severa publications prepared by national agencies and societies in
the US: e.g., NCHRP Reports 24-08 (“Scour at Bridge Foundations: Research Needs’) and 20-
07(178) (Parola et al. 1996, Lagasse and Zevenbergen 2004), as well as NCHRP Report 417
(Parolaet al. 1998), USGS (2003), and Kattell and Eriksson (1998).

However, few situations of water flow and boundary erosion are more complex and challenging
to understand than those associated with scour of bridge abutments. The sketches in Figures 1-1
and 1-2 convey a sense of the complexities faced during estimation of scour depths at bridge
waterways. Abutment sites may vary widely in their specific details. Figure 1-1 illustrates a
wide, multi-span bridge whose abutments are considerably set back from the bank on broad
flood plains. As depicted in Figure 1-2, the abutments for shorter bridges are in close proximity
to each other; in such cases the abutments often may be set close to the bank of a channel whose
morphology is quite irregular and varies markedly with flow stage.

Both Figures 1-1 and 1-2 indicate how flow approaching a bridge waterway converges then
diverges once through it. As it does so, it passes around bluff bodies, generating, transporting,
and eventually dissipating large-scale turbulence structures (large eddies shed in a recognizable
pattern due to flow separation abeit intermittently with time). The flow is bounded by erodible
boundaries of complex and changing form that have widely varying compositions and
characteristics. Even the classification of abutment scour as an independent bridge scour
component is problematic, because contraction scour and abutment scour are linked processes
that usually occur together during flood events.

10
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Figure 1-1. Schematic of long, multi-span bridge over a compound channel.

1”! W/ High Water Leyal

LowWater leval
\/

Figure 1-2. Schematic of relatively short bridge over a narrow main channel.

Furthermore, the sketch in Figure 1-3 shows the effect of hydraulic erosion of bed and banks on
the integrity of certain boundary components (banks and embankments) after a geotechnical
slope-stability failure. Such failures add additional complexity to waterway flow and scour, and
thereby to scour-depth estimation. It can be readily appreciated from Figures 1-1 through 1-3 that
scour indeed is a long-standing and vexing problem in hydraulic-engineering research, not to
mention bridge foundation design.

11
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Collapsed Part
of the Embankment

‘ Abutment

Figure 1-3. Abutment scour resulting in embankment failure by collapse due to geotechnical
instability.

The development of practical design methods for predicting scour depths at bridges has been
hampered by inadequate knowledge about, and formulation of, important component processes
and their interaction during scour. The scour-estimation methods presently available do not
adequately take all these considerations into account. As would be expected, early work on
abutment scour focused on the simpler and idealized situations of scour; notably, abutment scour
simulated as scour a a rigid structure extending at depth into a bed of uniform sand.
Commensurately, the existing relationships and guidelines apply to simplified abutment
situations, such as an abutment placed in a straight rectangular channel, and are roughly based on
empirical or regression equations fitted to a collection of data from laboratory tests with model
abutments (whose construction does not always resemble that of actual abutments). Such design
relationships can only be extrapolated with considerable uncertainty to actual field conditions.
That extrapolation often results in overly conservative estimates of scour depth. Conservatism is
understandable and indeed useful, but can be expensive for large abutment structures.

Moreover, when existing design methods inadequately embody certain scour processes, thereisa
risk that the manner or location of actual scour failure will differ from that assumed for the
estimation relationship or guideline. Additionally, an overlooked process may trigger or
exacerbate scour at a site where a scour problem had not been anticipated. There are several
prominent knowledge gaps about processes whereby scour could occur in ways and places not
accounted for by existing prediction methods or programs of bridge monitoring (e.g.,
geomorphic change in channel alignment, inadequate estimation of peaks and periods of design
flows, proximity of old or new bridges, the role of large-scale turbulence, inadequate control of
storm-water drainage at the bridge site). These gaps are not only limited to flow and geomorphic
processes but also relate to sediment type in terms of fine-grained sediments, which experience
interparticle physico-chemical forces, and coarse grained sediments whose movement is resisted
by gravity forces aone.

12
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The threat posed by scour was realized early in the struggle to construct and maintain bridges.
Over the ages it has been dealt with in several ways, but the threat has not yet been adequately
addressed. In antiquity, for instance, Roman engineers recognized the threat. Whenever they
built a new bridge they usually would place on the bridge an appeasing inscription to Janus, the
Latin god of bridges (and portals generally), or to the local deity of the river or stream being
crossed. Engineers in Japan and Korea reduce the threat for bridge abutments at major, levee-
flanked rivers flowing through heavily urbanized regions. They do so by not locating bridge
abutments on the floodplain, but instead locating them outside the levee; in this manner, flow
contraction through a bridge waterway is minimized or practically eliminated, and the abutments
are not exposed to scour. On the whole, though, bridge scour continues to be a threat. The case
depicted in Figure 1-4 is an example of scour failure that occurred fairly recently (1993 flood in
Midwestern U.S.) for an unusually large flow that exceeded the design flow for the bridge
waterway. The maximum scour depth measured two months after the flood was 17 m in the
floodplain on the upstream side of the bridge (Parola et a. 1998).

s

Figure 1-4. Scour at I-70 bridge over Missouri River from 1993 flood. Flow was from left to
right. (Photo from Parola et al. 1998).

13
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1.3 OBJECTIVES

The principal objectives of thisreview are as follow:

1.

2.

3.

Complete a critica evaluation of knowledge about abutment scour processes, using
especially research conducted since 1990;

Compare current scour-prediction practice with the present understanding of scour
processes; and,

Develop recommendations for adoption of specific research results by AASHTO and use
by the engineering community in general.

In pursuing these objectives, the review constructs a well-illuminated explanation of the physical
processes attendant to scour at abutments, and delineate the validity limits of existing scour-
prediction methods. From this basis, the review indicates the prospects for substantial
improvements in estimating scour depths, and thereby better abutment design.

Two points require emphasis at the outset of this report:

1.

2.

The state of knowledge regarding abutment scour considerably lags that for pier scour;
and,

A maor education effort is needed to better inform engineers about the processes
associated with abutment scour. In particular, the geotechnical aspects of abutment scour
and failure have received inadequate attention heretofore.

1.4 Approach

Three important considerations guide the approach taken for the present review:

1.

2.

3.

Abutment scour must be viewed from the perspective of flow and scour through the
entire bridge waterway, because abutment scour normally cannot be dissociated from
flow and bathymetric conditions across the bridge waterway;

Abutment construction influences scour, as the type of abutment affects maximum scour
depth and location; and,

Abutment scour comprises processes of hydraulic erosion, which may cause geotechnical
instability of the embankment earthfill and possibly the foundation upon which the
abutment is based.

These considerations lead to the necessary insights regarding abutment scour, and provide the
requisite framework of inquiry for understanding abutment scour.

14
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CHAPTER 2.

ABUTMENT FORM AND CONSTRUCTION

The main design characteristics of an abutment can be described in terms of abutment
form, the overal layout of an abutment’s approach embankment, and the abutment’s
construction configuration. These characteristics, together with the waterway’s channel
morphology, boundary sediments and soils, as well as flow-resistance features (e.g., vegetation
state of the floodplain), influence the flow field around the abutment, and therefore, scour. A
striking, and somewhat complicating, characteristic of bridge abutments is that few abutment
situations are alike, as Figures 1-1 and 1-2 exemplify. Accordingly, the devel opment of a method
for estimating scour depth at abutments requires that the abutment forms, layouts, and
construction configurations of common practical importance be identified.

2.1 ABUTMENT FORM
Two general forms of abutment exist asillustrated in Figure 2-1:

1. Wing-wall abutments, including vertical-wall abutments; and,
2. Spill-through abutments

Spill-through abutments have sloped sides, whereas wing-wall abutments have a vertical face
and wing-walls that retain an earthfill approach embankment. The wing-walls can be oriented at
various angles to the abutment’s central panel, although a 45° angle is representative. A wing-
wall abutment with wing-walls angled at 90° to its central panel is sometimes caled a vertical-
wall abutment, and it is fairly common for small abutments. Sheet-pile caissons extending into
channels a'so may be viewed as a type of vertical-wall abutment. Various alternative names exist
for these two general abutment forms.

Wing-wall Spill-through

A

I|I|I
W

—= C

T T
= C

(a) (b)

Figure 2-1. Plan views of the two common abutment forms: (a) Wing-wall; (b) Spill-through
(Ettema et al. 2010).
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2.2 ABUTMENT LAYOUT

In a somewhat simplified manner, it is useful to discuss abutment layout in terms of the
length, L, of approach embankment, floodplain width, Bs, main channel width, By, overall width
of the main channel and floodplain at a bridge crossing of a waterway, B, and embankment top
width, W. These variables are indicated in Figure 2-2 except for W which is shownin Fig. 2-1.

» 0.58 q
L. Embankment
|~ Abutment
avl
L 058,
B, Floodplain 0.58,, Main Channel

Figure 2-2. Definitions of embankment length, floodplain width, and main channel width
(Ettema et al. 2010).

Bridge abutments can be characterized as conforming to the following layout arrangements,
which can be represented in terms of the variables L, By, and B:

1. The abutment is located on the floodplain of a compound channel (L < Bj). Thislayout is
typical for spill-through abutments. It is usual for the abutment to be set back from the
main-channel bank so that a vehicle (and wildlife) can pass between the abutment and the
bank. A minimum setback distance of about 10 ft (3.05 m) is common practice, if site
layout allows, but the setback distance on large rivers with wide floodplains may be
considerably more;

2. The abutment extends up to the bank of the main channel (L ~ By). This layout is typical
for wing-wall abutments, especially for channels having a narrow, or no, floodplain.
Wing-wall abutments are common for bridges over small streams; and,

3. The abutment is located in a rectangular channel, and no floodplain is present. This
layout is not common, athough it is essentially similar to arelatively short abutment on a
wide floodplain and is representative of wide-braided channels. Also, it is similar to
channel-control structures (e.g., spur-dikes, groins, barbs, hard-points), coffer-dams, and
construction caissons.

The nature of an abutment inevitably requires that the layout of an abutment be tailored to fit the
local topography of a bridge site. Therefore, to varying extents each abutment inevitably differs

in layout. Other variations in abutment layout can be found; e.g., many small bridges in Maine
have wing-wall abutments that extend into the main channel (Lombard and Hodgkins 2008).
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2.3 ABUTMENT CONSTRUCTION

It is usual for the top width of the earthfill embankment to accommodate minimally a
road width of 24 ft (7.22 m) plus two shoulders of width 8 ft (2.41 m), giving an overall top
width of 40 ft (12.04 m). The side-slopes of earthfill approach embankments commonly are set at
2H:1V, though slopes range from about 2H:1V to 3H:1V. Figure 2-3 is an isometric view of the
geometry used for spill-through abutments. The embankment geometry for wing-wall abutments
is essentially similar to that shown in Figure 2-3, except that the vertical face of a wing-wall
abutment retains the end of the embankment.

Column

Embankment

Isometric View

Figure 2-3. Isometric view of spill-through abutment comprising a standard-stub column located
within the end of an earthfill embankment (Ettema et al. 2010).

Abutments usually comprise a concrete support wall founded on a pile cap supported by piles or
on a spread footing, and adjoin an earthfill approach embankment. Pile supports are more
common than are footing supports, unless the abutment is founded directly on rock. Spill-
through abutments are formed around a “standard-stub abutment,” which comprises a concrete
stub supported by a pile cap on two rows of circular piles. The design and dimensions of a
common standard-stub abutment column are shown in Figure 2-4. Wing-wall abutments usually
have similar foundation layouts as the standard-stub abutments, except that they include wing-
walls extending from the central stub. Figure 2-5 shows the design and dimensions of a common
wing-wall abutment.
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SIDE VIEW END VIEW SIDE VIEW

Figure 2-4. The geometry and dimensions of a standard-stub abutment commonly used for spill-
through abutments (prototype scale indicated); design provided by the lowa DOT
(Ettema et al. 2010).

ISOMETRIC VIEW
z (Not to Scale)
\ (Piles Not Shown)

g i 0 10 20 30 40
[P
PLAN VIEW Scale (feet)

Wing Wall Wing Wall
NERRA
SIDE VIEW END VIEW
Figure 2-5. The geometry and dimensions of a wing-wall abutment - compacted earthfill

embankment extends back from the abutment structure (prototype scale indicated); design
provided by the lowa DOT (Ettema et al. 2010).
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The elevation of the pile cap and the detailed arrangement of piles may vary from bridge site to
bridge site. At some sites, the pile cap is located at, or near, the top elevation of the floodplain,
whereas at other sites the piles extend upward through the embankment earthfill. In this latter
case, the piles directly support a cross beam, which in turn supports the beams of the bridge
deck. Also, for some sites, wing-wall abutments may be supported by sheet piles driven in
approximately the same plan layout as the abutment.

The foregoing descriptions of common abutment forms and construction arrangements are not
reflected in the leading design guides and bridge-monitoring guides addressing scour at bridge
abutments. For example, FHWA'’s (2009) guide for bridge inspectors does not fully portray the
complexity of an abutment structure and its flow field, or possible failure mechanisms due to
scour, as elaborated in this report. Chrisohoides et al. (2003) and Ettema et a. (2010), for
example, provide useful visualizations of abutment flow, as currently understood.

2.4 PIER PROXIMITY

Many bridges over rivers are constructed with a comparatively short first deck span, such
that a pier is located very close to an abutment. There are construction-economy advantages in
having the pier close to the abutment and riverbank, and the arrangement often facilitates a clear
gpan over the river. This construction advantage, however, raises a question as to whether pier
proximity could adversely influence abutment scour (and vice-versa). Figure 2-6 depicts an
example of abridge with a pier located close to an abutment.

o o ___. '- T 2 3 . ,,kn. . + ' - p
Figure 2-6. A sp|II through abutment with a pier in close prOX|m|ty, apprOX|mate Iayout
proportions of L/Bf = 1.0; Bt/0.5B ~0.7, and L/W ~ 1.0, in which W = embankment top width
(Ettema et al. 2010).
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2.5 SEDIMENT AND SOIL BOUNDARY MATERIAL

The boundary materia of the main-channel, floodplain, and embankment components of
a bridge-waterway boundary usually comprise different zones of aluvial sediments and soil, as
indicated in Figure 2-7. Abutment scour usually occurs within several zones of sediment and
soil, leading to different erosion processes and varying rates of erosion.

Embankment Abutment

Compacted
Earth Fill

Flood Plain
Channel

Flood Plain
Channel

Flood Plain Soil
Bed

Sediment
Flood Plain Soil

Figure 2-7. Variation of soil and sediment types at a bridge crossing (Ettema et al. 2010).

Alluvial non-cohesive sediment (sands and gravels) most frequently forms the bed of the main
channel, whereas the channel’s floodplain may be formed from considerably finer sediments
(silts and clays), typically causing the floodplain soil to be more cohesive in character than the
bed sediment of the main channel. The banks of the main channel usually are formed of the
floodplain soils, and thus also may behave cohesively so asto stand at afairly steep slope.

Most abutments have an earthfill approach embankment formed of compacted soils. The soils
may have been excavated from the floodplain or have been brought to the bridge site from
elsewhere. The earthfill embankment is placed and compacted to a specific value of shear
strength so as to support the traffic load.

Direct, dynamic simulation of the strength behavior of an earthfill embankment or a floodplain
soil poses a practical difficulty for laboratory experiments on scour at bridge abutments. The
difficulty is to replicate, at a reduced scale, the shear strength of a representative earthfill
embankment. To date, no study appears to have attempted experiments that closely replicated the
strength behavior of an embankment with mixed soil types.
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2.6 FLOW FIELD

Flow through a bridge waterway narrowed by a bridge abutment and its embankment is
essentially flow around a short streamwise contraction®. Figure 2-8 schematically illustrates the
characteristic flow features and the connection between the contraction and the formation of a
complex flow field around the abutments. The flow width narrows and the flow accelerates
through the contraction, generating macro-turbulence structures (eddies and various vortices
spun from the contraction boundary) that shed and disperse within the flow. Flow contraction
and turbulence at many bridge waterways, though, is complicated by the shape of the channel. It
is common for waterways to traverse a compound channel formed of a deeper main channel
flanked by floodplain channels, as shown in Figure 2-9. To varying extents, al flow boundaries
are erodible. As this figure indicates, the major flow features of a short contraction prevail at a
bridge waterway comprising a two-lane road. The contraction lengthens for dual-carriageway
highways like freeways or expressways.

A R AN A A M NN NN NNNNN

AR AR RO

Figure 2-8. Flow structure including macro-turbulence generated by flow around abutments in a
narrow main channel. (Ettema et al. 2010).

3 The contraction is short in the streamwise direction
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Sca;nr Area  High

Turbulence

Figure 2-9. Flow structure including macro-turbulence generated by floodplain/main channel
flow interaction, flow separation around abutment, and wake region on the floodplain of a
compound channel. (Ettema et al. 2010).

Though the short-contraction analogy is somewhat simplistic, an important point to be made is
that the flow field around an abutment, like the flow field through an orifice, is not readily
delineated as a contraction flow field separate from a local flow field established near the
abutment. The two flow features (flow contraction and large-scale turbulence) are related and
difficult to separate.

Either of the flow features may dominate, depending on the extent of flow contraction and the
characteristics of the abutment and its foundation. When an abutment barely constricts flow
through the waterway, scour at the abutment may develop largely due to the loca flow field
generated by the abutment. This flow field is characterized by alocal contraction of flow and by
generation of large-scale turbulence. For a severely contracted bridge waterway, flow contraction
dominates the flow field and a substantial backwater occurs upstream of the bridge. In this
situation, the approach flow slows as it approaches the upstream side of the bridge, and then
accelerates to a higher velocity asit passes through the bridge waterway.

When the foundation of the end of an abutment comprises a solid contiguous form extending into
the bed (flood plain or main channel), scour development may become similar to that at a wide
pier where the flow becomes contracted and large-scale turbulence is produced. Such abutments
include situations where a sheet-pile skirt is placed around the toe of the spill-slope of a spill-
through abutment (to protect against spill-slope instability and failure), or when a wing-wall
column is founded on sheet-piles.

Embankment and abutment structures create potentially erodible short contractions. Higher flow
velocities and large-scale turbulence around an abutment may erode the abutment boundary.
Commonly, the bed of the main channel is more erodible than the floodplain, because the bed is
formed of loose sediment, while the floodplain is formed of more cohesive soil often protected
by a cover of vegetation. Accordingly, two prime scour regions typicaly develop, as borne out
by field observations of scour, asindicated in Figure 2-10:
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e Oneregion is where the boundary is least resistant to hydraulic erosion. This could be the
main bed if flow velocities (and unit discharges) are sufficiently large; and,

e The other region is where the flow velocities (and unit discharges) and turbulence are
greatest. Thisusualy is near the abutment.

For the ssmpler situation of an abutment well set back on a flood-plain, laboratory experiments
indicate that deepest scour usually coincides with the region where flow contraction is greatest
(Ettema et al. 2010, Melville et al. 2006). Figure 2-11 illustrates this for a spill-through
abutment. For spill-through abutments comprising erodible embankments flow contraction
dominates the abutment flow field. Once scour begins, the geometry of the bridge waterway (as
a short contraction) changes. The deepened flow at the scour region draws more flow, because
flow contraction is locally eased there.

The extent and maximum depth of scour at abutments can be complicated by the mix of
materials forming the compound channel and the abutment’s embankment, and other
considerations such as the proximity of apier.

|
| R
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&
RN

Main Channel

Figure 2-10. Interaction of flow features causing scour and erodibility of boundary (Ettema et al.
2010).
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Water Failed
surface Spillslope

Abutment

Floodplain

Figure 2-11. For a spill-through abutment well set back on a flood-plain, deepest scour usually
occurs where flow is most contracted through the bridge waterway.
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CHAPTER 3.
ABUTMENT SCOUR AS A DESIGN CONCERN
The principal design concerns can be expressed in terms of set of questions:

What is the greatest scour depth that reasonably could occur near the abutment?

Will that scour depth pose a slope-stability problem for the embankment?

What scour depth should be used in estimating the required length of pile support?

What is the deepest scour that potentially could occur at the abutment column itself?
Does that scour occur when the embankment is breached so as to fully expose the
abutment foundation?

agbrwNE

3.1 DESIGN SCOUR DEPTHS

When considering the possibility of embankment failure, two scour depths must be
estimated, in accordance with the design concerns:

1. One scour depth is needed for stable embankment design; and,
2. The second scour depth is required for determining the length of piles underpinning the
abutment column, or elevation of column footing (if afooting foundation is to be used).

For design estimation of scour depths, it is necessary to consider the absolute elevations and
locations attained by scour. The location of deepest scour relative to the concern of embankment
stability differs from that associated with column stability. Additionally, the likely rates or
sequences in which the scour devel ops are important, as explained in Ettemaet a. (2010).

3.2 ESTIMATION OF SCOUR DEPTHS
There are several approaches to estimate the two scour depths mentioned in Section 3.1.

Scour depth associated with embankment stability subject to scour can be addressed in two ways,
as described below.

1. Hydraulic then geotechnical calculations. Estimate the potential maximum depth of
scour that may develop without immediately considering the geotechnical failure of the
embankment on the floodplain near the abutment. Once this scour depth is estimated, its
effect on the geotechnical stability of the main channel bank and embankment can be
estimated. If the bank and embankment were found unstable, they would collapse.
Failure of the headslope, or spill-slope, is an undesirable condition, which may have most
serious consequences if road traffic is not immediately prevented from accessing the
bridge approach. The integrity of the abutment column also may be affected by
embankment failure, but this may not be the worst case for the column, as discussed
below. Embankment failure acts to relieve flow contraction, diminish macro-turbulence
generation, and consequently reduce the maximum scour depth attained. The
geotechnical strengths of the embankment and floodplain soils, therefore, may
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significantly influence abutment scour depth, as well as contribute uncertainty to scour-
depth estimation; and,

2. Geotechnical calculation. For given (or measured) geotechnica strength properties of
the embankment earthfill near the waterway, estimate the maximum limiting steepness
for embankment stability. The maximum scour depth attainable then is determined in the
context of the limiting maximum steepness of the embankment. No hydraulics calculation
is needed, but the position of deepest scour must be estimated. An important point hereis
that the location of maximum scour depth has substantial bearing on embankment
stability and thus the prospect of abutment failure.

Once the embankment fails, flow contraction is relieved, flow area increases, maximum velocity
near the abutment diminishes, and scour will not deepen. To be kept in mind, though, is the
relative timing of scour development and embankment failure, and the undesirable consequences
of full embankment failure.

Scour depth associated with abutment-column stability should be considered in two ways. First,
the abutment-column may be rendered unstable due to embankment failure as described above.
Secondly, following embankment failure the abutment column may be exposed to the flow in the
manner of a pier. This case must rely on a semi-empirica relationship such as used for
estimating scour depth at a bridge pier, because an exposed abutment essentially is apier. The
complexity of flow field and sediment movement at a column is practically the same as at a
bridge pier.

These design concerns are drawn together in more detail in the NCHRP 24-20 report by Ettema
et a. (2010) as a sequence of design steps that take into account abutment |ocation, geotechnical
properties of embankment and floodplain, and the erodibilities of main-channel bed and
floodplain. Further elaboration of the research needsin this area can be found in Chapter 8.

3.3 AN ESSENTIAL DESIGN QUESTION

An essential design question to be addressed by agencies designing bridge abutments —
and not addressed during this evaluation study — concerns how abutment design should best take
abutment scour into account. Many experiments and field observations of abutment failure
indicate that failure typically occurs as the geotechnical collapse and washout of the abutment’s
earthfill embankment. Under severe situations, the abutment column also may fail in a manner
similar to scour failure of a bridge pier. Embankment failure may limit the development of
abutment scour to a potential maximum depth, because the exposed embankment soil erodes
laterally, increasing the flow area and easing flow velocities in the area of deepest scour.

The essentia question leads to the following more specific questions:
1. What scour depth(s) should be considered for abutment design (the potential deepest
scour, scour leading to embankment failure, or scour at an exposed abutment column)?
Is embankment failure (with bridge super-structure remaining intact) acceptable?

2.
3. As the embankment near an abutment column often is a relatively weak or vulnerable
location of bridge waterway, what design considerations should be contemplated in order
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to strengthen embankments in the vicinity of an abutment column? Then, how would
such strengthening affect abutment scour or scour at a nearby pier?

It is noteworthy that al the illustrations of abutment scour in this report show failure of an
abutment’s earthfill embankment. The example shown in Figure 3-1 is representative of many
abutment failures. Another example of embankment failure is shown in Figure 3-2 for aflood in
the Atlanta metro area in 2009. Flow coming from the left floodplain as well as overtopping of
the bridge severely eroded the left embankment, exposed the abutment and resulted in the
approach span to the bridge deck falling into the stream.

;-'I- y ‘ ‘-i‘\ ¥ ; .'_‘ %, ¥
Figure 3-1. A common situation of abutment failure; scour has led to failure and partial washout
of the earthfill spill-slope at this abutment. A basic question arises as to how abutment design

should take scour into account.

[
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Figure 3-2. Failure of abutment fill in September 2009 Georgia fl
approach roadway (Hong and Sturm 2010).
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CHAPTER 4.
SCOUR CONDITIONS

One method for classifying abutment scour depends on abutment location in a channel,
the relative erodibilities of sediments forming the main-channel bed and soils forming the
floodplain (see Figure 2-10), as well as to the shear strength of the compacted earthfill forming
the approach embankment. In addition, other conditions such as stream morphologic changes and
lack of control of highway runoff can lead to abutment scour under unexpected and less well-
defined circumstances.

4.1 THREE COMMON CONDITIONS OF ABUTMENT SCOUR
Figure 4-1a-c illustrates the three scour conditions for spill-through abutments:

1. Scour Condition A. Scour of the main-channel bed, when the channel bed is far more
erodible than the floodplain. Figure 4-1aillustrates how scour of the main-channel bed
causes the main-channel bank to become geotechnically unstable and collapse. The
collapsing bank undercuts the abutment and embankment, which in turn collapses locally.
Sail, and possibly riprap, from the collapsed bank and embankment slide into the scour
hole;

2. Scour Condition B. Scour of the floodplain around the abutment. This condition also is
equivalent to scour at an abutment placed in arectangular channel, if the abutment is set
back from the main channel. As the amount of bed-sediment transport on a floodplain
usually is quite low, this scour condition usually occurs as clear-water scour. Figure 4-1b
shows that the floodplain scours around the abutment, and especialy slightly downstream
of it. The scour hole locally destabilizes the embankment side slope, causing
embankment soil, and possibly riprap, to slide into the scour hole; and,

3. Scour Condition C. Scour Conditions A and B may eventually cause the approach
embankment to breach near the abutment, thereby fully exposing the abutment column.
For this condition, scour at the exposed stub column essentially progresses as if the
abutment column were a pier, asillustrated in Figure 4-1c. For the same reasons as given
for Condition B, this scour condition usually occurs as clear-water scour.
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Figure 4-1. Abutment-scour conditions: Scour Condition A - hydraulic scour of the main channel
bed causes bank failure, which causes a failure of the face of the abutment embankment (a);
Scour Condition B - hydraulic scour of the floodplain causes failure of the face of the abutment
embankment (b); and, Scour Condition C - breaching of the approach embankment exposes

the abutment column so that scour progresses as if the abutment were a form of pier (c)

(Ettema et al. 2010).
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The three scour conditions may occur also for wing-wall abutments. However, a couple of
additional erosion processes can result in failure of the main-channel bank and the approach
embankment:

1. The local flow field generated at the corners of the abutment can cause local scour at
those locations; and,

2. Exposure of the piles beneath the abutment pile cap can cause river-bank and
embankment soil to be eroded out from beneath the pile cap.

Provided no substantial geotechnical failure of the abutment occurs for scour Conditions A and
B, scour deepens to an equilibrium level commensurate with the abutment flow field's capacity
to attain a balance with the rate of sediment inflow to the scour region (live-bed scour) or the
channel boundary’ s resistance to erosion (clear-water scour).

A scour event (or series of events) at an abutment, may involve a sequence of al three scour
conditions, resulting in several local maximafor scour depth for awing-wall abutment. When an
abutment is close to the main channel, Condition A may develop relatively quickly, with
Condition B occurring at a slower rate. Either, or together, Scour Conditions A and B may
eventually cause the approach embankment to undergo a slope-stability failure. If the
embankment extensively washes out, so as to expose the abutment structure, scour may then
develop at the abutment structure as if the abutment were a form of pier (Condition C).
Accordingly, an important design consideration is that the stub or wing-wall abutment should not
fail when exposed; i.e. foundations of wing-walls should be degp enough that the wing-walls do
not fail when exposed to a pier-like scour condition.

For design estimation of scour depth, it is useful to consider the likely rates or sequences in
which the three scour conditions developed, and to ask -- What is the greatest scour depth that
reasonably could occur near the abutment? Will that scour depth pose a slope-stability problem
for the earthfill embankment adjoining an abutment foundation or for the floodplain bank of the
main channel? What is the deepest scour that could occur at the abutment column foundation
itself, and does that scour occur when the embankment is breached so as to fully expose the
abutment column? The set of photographs in Figures 4-2 through 4-4 depict situations where
Scour Conditions A, B, and C occurred at bridge abutments.
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Figure 4-3. Field example of Scour Condition B,

31

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

4.2 INFLUENCE OF PIER PROXIMITY

The influence of pier proximity on the three scour conditionsis sight, at least for the pier
form and construction depicted previously in Section 2.5. Flume experiments (NCHRP 24-20)
show that abutment scour is dominated by the flow field established by an abutment. Once scour
initiates, and deepens below the pier’s pile cap, pier presence does not substantially increase flow
contraction or the strength of large-scale turbulence structures.

For Scour Condition A at spill-through abutments, pier presence may increase maximum scour
depth by approximately 10% when L,/W < 2; where, W = embankment top width and L, =
distance from abutment to pier. The increase results because pier presence close to an abutment
dlightly increases flow contraction, as flow is deflected around the pier (as if the abutment were
lengthened). For Scour Condition B, pier presence acts to increase flow contraction but it also
acts to partially block the dispersal of riprap stone. The net influence for Scour Condition B isa
lessening of scour depth.

4.3. OTHER SCOUR PROCESSES

Abutment scour may develop consequent to several processes of flow and bed-sediment
movement:

1. Localized scour attributable to change in main channel alignment and morphology, which
adversely affects abutment location and orientation relative to flow in the main channel.
Lateral shift of achannel may direct flow adversely towards abutments not designed for a
lateral shift in the channel thalweg. The deeper scour commonly resulting from this
possibility must be considered in the scour design of abutments;

2. Scour of the approach embankment flank on the floodplain. This condition may occur
when the floodplain flow converging towards the bridge waterway undercuts the flank of
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the approach embankment. This scour mechanism differs from those discussed in
Chapter 4, and is less common;

3. Erosion aong the flanks of an abutment, which may develop because of inadequate
control of road drainage along an abutment. Such erosion exposes the earthfill at the end
of the abutment, making the abutment more prone to erosion by flow in the main channel;
and,

4. Degradation of the main channel bed. This process occurs in response to an overal
propensity of the main-channel flow to degrade associated with the reduction in the bed-
sediment load along the channel. It also could result from the upstream advance of head-
cutting of the channel bed, because the channel has steepened hydraulically. Bank erosion
with channel widening may accompany degradation and lead to erosion attack of the
embankment.
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CHAPTERSS.
SCOUR DEPTH ESTIMATION FORMULAS

Given the complexity of the various scour processes identified in Chapter 4, and the
difficulty of including all of those processes in asingle empirical formula, it is not surprising that
current abutment scour formulas provide scour depth estimates that vary over a wide range of
magnitudes. Furthermore, comparisons of abutment scour depth estimations from existing
formulas with field data and with engineering experience can produce mixed results partly
because of the misperception that abutment scour formulas apply to all types of abutment scour,
even to the most complicated field situations, and partly due to the difficulty of estimating the
flow and sediment parameters required in existing scour formulas. It is the purpose of this
chapter to present several leading abutment scour formulas, classify them, assess ther
limitations, and evaluate their usefulness in various types of abutment scour cases.

5.1 PARAMETER FRAMEWORK

While dimensional analysis provides a convenient starting point for building aframework
of parameters on which abutment scour formulas depend, the specific parameter influences are
somewhat less clear than in the case of pier scour. Nevertheless, identification of groups of
dimensionless parameters that are used in different scour prediction formulas provides a context
for classifying and assessing the applicability of the formulas. Some of the magjor variables
affecting abutment scour in a compound channel are defined in Figure 5-1. A dimensional
analysis of these variables leads to the following set of parameters:

in which Y, = maximum depth of flow after scour in the short contraction presented by the
bridge; Y1 = upstream approach flow depth in main channel; Yg = upstream approach flow depth
in the floodplain; L = length of the abutment/embankment; B; = width of the floodplain; Bnh1 and
Bmz = width of the main channel in the approach flow section and the bridge section,
respectively; W = width of the embankment in the flow direction; d = some measure of the
sediment size forming the erodible boundary such as the median size by weight, dso; p and u =
density and viscosity of the fluid, respectively; V, = approach flow velocity; u-; and u«, = shear
velocity of the approach flow and the critical value of shear velocity for initiation of sediment
motion, respectively; ke and k, = roughness height of the floodplain and main channel,
respectively; Ks = shape factor of the abutment as it affects scour by the flow field; Ky =
embankment skewness factor as it affects scour; g = acceleration of gravity; o = bulk shear
strength of the embankment fill; » = bulk density of the embankment material; and, He = height
of the embankment.
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Figure 5-1. Definition sketch for abutment terminating in a compound channel.

This dimensional analysis does not fully include other scour influences identified in the previous
chapter that are less amenable to quantification, such as changes in channel alignment and
morphology; erosion of the abutment flank due to flow convergence or drainage; bed
degradation due to anthropogenic or natural causes, and heterogeneity of sediments comprising
floodplain and main channel.

Magjor groups of dimensionless parameters affecting abutment scour are identified in Table 5-1.
These parameter groups tend to overlap. For example, the relative roughness of the floodplain
and main channel affect not only the flow distribution as Group G4 parameters, but aso
influence the magnitude of the flow intensity factors in Group G1 as a consequence. It could be
argued that the Group G2 parameter is aso a Group Gl parameter in so far as the
abutment/embankment |ength represents some measure of the size of turbulent flow structures.

Alternative formulations of the flow intensity factor in Group G1 are aso possible such as

Flow Intensity <1 o F, = Vi

Use V(ps!p-Dad (5.2)

in which ps = density of the sediment; and Fq = sediment number or densimetric grain Froude
number. While the numerical values of such parameters are not the same, they measure the ratio
of the velocity causing transport to a reference velocity scale associated with initiation of particle
movement. The critical shear stress is preferred for characterizing the threshold of sediment
motion because it depends only on sediment properties. Critical velocity, on the other hand,
depends both on critical shear stress and depth of flow; it can be calculated from Manning's
equation or Keulegan's equation for fully-rough turbulent flow. For transitional or smooth
turbulent flow, an expanded equation is needed (see Sturm 2009). Applying a measured critical
velocity from alaboratory flume directly to the field can lead to serious errors.
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Table 5-1. Classification of abutment scour parameters.

Dimensionless Parameter Parameter Influences Comments
Parameter Groups Names Group
Us1/Uxc OF V4/Ve, Flow intensity, Gl. Stage of sediment Flow intensity
Vi/(gY1)®®, Froude number, Flow/Sediment transport; effect of indicates flow
pVillu Reynolds gravity on water interaction with the
number surface profile; sediment and can be
effect of flow used to classify
separation & bed | clear-water vs. live-
roughness bed scour
L/d Relative G2. Unclear, but may Generally not
sedimentsize | Abutment/Sediment be related to included in
scale model scaling abutment scour
issue formulas
L/Ye, W/YE, Floodplain G3. Measures Abutment scour
Ks, Ko aspect ratio; Abutment/Flow abutment formulas classified
relative geometry dimensions by Melville
contraction relative to scale of | according to value
length, flow field, and of L/Ye
abutment shape shape and
and skewness orientation of
factors abutment relative
to flow field
L Bf B Abutment, G4. Taken together, Discharge
—,—, -z, channel and Abutment Flow these parameters | contraction ratio or
Bi Bu Bm flow length distribution can be translated | g/gs determined by
YOV k scales into discharges these parameters
£ £ _F per unit width in
Y, ki K, the flow approach
and contracted
sections
c /(e He) Abutment GS5. Scour that leads to | Difficult to model in
stability Scour/Geotechnical | slope instability the laboratory
parameter Failure

Of the parameter groups listed in Table 5-1, the geotechnical stability parameter is particularly
difficult to determine. While strict quality controls may be followed during construction, the
mixture of soil materials comprising the embankment may be very site specific and difficult to
guantify relative to erosion resistance. Scour gradually causes removal of the toe and subsequent
geotechnical instability of the entire fill. In addition, the Group G4 hydraulic parameter that
guantifies the change in flow distribution from the approach flow section to the bridge section
conveniently encompasses the influence of many geometric length ratios, but it is nonetheless
challenging to evaluate, especially with one-dimensional numerical models. In the bridge section
itself, the flow contraction is not always fully developed because it is abrupt and relatively short
in the flow direction so that significant streamline curvature exists. Under these circumstances, a
two-dimensional model for setback abutments on wide floodplains, or even a three-dimensiona
model for bankline abutments may be necessary to quantify the flow distribution at the bridge
section. Findly, it is paramount to have as much information as possible on the sediment itself
both in the floodplain and in the main channel, and over soil formation depths commensurate
with the abutment foundation depth. Spatial heterogeneity of soils and their erosion resistance is
the rule rather than the exception, and a scour resistant layer can be underlain by a very erodible
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layer or vice-versa. Fine-grained materials are often found in the river banks and floodplains
while sand and gravel may form the erodible boundary of the main channel. The interparticle
forces associated with fine-grained soils make evaluation of their erosion resistance particularly
challenging.

In some states, abutment scour countermeasures may be required as a matter of course for all
abutments. Riprap aprons, concrete aprons, and guide banks are especially useful, and guidelines
have been developed for their design. In the case of riprap aprons, for example, the rock size and
blanket thickness, and the lateral extent of the riprap apron as it wraps around the spill-through
abutment can all be specified, as can the extent of a concrete apron (Barkdoll et al. 2007,
Melville et a. 2006a, b). Scour is moved to the edge of the riprap apron, and even if a portion of
the apron erodes, it serves to protect against further abutment scour in the immediate vicinity of
the abutment. There is a danger, however, in assuming that an apron protects an abutment from
failure for al discharges. The scour hole may be moved into regions that are more easily scoured
and may interact with adjacent pier scour holes depending on their proximity. For this reason,
abutment scour formulas must be further developed for cases of riprap aprons in place as well as
for those without such countermeasures.

Channel morphologic changes are a mgor concern with respect to abutment scour, but they
cannot be conveniently quantified in Table 5-1 nor have abutment scour formulas been
developed for this case because of its complexity. River meanders gradually migrate downstream
by transporting sediment from the outside of the bend to a point bar at the beginning of the next
meander loop. As the outer meander loop boundaries trandate laterally they can intersect the
abutment and cause failure. The meander loop can aso be cut off during a flood leading to a
completely new channel path that endangers the bridge abutments. Braided streams are even
more unpredictable as multiple channels form and interconnect thereby leaving island deposits
and new flow pathways that unexpectedly form and expand in the lateral direction with each new
flood. Prevention of abutment failures due to these morphologic changes requires close
consultation between the hydraulic engineer and a fluvial geomorphologist such that bridge
abutments are located well outside any meander belts or braided stream paths.

5.2 SUMMARY OF ABUTMENT SCOUR FORMULAS

Table A-1 of Appendix A presents several abutment scour formulas in an approximately
chronological order of publication. In some cases, later refinements of formulas by the same
researchers are grouped together. Some of the earliest contributions to the problem of abutment
scour estimation were related to research on scour around spur dikes by Garde et a. (1961) and
Gill (1972), while Liu et a. (1961) reported the results of extensive flume studies on vertical
wall, wing-wall and spill-through abutments in large flumes. These formulas prominently feature
the scour depth nondimensionalized by the flow depth as a function of Froude number and the
geometric width contraction ratio or the ratio of abutment length to flow depth.

Laursen applied the early Straub (1934) solution for equilibrium sediment transport in a long
contraction to abutments using his own sediment transport formula for the live-bed case. He

assumed that abutment scour was some multiple of the theoretical long contraction scour.
Laursen’s (1960, 1963) formulas and Gill’s (1972) formula are similar and are all based on the

37

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

solution to the idealized long rectangular contraction. The principal difference lies in the
contraction ratios used; Gill used the full channel contraction ratio (approach channel width
divided by bridge opening width), whereas Laursen used an assumed contraction width equal to
the estimated scour hole width, resulting in the contraction ratio = (2.75ds+L)/2.75ds, where ds is
scour depth below the undisturbed bed level.

Sturm and Janjua (1994) introduced the idea of replacing the geometric contraction ratio with the
discharge contraction ratio M for characterizing the change in flow rate per unit width caused by
an abutment ending on the floodplain of a compound channel. This formula was further refined
in Sturm (2004, 2006) by applying the relationship for the Laursen long contraction such that the
independent variable became gr./qs. in which g~ gn/M and gy = critical floodplain velocity
times the depth in the contracted bridge section of a compound channel. Extensive experiments
were conducted for various abutment lengths on a wide erodible floodplain including both
setback and bankline abutments. Three sediment sizes were used, and wingwall, spill-through
and vertical abutments were included in the experiments. The abutments were constructed as
solid-wall structures and so the results are applicable to sheet-pile foundations and other
conditions for which the abutment stub and embankment are not subject to undermining.

Chang and Davis (1998, 1999) presented an abutment scour methodology called ABSCOUR
which has been further developed by the Maryland State Highway Administration (MSHA
2010). ABSCOUR treats abutment scour as an amplification of contraction scour. For clear-
water scour, the reference contraction scour is estimated by a form of the Laursen contraction
scour formula as gr,/V. and adjusted by an abutment shape factor Ks, an embankment skewness
factor, Ky, avelocity correction factor K,, and a spiral flow correction factor K;. In addition, the
methodology includes an adjustment/safety factor that is based on the user’s assessment of risk
and whether the floodplain is narrower or wider than 800 ft (244 m) (Benedict 2010, MSHA
2010). The velocity correction factor varies with gr1/gr, based on potential flow theory while the
spiral flow factor isintended to account for turbulence effects and is related to the approach flow
Froude number based on laboratory data (Palaviccini 1993, MSHA 2010). The method is aso
applied to live-bed scour. The full ABSCOUR 9 computer program/methodology includes
procedures to refine discharge and velocity distributions and channel setback distances under the
bridge; evaluate scour in layered soils; consider the effect of pressure scour; evaluate the slope
stability problem for the embankment; consider degradation and lateral channel movement and
other specific concerns. The program is used to integrate contraction, abutment and pier scour
and to draw a scour cross-section under the bridge (MSHA 2010).

Extensive experimental work at The University of Auckland by Melville (1992, 1997) resulted in
a comprehensive approach to estimating abutment scour that was integrated with earlier pier
scour formulas. The Melville approach accounts not only for abutment length in ratio to flow
depth but also for effects of flow intensity, bed armouring, abutment shape and orientation,
relative sediment size, and channel geometry as separate multiplicative factors obtained from
experiments that were conducted primarily in rectangular channels. Melville (1992) showed that
his formula for maximum clear-water scour at an intermediate-length, vertical-wall abutment in a
rectangular channel agrees with Laursen’s abutment scour formula. The data obtained by
Cardoso and Bettess (1999) and Fael et a. (2006) have verified that the Melville formula
provides an envelope relationship for the depth of clear-water scour at a vertical-wall abutment
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in arectangular channel for L/B < 0.4, where B is channel width. Lim (1997) and Lim and Cheng
(1998b) have derived abutment scour formulas for clear-water and live-bed scour, respectively,
in arectangular channel. They assume that the flow rate through the scour hole area is the same
before and after scour. Their clear-water scour formula agrees with the Méelville formula and the
Laursen abutment scour formula for the special case of an intermediate-length, vertical-wall
abutment in arectangular channel.

The live-bed abutment scour formula developed by Froehlich (1989) and the HIRE equation are
suggested in HEC-18 (Richardson and Davis 2001). Froehlich’s equation is derived from
regression analysis applied to a list of dimensionless variables using laboratory data from Liu
(2961), Gill (1972), and the Auckland data among other sources. The HIRE equation is based on
field scour data for spur dikes in the Mississippi River obtained by the U.S. Army Corps of
Engineers.

Oliveto and Hager (2002, 2005) conducted extensive experiments on vertical-wall abutmentsin
rectangular channels referred to as the VAW data set from ETH Zurich. They proposed a
reference length scale for abutment scour depth to be (Y1L?)Y® and used the sediment number (or
densimetric grain Froude number), F4, which was described in section 5.1, as the primary
independent dimensionless ratio; however, their proposed formula also includes a dimensionless
time so that scour depth can be estimated at different times of scour hole development. Kothyari
et a. (2007) further refined this relationship by expressing it in terms of the densimetric grain
Froude number written in the form (Fy — Fqc), in which Fqc = the critical value of Fy at the
beginning of scour. Furthermore, an estimate of the time to “end-scour” conditions is given in
terms of Fy.

The essential notion underlying the scour prediction methodology proposed by Ettema et al.
(2010, Project NCHRP 24-20) is that the potential maximum flow depth near an abutment due to
scour can be expressed in terms of an amplified contraction scour estimated as a function of unit-
discharge values for flow around an abutment. The maximum scour depth, Yuax, iS given as Y uax
= a Yc, in which Y¢ is the mean flow depth of the contraction scour, and « is an amplification
factor whose value varies in accordance with the distribution of flow contracted through the
bridge waterway, and on the characteristics of macro-turbulence structures generated by flow
through the waterway. Two estimates of aY ¢ should be considered:

1. Amplification of long-contraction scour; and,

2. Amplification of local scour estimated on the basis of the flow contracted locally around
an abutment in a channel so wide that flow does not contract through the bridge
waterway.

The value of « should be assessed for flow contraction in the main channel (Scour Condition A)
and/or near the abutment (Scour Condition B). Abutment shape, along with the aspects of
channel morphology and roughness that affect flow through the bridge waterway, influence the
amplification coefficient, a. The ensuing limits apply to «:

1. When the bridge waterway is contracted only locally around an abutment, and
contraction scour is negligibly small in the waterway, « is large. Its value depends on the
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local contraction of flow passing immediately around the abutment, and the turbulence
structures generated by the abutment; and,

2. For aseverely contracted bridge waterway, « diminishes to a value dightly above 1. At
this limit, the bridge creates a substantial backwater effect that impounds water. The bed
shear exerted by highly contracted flow is much larger than the erosive forces exerted by
turbulence structures generated by the abutment. In some ways, such extreme contraction
issimilar to scour at a bottomless culvert.

In devel oping relationships for estimating the scour depths incurred with Scour Conditions A and
B, it is convenient to adapt and extend Laursen’s well-known methods for estimating live-bed
contraction scour (Laursen 1960), and for clear-water contraction scour (Laursen 1963). His
methods are useful for directly identifying the main parameters associated with abutment scour,
though they neglect the influence of macro-turbulence. Other contraction-scour methods could
certainly be used. The proposed formulation assumes live-bed scour conditions for flow in the
main channel, and clear-water scour conditions for flow over the floodplain. The relationships
apply to scour of cohesive aswell as non-cohesive bed and floodplain boundaries. It is noted that
dlightly different relationships are given for Scour Conditions A and B.

An important consideration in the method proposed by Ettema et a. is the need to take into
account the actual manner in which most abutments are constructed; i.e., as an abutment column
set amidst an earthfill embankment whose length varies widely in accordance with site
conditions. Consequently, geotechnical failure of the embankment is an important aspect of
abutment scour, and may limit its development. Geotechnical failure is not a desirable condition,
but it occurs frequently for abutments, sometimes leading to flow breaching of the earthfill
embankment at abutments as shown previously in Figures 3-1 and 3-2. Ettema et al. also propose
a geotechnically based approach for estimating scour depth. This approach is not reliant upon the
need to estimate a critical value of erosion resistance for the boundary around an abutment. The
approach requires instead an estimate of the geotechnical strength of the earthfill embankment at
the bridge waterway. Also, Ettema et al. give a relationship for estimating Scour Condition C,
scour depth at an exposed abutment column.

A further consideration in choosing abutment scour formulas is the case of predicting scour
depth and possible embankment failure when armor protection and an apron have been applied to
an embankment. Van Ballegooy (2005) conducted an extensive set of experiments concerning
riprap and cable-tied-block (CTB) protection at spill-through and wing-wall abutments. The
findings are presented in Melville et a. (2006a, 2006b), as well asin Van Ballegooy (2005).

For spill-through abutments, it is shown that armor protection (including apron protection) acts
to deflect the scour devel opment a sufficient distance away from the abutment toe that damage is
prevented. With increasing toe protection (i.e. increasing apron extent), the scour hole at spill-
through abutments sited in the flood channel typically is deflected further away from the
abutment and reduces in size. However, for abutment and compound channel configurations
where the scour hole forms close to the main channel bank, the scour hole can increasein size as
the apron extent is increased. CTB mats allow scour holes to form closer to the abutment,
compared to scour holes at abutments protected by equivalent riprap aprons, and result in deeper
scour holes. It is axiomatic that wider apron protection is needed to give a certain level of
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protection, when using CTB compared to riprap aprons. Equations are given to predict the scour
depth for spill-through abutments, situated on the flood plain of a compound channel, and the
minimum apron width to prevent undermining of the toe at spill-through abutments. A design
methodology is proposed for evaluation of the stability of spill-slope fill materia at spill-through
abutments in terms of the extent of apron protection, and is presented in Melville et al. (20063,
2006b) and Van Ballegooy (2005).

For wing-wall abutments, it is shown that the scour under mobile-bed conditions is directly
related to the level of the deepest bed-form trough that propagates past the abutment, which is
predictable using existing expressions, together with any localized scour that may occur
(Melville et a 2006a, 2006b, and Van Ballegooy 2005). Stones on the outer edge of riprap
aprons tend to settle and move away from the abutment pushing the erosion zone further away
from the abutment. Conversely, CTB mats remain intact during settlement. The outer edge of the
apron settles verticaly, alowing the scour to occur closer to the abutment face than for an
equivalent riprap apron. Equations are given for prediction of the minimum apron width
remaining horizontal after erosion. These predictions, together with prediction of apron
settlement, facilitate assessment of the stability of an abutment structure.

Briaud et al. (2009) have developed a formula for abutment scour in a compound channel with
pure porcelain clay as the sediment and with solid abutments. Experiments were done in a
compound channel and a rectangular channel. The ratios of flow depth in the floodplain to that in
the main channel, however, were greater than 0.5 so that compound channel effects on the
velocity distribution were minimal. The main channel velocity never exceeded the floodplain
velocity by more than about 10%. Each experiment was run for more than 10 days, and the
abutment scour holes developed usually at the toe of the abutment on the downstream side. The
scour formula developed from the data indicates that the maximum abutment scour depth
depends on the difference between 1.57 times a flow Froude number near the toe of the abutment
and a critical value of the flow Froude number, where “critical” refers to initiation of scour. The
reference velocity in the Froude number is determined as the mean velocity in the bridge opening
for bankline abutments, and as the mean velocity of the upstream floodplain flow if it were to
pass entirely through the floodplain in the contracted section for set-back abutments. The
physical significance of Froude number alone when formulating a relationship for scour depth
seems somewhat problematic when scour is dominated by flow separation and macroturbulence.
Froude number effects are often neglected for small values (considerably less than one); the
approach flow Froude numbers in the experiments were of the order of 0.25. It is interesting that
the resulting scour formulafor cohesive sediments underpredicted the scour data of Sturm (2006)
while overpredicting the scour in the database used by Froehlich (1989) in noncohesive
sediments; that is, the cohesive sediment scour depths stayed within the bounds of those
measured for noncohesive sediments for solid abutments.

The maximum scour depth formula by Briaud et a. is part of a larger procedure that involves
testing a sediment sample in a pressurized duct flow to determine erosion rate as a function of
shear stress (erodibility curve). The critical shear stress is taken as the hydrodynamic stress
corresponding to a very low erosion rate of 0.1 mm/hr. The maximum shear stress before scour
at an abutment is estimated based on a Reynolds number that uses the mean approach velocity as
the velocity scale and the width of the abutment as the length scale. For this maximum shear
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stress, the initial erosion rate is determined from the erodibility curve. Then the maximum scour
depth and initial erosion rate are substituted into a standardized hyperbolic time development
curve to obtain the scour depth for a specific duration of storm, or for a specified time history of
flow taken over thelife of the bridge.

5.3 CLASSIFICATION OF SCOUR FORMULAS

Because existing scour formulas apply to different types of abutment scour situations and
rely on different classes of basic parameters on the one hand, and may not apply at all to some
cases of abutment scour such as those due to stream morphology changes on the other hand, it is
worthwhile to classify the formulas in severa different ways. Furthermore, it is imperative that
abutment scour formulas not be applied outside the range of variability of the basic
dimensionless parameters for which they were derived. In carrying out such a classification
exercise, it may be possible to develop a hierarchical approach in which classes of scour
formulas are first matched with the type of abutment scour to be expected in a given project, then
tested against the range of dimensionless parameters to be experienced in the field, and finally
accepted or rejected on the basis of their applicability. In some instances, and especialy if more
adverse consequences and a resultant higher risk are involved relative to possible bridge failure
by scour, it may become clear that no existing formula is acceptable. In this case, combinations
of numerical and hydraulic modeling may be needed. In addition, abutment scour formulas that
apply when scour countermeasures such as abutment riprap aprons are in place may be required
as discussed in the section on further research.

5.3.1. Classification by Parameter Groups

Most of the abutment scour formulas presented in Table A-1 utilize dimensionless
parameters from one or more of the groups of parametersin Table 5-1. All formulas except those
based only on vertical-wall abutments incorporate a shape and orientation factor from Group G3
parametersin Table 5-1. Only the procedure by Ettema et al. (2010) has suggested a geotechnical
parameter such as in Group G5 in the table. Ettema et a. argue the importance of considering
how abutments are built. A risk in comparing the formulas is that some formulas are developed
for quite different abutment structures. Practically al the formulas developed prior to Ettema et
al. are based on models that assume abutments to be pier-like structures extending as solid forms
deeply into the bed or floodplain of a channel such as would be the case for sheet-pile
foundations. The vast mgority of abutments are built as earthfill embankments at or surrounding
apier-like abutment column.

Formulas are placed into categories in Table 5-2 according to the dominant parameter groups
from Table 5-1 that are incorporated into them. A major category of formulas (C1) includes L/y;
from Group G3 and some flow parameter such as F;, and/or Fy4 or V1/V, from Group G1. This
category includes the formulas by Laursen, Liu, Froehlich, Melville, Lim, Cardoso and Bettess,
and Fael et al. which were developed primarily from experiments in rectangular laboratory
flumes with relatively short abutments. Note that the live-bed scour formulas in this group tend
to include F;, while the clear-water scour formulas incorporate V1/V; or a similar parameter. As
argued by Laursen, the live-bed case is based on equilibrium sediment transport rate, not the
relative stage of incipient sediment motion in the approach flow as for clear-water scour. These
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formulas essentially treat abutments as a “half pier” for small value of L or as a wide pier in
shallow flow for larger values of L.

Table 5-2. Formulas categorized by parameter groups.

Formula Parameter Group
Category
Gl G2 G3 G4 G5
Flow/Sed Abut/Sed Abut/Flow Abut/Flow Scour/Geotech
Geometry Distribution Failure
C1 X X

Laursen, Liu, Froehlich,
Meéelville, Lim, Cardoso
& Bettess, Fael et al.

C2 X
Oliveto & Hager,
Kothyari et a.,
Briaud et al.
C3 X X

Gardeet d., Liu, Gill,

Sturm, Chang & Davis,
Ettemaet a.

C4 X
Ettemaet al.

The formulas by Oliveto and Hager (2002), and by Kothyari et a. (2007) are in a related but
second category (C2) because of the inclusion of the sediment number, or densimetric Froude
number, from Group G1 parameters, while the abutment length and flow depth are combined
into a reference length scale to nondimensionalize scour depth rather than appearing separately
as L/y; from Group G3. The appearance of adimensionless time in this category of formulas aso
sets them apart from the first category. The Kothyari et al. (2007) formula introduces (Fq — Fyc)
as the primary independent parameter; that is, an excess value of Fy relative to a critical value
akin to a sediment transport formula even though it is intended for clear-water scour. However,
the critical value is estimated at the contracted section from the geometric contraction ratio so
that Fy >F4.. The formula by Briaud et a. (2009) for maximum scour depth might also be placed
in this second category only because it is based on an excess value of the flow Froude number
relative to a critical value in the contracted section. The abutment length appears in this formula
only as an abutment location correction for abutments very close to the bank of the main
channel.

A third category of formulas (C3) is one that uses some measure of the flow contraction caused
by the bridge (Parameter Class G4). Formulas by Garde et al., Liu, and Gill are for rectangular

channels and contain a geometric contraction ratio. The formula by Sturm replaces the geometric
contraction ratio with a discharge contraction ratio, which is more appropriate for compound
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channels, to obtain the discharge per unit width in the contracted section in ratio to its critica
value, g2/qc. The scour methodology of Chang and Davis (1998, 1999) utilizes q./q; as an
independent variable for live-bed scour and q./V, for clear-water scour. Ettema et al. directly
employ the ratio g./q; and embed the effect of V/V, in the reference contraction scour depth for
the clear-water case. Ettemact al. aso use the live-bed contraction scour as areference length for
live-bed abutment scour in the main channel (Scour Condition A) for bankline abutments. A
significant difference in the data obtained by Ettema et a. is that it was taken for an erodible
abutment/embankment instead of arigid one which sets this formula apart from the othersin this
respect. In addition, their unique methodology for evaluating hydraulic scour and geotechnical
failure in a combined design process has been identified as Parameter Class G5 in Table 5-2.

5.3.2. Classification by Channel Type and Bridge Crossing

When considering scour at bridge abutments, a diverse range of situations is possible based on
the geomorphic type of channel that a bridge must cross. The following three classes of bridge
crossings encompass most actual cases and provide a useful classification. First, the description
of each type of crossing is given, and then abutment scour formulas appropriate for each class
are given.

1. Class I: Shorter crossings over incised channels

Class | refers to narrower bridge crossings of incised channels, where the channel is
reasonably well represented by a rectangular channel. This class aso includes narrow
crossings for conditions up to bank-full flows. Some examples are shown in Figure 5-2.

At Class | bridge crossings, bridge foundations may be single or multiple span. The bridge
abutments are typically located at the channel bank. From the perspective of abutment
scour analysis, many such sites can be considered to have essentialy no flood channels.
Vertical wall abutments, with or without wing-walls, are common. The abutment column
may be founded on piles, or a slab footing, in which case undermining of the abutment
structure by scour is a common type of failure. Alternatively, a protective wall (e.g., sheet-
piling) may be constructed below the abutment structure, effectively extending the non-
erodible abutment surface deeper into the underlying bed material. Outflanking of the
abutment column, due to lateral channel migration and/or flow skewness at the abutment,
Is also common.

2. Class II: Wider crossings over compound river channels
Class Il refers to wider bridge crossings, where the channel is typically compound,
comprising a main channel and wide flood channels. At such sites, significant flows may

be diverted from the flood channels towards the main channel at the bridge section. Some
examples are shown in Figure 5-3.
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()

Figure 5-2. Bankline abutment in a narrow channel.

Figure 5-3. Bridge crossing for a compound channel.

At Class Il bridge crossings, bridge foundations are typically multi-span. The bridge
abutments are usually located on the flood channels, and may be near to the main channel
bank or set back from it. From the perspective of abutment scour analysis, such sites
exhibit significant flow diverted from the floodplain towards and into the main channel at
the bridge section. Spill-through abutments, with or without countermeasure protection to
the embankment slopes and toe, are common. Toe protection may be a protective apron or
sheet-pile protection, or equivaent. The abutment column may be founded on piles, or a
dlab footing, in which case undermining of the abutment structure, due to slope failure
initiated by scour at the toe of the embankment by scour, is the common type of failure.
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3. Class I11: Wider crossings over braided river channels

Class Il refers to bridges spanning wide braided river channels, where the river channel
can be approximated by a rectangular channel under extreme flood flow conditions. At
such sites, the bridge foundations may be significantly skewed to the flow at lesser flood
flow conditions. An exampleisshown in Figure 5-4.

At Class Ill bridge crossings, bridge foundations are usualy multi-span. The bridge
abutments may be located at the channel bank or extend into the channel. In the latter case,
significant flow contraction may occur. Spill-through abutments, with or without
countermeasure protection to the embankment slopes and toe, are common. Toe protection
may be a protective apron or sheet-pile protection, or equivalent. The abutment column
may be founded on piles, or a slab footing, in which case undermining of the abutment
structure, due to slope failure initiated by scour at the toe of the embankment by scour, is
the common type of failure.

Class | and Class Ill are the simplest situations to model in the laboratory and many of the
existing laboratory data apply to these two classes which can be modeled approximately as
rectangular channels. It is important to recognize, however, that nearly all known data in these
two classes were collected using rigid abutment models extending below the maximum measured
scour depth. Equations derived from such data give the “maximum possible’ scour depth that
can occur and should then be conservative for design. Such equations are not suitable for
prediction of scour depths that develop where undermining of the pile cap or slab footing occur,
because slope failure may then limit further scour.
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The following equations in Table A-1 may be considered applicable for estimation of “maximum
possible” scour depths at non-erodible abutments/embankments at Class | and Class IlI
crossings:
e Liuetal. (1961)
Garde et al. (1961)
Laursen (1960, 1963)
Gill (1972)
Froehlich (1989)
Melville (1992, 1997)
Lim (1997, 1998b)
Oliveto and Hager (2002, 2005)
Fael et al.(2006)

If the abutment/embankment structure is erodible, then the formula by Ettema et a. (2010) is
also applicable to this case and would correspond to Scour Conditions A and C.

Class Il crossings are the most difficult to predict because of the interaction between the main
channel and floodplain flows and the resultant redistribution of the flow in the contracted bridge
section depending on how much of the floodplain flow is blocked by the embankment. As a
result, Class Il crossings are further sub-classified according to the three scour types identified
by Ettema et a. and discussed in the following section.

5.3.3. Classification by Scour Condition in Class II Compound Channel

The following three scour conditions can occur in a Class || compound channel as described
in more detail in Section 4.1. They were classified by Ettema et a. (2010) and lead to abutment
scour being defined on a continuum of relative importance of local flow constriction due to the
abutment versus channel-wide flow contraction as a result of increasing lengths of the
embankment.

e Scour Condition A. Scour of the main-channel bed, when the floodplain is far less
erodible than the bed of the main channel. This condition can lead to instability of the
main channel bank and the abutment embankment which collapse into the scour hole.
This scour condition is usually live-bed scour in the main channel.

e Scour Condition B. Scour of the floodplain around the abutment. This condition can be
equivalent to scour at an abutment placed in arectangular channel, if the abutment is set
back far enough from the main channel, but the distance required is not well defined. As
the amount of bed-sediment transport on a floodplain usually is quite low, this scour
condition usually occurs as clear-water scour. For an erodible embankment, it can be
undercut and fail by collapsing into the scour hole.

e Scour Condition C. Scour Conditions A and B may eventualy cause the approach
embankment to breach near the abutment, thereby fully exposing the abutment column.
For this condition, scour at the exposed stub column essentially progresses as if the
abutment column were a pier. For the same reasons as given for Condition B, this scour
condition usually occurs as clear-water scour.
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To these three scour conditions, afourth might be added:
e Scour Condition AB. This condition is a combination of A and B in which the
floodplain as well as the embankment is erodible, and the scour hole on the floodplain
can extend into the main channel.

The following equations in Table A-1 may be considered to apply to Class Il crossings, with
boundary materia as specified:
e Cardoso and Bettess (1999) — rigid, with relatively narrow flood channel
Melville (1992, 1997) - rigid
Van Ballegooy — erodible with protection
Ettema et al. — erodible
Richardson and Davis (2001) — HIRE equation, based on field data
Laursen —rigid
Briaud - rigid (clay)
Sturm - rigid

5.4. EVALUATION OF ABUTMENT SCOUR FORMULAS

From the foregoing classifications of existing abutment scour formulas, it appears that no
single formula can apply to al possible cases of abutment scour, and in fact, none of the
eguations apply to the more difficult geomorphic transformations characteristic of meandering
and braided streams. Nevertheless, it is useful to evaluate existing formulas in order to identify
those that may provide promise and direction or even a framework for future research. For this
purpose, the following criteria were established for evaluating abutment scour formulas:

1. Adequacy in addressing parameters that reflect important physical processes governing
abutment scour;

2. Limitations of formulas in design applications with respect to ranges of controlling
parameters on which they are based;

3. Categorization and acceptability of laboratory experiments and research methods that
led to the development of the formula (e.g., experimental duration, variety of particle
sizes and types of sediments, realistic geometries and scales, characterization of flow
field, degree of idealization, large database)

4. Attempts to verify and compare formulas with other lab data and field data, if any, with
which a valid comparison can be made;

5. Applicability and ease of use for design (notably, as recommended in AASHTO Standard
Specifications for Highway Bridges)

5.4.1. Parameter Groups

With respect to parameters included in an abutment scour formula, it was shown in
Section 5.3.1 how different parameters can be used to reflect the same physical process such as
the approach flow conditions in clear-water scour. Parameters that utilize critical velocity as
opposed to critical shear stress must include the flow depth because velocity alone is insufficient
to characterize the propensity to transport sediment and generate scour.
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Abutment scour formulas that were devel oped from experiments in rectangular channels must be
used very carefully in compound channel flow. The geometric contraction ratio does not properly
represent the flow contraction effect in a compound channel. Furthermore, the abutment must be
set well back on the floodplain from the main channel in order to apply a rectangular channel
formula; or more precisely, the amount of floodplain flow blocked by the embankment must be
small in comparison to the total flow. Thus, geometric criteria based on the values of L/B; and
B+/Br, are useful, but they may not be sufficient. In addition, the floodplain flow depth relative to
the main channel depth is an important criterion to consider in terms of the degree of interaction
of floodplain and main channel flows. Interactions become less important as Yi/Y; >0.5. A
discharge contraction ratio is a better measure of the flow redistribution from the floodplain to
the main channel as the bridge opening is approached.

The geotechnical parameter measuring embankment stability does not appear explicitly in any of
the formulas, but the procedure recommended by Ettema et al. includes a check of embankment
stability in addition to predicting the depth of scour. Finally, the inclusion of dsp as the sole
measure of grain stability is conservative in that it does not account for the armoring effect. For
pure clays, grain size is not necessarily the correct parameter to determine critical shear stress
although it may be important in some coarser soil mixtures.

5.4.2. Limitations and Databases of Abutment Scour Formulas

The ranges of dimensionless parameters to which several abutment scour formulas apply
are given in Table 5-3. The dependent parameter of ds/Y; isrelated to Y,o/Yy asYo/Yy =dg/Y1 + 1
only if the change in velocity head and the head loss between the approach flow and contracted
sections can be neglected. This is generally true only if the flow is decidedly subcritical; that is,
if the Froude number is relatively small. Backwater effects can also become important at higher
values of the undisturbed approach flow Froude number as embankment length increases.

The classification scheme of Melville (1992) based on L/Y is useful in comparing the applicable
ranges of different abutment scour formulas:

O<L/Y1<1 Short abutments similar to pier obstructions
1<L/Y1<25 Intermediate length abutments
25<L/Y, Long abutments

Only a few of the formulas in Table 5-3 include experiments with abutments in the “long”
category. This classification scheme should be accompanied by one that measures the flow
distribution between floodplain and main channel in compound channels; B¢ /B, and L/B; are not
quite sufficient in this regard as discussed in Section 5.4.1.

It is important to distinguish between clear-water scour and live-bed scour because the required
parameters are different as discussed previously. Only a few formulas are applicable to both
cases. The Mélville formula accomplishes this by using a different function for the flow intensity
factor in clear-water and live-bed scour, while the formulation by Ettema et al. is referenced to a
contraction scour depth that is computed by different principles for the two cases.
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Table 5-3. Limitations and experimental databases of abutment scour formula.

METHOD Dependent Primary LIMITS CMPD. CLEAR dso Time
Variable Independent -C WATER; mm hr
Variables. RECT. LIVE-
-R BED
Gardeet al. (1961) ds/Y1 Fy, 0.1<F;<04 R CwW 0.2, 0.45, 35
m=(B-2L)/B 0.5<m<0.9 10,225
Liuetal. (1961) ds/Y1 Fy, L/Y, 03<F;<12 R LB 0.56 5-150
CcsU 1<L/Y,<10
Liuetal. (1961) ds/Y1 Fi, m 0.1<F:<0.6 R Ccw 0.56, -
CsuU 0.5<m<0.9 0.65
Laursen (1963) ds/Y1 L/Y1, Uxlux Liu (CSU) R Ccw - -
data
Gill (1972) ds/Y1 Yq/d, m, 20<Y,/d<90 R Cw, LB 0.9, 6
/7 0.6<m<0.9 15
Froehlich (1989) ds/Y1 Ks, Ko, F1, LIYy, Y//d, Liu,Garde, R Ccw - -
oy Gill,
Auckland data
Froehlich (1989) ds/Y1 Ks, Ko, F1, L/Yy Liu, Garde, R LB -- --
Gill data
Meélville (1992) ds /Y1 Ks, Ko, L 1Y, L1d, oy 1<L/Y;1<69 R,C Cw, LB 0.9 50-200
(1997), Méelville Ve, Kg 0.7<Vy/V<6.4
and Coleman
(2000)
HIRE(2001) Yol Yy Ks, Ko, Fap L/Y, >25 C LB Feld
Lim (1997) ds/Y1 L/Yy, Gill, Liu, R Cw
(1998) Use [Usc Cunha, Auckland LB
Cardoso & ds/Y1 L/Bs 0.2< L/B<1 C Cw 0.84 6-120
Bettess (1999) Y /By 3<L/Yi<20 (Teq)
Bi/Bn=0.5
0.4<Y; /Y1 <1.0
Sturm ds/Y1 Ks, 0rn/(MQoc) 12 <L/Y, <80 C Cw 11,27, 20-60
(2004, 2006) where 0.17<L/Bs<1. 33
M=(Q—Qu)/Q 0.2<Y;/Y,<05
Joc = Ve Yo B¢/0.5Bn= 6.7
On = Vi Yo 0.26<M<0.90
Maryland ds Ks, Ko, 02/01, F1 Compared with Sturm R,C LB - -
Chang & Davis ds Ks, Ko, Q2/Ve, F1 (2004) lab dataiin R,C Ccw
(1998, 1999), HEC-18; SCfield data
MSHA (2010) in Benedict (2010)
Oliveto & Hager dy/dr Fog, 0, T 15<Fy<3.7 R Cw 0.6-5 6-330
(2002, 2005) dr=
(LaZY)]JS
Fael et al.(2006) ds/Y1 (ps/p—1), LIY: 9<L/Y, <36 R CwW Quartz — 20-120
ViV, =1.0 13
L/B<04 Pumice —
1.2
Ettemaet a. YolYe A: QL a 0.2<L/B<2 R, C LB 0.45 4-24
(2010) B: qr/0n, o 0.23<Bi/0.5B,<1 Cw
o=amplification
Briaud et al. ds/Y1 (157 F2— F)®’ 0.5<L/B<1 R,C Cw Porcelain 320
(2009) (Compound) clay
0.28<L/B<0.75
(Rectangular)
3<L/Y.1<8
0.48<Y;/Y,<0.67
B;/0.5Bn=2
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The duration of scour experiments has been discussed extensively in the literature. In generd,
live-bed scour experiments approach an equilibrium state, albeit with fluctuating bedforms, in a
relatively short period of time compared to clear-water scour which only approaches equilibrium
in an asymptotic manner. Formulas have been developed for estimating the time to equilibrium
for abutment scour (Coleman et a. 2003). The result differs with flow intensity and the relative
shallowness of the flow blocked by the embankment. The time to reach equilibrium in the
experiments of Briaud et al. (2009) on pure clay is exceedingly long because of the time required
to break the inter-particle bonds of the clay structure.

Some of the formulas in Table 5-3 are based on a relatively small number of experiments, while
others have a robust database that includes wide ranges in values of the various independent
parameters. The experimental databases of Liu et al. (1961), Melville (1992, 1997), Sturm (2004,
2006), Oliveto and Hager (2002, 2005) and of Ettema et a. (2010) include large numbers of
scour experiments, for example.

5.4.3. Comparisons of Abutment Scour Formulas

To evaluate abutment scour formulas, it is necessary to compare the scour predictions of
leading formulas with experimental data of other studies, provided that the comparisons are
made for similar ranges of the governing parameters. Comparing a live-bed abutment scour
formula with clear-water abutment scour datais not necessarily valid, for example. In addition, it
must be recognized that comparisons between scour data for erodible abutments and foundations
versus solid abutments and sheet pile foundations will likely produce different results, but in this
case, it may be informative to explore how much different the scour depth predictions are with
all other factors being equal.

Comparisons of various abutment scour formulas must aso take into account the inherent
uncertainty in the data and the confidence limits of the formulas. The study by Sturm (2004), for
example, shows that most of the data fall within limits of £25% of the best-fit relationship for
maximum scour depth. Similarly, Oliveto and Hager (2002, 2005) report limits of £30% for their
extensive data set, although their comparisons for dimensionless scour depth include
dimensionless time as an additional independent variable.

Abutment scour data at a spill-through abutment in alaboratory compound channel are compared
in Figures 5-5 and 5-6 with predictions from the formulas proposed by Sturm (2004, 2006) and
Melville and Coleman (2000, also see Mélville 1997) in Figures 5-5 and 5-6, respectively. For
the abutments considered, riprap protection extended below the level of the floodplain so that the
abutment was less likely to erode. Reasonable agreement between the data and the Sturm
formulais shown in Figure 5-5. In Figure 5-6, the envelope lines given by Melville and Coleman
are in good agreement with the data when the scour hole is located on the floodplain but
underestimate the data for a scour hole extending from the floodplain into the main channel. It
could be argued that the Melville and Coleman (2000) formula applies to a setback abutment for
shalow flow in a wide floodplain, because it does not explicitly include the effect of flow
contraction.
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Figure 5-5. Comparison between scour data at a spill-through abutment (with riprap protection
extended below the surface of the floodplain) and the formula by Sturm and Chrisohoides

(1998a, see also Sturm 2004, 2006). Reproduced from NCHRP Report 587 by Barkdoll et al.
(2007).
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Figure 5-6. Comparison between scour data at a spill-through abutment (with riprap protection
extended below the surface of the floodplain) and the formula by Melville and Coleman (2000,
essentially the same formula as proposed by Melville, 1997). Reproduced from NCHRP Report

587 by Barkdoll et al. (2007).
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Ettema et a. (2010) have compared their data with the ABSCOUR formula for clear-water
abutment scour depth (Chang and Davis 1999, MSHA 2010). Although both approaches use
contraction scour depth as a reference depth, Ettema et al. concluded that there are significant
differences in the adjustment factors in the two formulas. ABSCOUR includes a velocity
adjustment K,, which is given as a function of gi1/g, and is derived for potentia flow, and a spiral
flow adjustment K; determined as a function of approach flow Froude number. On the other
hand, the Ettema et al. adjustment factors for flow concentration and turbulence are combined
into one factor given in adesign curve as afunction of g./q:. As aresult, the asymptote of Yy./Yc
in ABSCOUR for large values of g»/q; tends to be controlled by the value of Ky and thus the
Froude number, while the design curve by Ettema et al. approaches a value of unity as abutment
scour becomes increasingly dominated by channel flow contraction. Although the ABSCOUR
methodology limits the values of K to arange of 1.0 to 1.4, the laboratory studies by Kerenyi et
al. (2007) on bottomless culverts show that K; is not a function of Froude number. Likewise,
application of the Maryland formula to the field clearwater abutment scour data of Benedict
(2003) shows that the spiral flow factor appears to have no statistically significant dependence on
Froude number (Benedict 2010).

Briaud et a. (2009) have compared their method for prediction of maximum scour depth with the
data envelopes developed by Ettema et al. (2010) for erodible embankments in Scour Condition
B as shown in Figure 5-7. Briaud et al. assumed a rectangular channel and made calculations
from their formula for three velocity ratios (V1/V. = 1.0, 0.95, 0.75) and for a spill-through as
well as wing-wall abutment. Good agreement is obtained at the peak of the Ettema et a. curve
for the spill-through abutment, but for both abutment shapes, the Briaud et a. formula shows a
more gradual decrease in Yuax/Yc With g2/q1. At g2/q1 = 4, the Briaud et a. formula predicts a
relative abutment scour depth that is approximately 2.5 times greater than the Ettema et al. value
for wing-wall abutments and approximately 1.8 times greater for spill-through abutments. .In
large part, the difference can be attributed to the difference in model abutments used. Briaud et
al. use a pier-like abutment whose solid body extended at depth into the boundary. As scour
developed at such an abutment, flow can entrench around the solid abutment form. Ettemaet a.
use erodible abutments prone to failure as scour deepens. An important consideration in the
development of scour is the strength of the earthfill embankment.
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Figure 5-7. Comparison of Briaud et al. (2009) formula with experimental results of Ettema et
al. (2010) for Scour Condition B. [Reproduced from Briaud et al. (2009). Final design curves
are Figs. 12.3 and 12.4 of the NCHRP 24-20 report by Ettema et al. (2010)]

The abutment scour formula of Melville (1992, 1997) and the abutment scour data from Sturm
(2004, 2006) are shown in Figure 5-8 in comparison with the data from Ettema et al. (2010) for
Scour Condition B. The Melville formula is plotted on these axes by using the Laursen
assumption that the flow contraction takes place at the end of the abutment in a flow width of
2.75ds. Experiments show that this width is actually variable; a flow width of 3.5ds is shown in
the figure for a slightly better correspondence with the data, but the main purpose here is only to
place into perspective the Melville formula and the Sturm data, which are both for solid
abutments with sheet pile foundations, relative to the Ettema et a. data for a riprap-protected
embankment on an erodible floodplain. The reference to “long” and “intermediate” length
abutments in the figure is according to the classification by Melville (1992). The data from
Sturm (2006) have been adjusted to apply for Vi/V. = 1.0 in agreement with the Melville curves
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shown in the figure. It is interesting to note that both the Melville formula and the Sturm data for
Yuax/Yc follow the same trend of an increase to a maximum relative scour depth followed by a
gradual decrease as ./, increases. The peak occurs at q,/gs = 1.5-2 in comparison to a value of
1.25 from the Ettema et a. data. The most useful insight is perhaps that the maximum value of
Yuax/Yc for the solid abutment with sheet pile foundation is approximately 6.5 in comparison
with the Ettema et a. value of 2.5 for ariprap-protected but erodible embankment. Evidently, the
manner of abutment construction plays an important role in the development of scour and the
depth attained. It would appear that the solid abutment holds the vortex system in place relative
to the abutment with scour progressing downward unimpeded by riprap rolling into the scour
hole and limited in horizontal extent by deposition downstream. The scour depths indicated by
the Sturm (2004, 2006) data and Melville (1997) curves provide an upper limit because they
apply to a solid abutment while conceivably embankments of greater strength or more
conservative riprap design than in the Ettema et al. experiments could be represented by
intermediate curves in Figure 5-8. Thisis amatter for further research.
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Figure 5-8. Comparison of Melville (1997, also Melville and Coleman 2000) formula and Sturm
(2004, 2006) data for rigid abutments with Ettema et al. (2010) data for erodible embankments
and Scour Condition B.

Ettema et a. (2010) have further considered the limiting cases of an abutment approaching zero
length in a floodplain of fixed width versus an abutment of fixed length in a floodplain of
increasing width as shown in Figure 5-9. In the latter case, the limiting condition is a scour depth
that is greater than the contraction scour depth because it is governed by the local turbulence and
flow separation associated with the abutment obstruction and flow concentration alone. Further
research is needed to define this limiting case.
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Figure 5-9. Scour depth trends for Scour Condition B. (Ettema et al. 2010).

Comparisons between leading scour formulas and field data are more challenging than for the
laboratory case. Mueller and Wagner (2005) compared measured contraction and abutment scour
depths in the field with predictions from formulas recommended by HEC-18 and concluded that
the formulas do not account for the complexity of flow conditions in the field. Comparisons by
Wagner et a. (2006) between abutment scour formulas and field data generally showed large
overpredictions by severa abutment scour formulas including those by Froehlich, Sturm, and the
HIRE equation. In some cases, the formula by Sturm predicted abutment scour depths that
agreed with the field data within the +25% uncertainty of the formula, most notably on the
Pomme de Terre River in Minnesota, while predictions were excessive on the Minnesota River
near Belle Plaine, Minnesota. In the latter case, a skewed crossing with two small radius
meanders immediately upstream of the bridge resulted in a very complex flow field (see Figure
5-10). In other cases, the field data included silt or silty sand with some clay content at the bridge
crossing which makes the estimation of critical velocity a chalenge. Unfortunately, such
complex field situations are not uncommon.
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Figure 5-10. Minnesota River near Belle Plaine, MN for 2001 flood. (Wagner et al. 2006).

Other important issues to be considered when comparing abutment scour formulas with field
data are the different mechanisms associated with scour at abutments. Besides considerations of
embankment strength, time of measurement of scour, and location of maximum scour depth,
abutment scour often is associated with lateral shifting of the approach channel.

Comparisons between measured post-flood scour depths at bridges in South Carolina with
several abutment scour formulas have been reported by Benedict et al. (2007). In most cases, the
hydraulic variables used in the scour formulas were assumed to be those calculated for the 100
year flood without knowledge of the actua flow conditions that caused the scour. In a smaller
number of cases, measured flood discharges were available. Excessive abutment scour depth
estimates were given by the Sturm formula due in part to the fact that critical velocities were
estimated by the equation given in HEC-18, which is valid only for coarse sediments.
Approximately two-thirds of the sediment samples at the South Carolina sites, especialy in the
Piedmont, were fine-grained sediments exhibiting cohesive characteristics according to the
classification by Benedict et al. (2007). In further examination of the sensitivity of estimated
scour depths to critical velocity, Benedict (2010) concluded that significant errors in existing
scour prediction formulas, when compared to field data, may occur because of poor definition of
this parameter. In addition, the long time duration required to reach equilibrium scour in
cohesive soils calls into question the advisability of direct comparisons of predictions of
equilibrium scour formulas developed for coarse-grained soils with scour data for cohesive soils.
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5.4.4. Ease of Use of Abutment Scour Formulas

Ease of use of abutment scour formulas is a function of how easily and how accurately
the important parameters can be estimated. The critical velocity or shear stress is of paramount
concern in clear-water scour formulas, while the estimate of flow-field parameters such as
velocity and discharge per unit width in the approach flow and in the contracted bridge section
are important in both clear-water and live-bed scour. In the former case, relationships for critical
velocity may be misapplied, and so further education is needed in this regard; however, the
inescapable inference is that better methods are needed with respect to making initial estimates
of critical velocity or critical shear stress in the case of fine-grained sediments. Adequately
characterizing the required flow-field parameters for any of the abutment scour formulas that
have been discussed is aso a challenging problem. One-dimensional methods such as HEC-RAS
leave much to be desired, but they are preferred with respect to rules of thumb in estimating flow
distribution at a bridge, for example. Two-dimensional methods require experienced users for
calibration and can be an improvement to 1D methods in the hands of experienced users. For the
case of a bankline abutment, even 3D methods with standard turbulence models are available
now.

The difficulty of estimating critical shear stress/velocity and flow-field parameters responsible
for scour makes it unlikely that any one scour formula holds any advantage over others in terms
of ease of use and accuracy of application. In fact, the estimation of representative values for
these two classes of parametersisalimitation of all the methods discussed.

5.5 GEOTECHNICAL APPROACH

Given the difficulty of applying abutment scour formulas and the rather common
geotechnical failure of the embankment, an additional consideration might be to use the
geotechnical approach to scour estimation along with the leading abutment scour formulas. One
point of view is that methods based solely on hydraulic considerations give “potential scour
depths’ in the absence of embankment failure. Often, as evident in the field, the abutment
embankment fails before the potentia depth is attained.

A direct geotechnical estimate entails the following considerations (Figure 5-11):
1. Embankment failure back to the abutment column defines maximum scour depth; failure
opens the flow area, relieves flow; and,
2. Determination of values of internal resistance angle, 6s, of the embankment and
floodplain materials.

Further details are given by Ettema et al. (2010).
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Figure 5-11. Scour depth estimation based on geotechnical stability of embankment; (a)
variables, (b) failure of embankment past abutment column relieves flow so that maximum scour

depth is attained (Ettema et al. 2010).
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CHAPTER 6.

CONTRACTION SCOUR FORMULAS

6.1 DEFINITION OF CONTRACTION SCOUR

Contraction scour is caused by flow acceleration due to narrowing of the channel cross section
whether by natural reduction in the width of the main channel for a bankline abutment, or by
redistribution of floodplain flow in the contracted section as a result of flow blockage by the
bridge embankment for a setback abutment. Although contraction scour will vary across the
cross section in the field due to nonrectangular geometry and a nonuniform velocity distribution,
it is often visualized and applied as a uniform decrease in bed elevation across the bridge
opening. Floodplain contraction scour is usually treated separately from main channel
contraction scour in compound channels. In this case, one of the difficulties in applying a
contraction scour formula is the determination of the discharge distribution between the
floodplain and the main channel in the bridge section.

Both live-bed and clear-water contraction scour can occur in the field. The former commonly
occurs in the main channel of a sand-bed river, while the latter is more likely to be found in a
floodplain contraction or a relief bridge located on the floodplain. Contraction scour formulas
have been developed analytically for an idealized long contraction as will be described
subsequently. In the case of live-bed contraction scour, the limiting condition is continuity of
sediment transport between the approach-flow section and the contracted section. For clear-water
scour, the governing principle is that the depth of scour in the contracted section corresponds to
the occurrence of critical velocity there as the scour approaches its equilibrium state.

6.2 DIMENSIONAL ANALYSIS

Dimensional analysis provides a useful approach for evauating contraction scour
formulas. The approach is similar to that given in Section 5.1 for abutment scour. With reference
to Figure 6-1, the dimensional analysis for contraction scour can be written as

2
Yo_ o h,(vl) ,%iiii,mag (6.1)
Y, u, agv; H

in which Y, = maximum depth of flow after contraction scour; Y; = upstream approach flow
depth; B; = width of approach flow channel; B, = width of contracted section; L. = length of
contraction (streamwise); d = some measure of the sediment size; p and 1 = density and viscosity
of the fluid, respectively; Vi = approach flow velocity; us; and us, = shear velocity of the
approach flow and the critical value of shear velocity for initiation of sediment motion,
respectively; g = acceleration of gravity; M =discharge ratio dependent on flow redistribution
between main channel and floodplain; and o4, = geometric standard deviation of sediment size
distribution.
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Figure 6-1. Definition sketch for idealized long contraction scour (Q; = main channel flowrate
for live-bed scour; Q, = total flowrate in channel at contracted section; ds. = contraction scour
depth.

The first term on the right-hand side of Equation (6.1) can also be written as a ratio of shear
stresses, 71/ 7. , since u~ = (¢/p)2 This ratio is less than or equal to unity for clear-water
contraction scour, while it plays no role in live-bed contraction scour which is governed by
sediment transport continuity. The second term is the Froude number squared which reflects the
influence of the drop in the water surface due to flow acceleration; it is important for larger
values but is often neglected for smaller values. The third term is the flow Reynolds number
which incorporates viscous effects, but it can be neglected for the large values typica of
prototype turbulent flow. The fourth and fifth ratios define the relative sediment size and the
aspect ratio of the approach flow, respectively, and can be neglected except in very small scale
laboratory experiments. The ratio of channel widths, B1/By, is a very important dimensionless
ratio that determines the amount of geometric contraction of the flow and thus the degree of
contraction scour. The discharge contraction ratio M is discussed below, and oy accounts for
armoring in well-graded sediments. The parameter L. /B, expresses relative contraction length,
which may affect the location of maximum contraction of flow and, thereby, scour development
(this aspect of abutment scour has yet to be studied).

All of the floodplain and main channel geometric and roughness characteristics from Equation
(5.1) have been replaced in Equation (6.1) with a single discharge distribution factor, M, that
differs based on whether the flow is main channel flow only or a compound channel flow, and
whether the contraction scour can be classified as live-bed or clear-water. In the case of live-bed
contraction scour, it will be shown below from the Laursen equation that for overbank flow with
a contraction caused by a bankline abutment, M = Q1main channet / Q2total- 1, ON the other hand, live-
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bed contraction scour occurs for flow in the main channel only, the value of M is unity but B1/B,
becomes the primary independent variable gauging the degree of flow contraction as determined
by main-channel geometry alone.

Because clear-water contraction scour tends to occur only on the floodplain, the effective B1/B,
can be replaced by the ratio of discharges per unit width, gr/gs, for a streamtube that passes
through the contracted floodplain. The difficulty comes in estimating the value of gi/qs . If itis
assumed that there is no interaction between the floodplain and main channel flows, then it
follows that all of the approach floodplain flow passes through the contracted floodplain so that
gr = Qn/Br1 and g, = Qr/Bre. Then with the assumption that Qs = Qr,, the value of gs./gxn reduces
back to By1/Bs, the geometric floodplain contraction ratio.

Between the two extremes of live-bed scour in the main channel for the contraction caused by a
bankline abutment, and floodplain clear-water scour for a very short abutment that terminates on
the floodplain at alarge setback distance from the main channdl, is the case of Qs >Qy, . In this
instance, the main channel flow entrains a portion of the floodplain flow as it travels from the
approach-flow section to the contracted section. For this case, Sturm and Janjua (1994) and
Sturm (2006) showed that gs./gs can be estimated as /M where M = Quunobstructed / Q2total- ANOther
dternative is to estimate the values of Qn and Qp, and thus g; and gr,, from the ratio of
conveyances as in HEC-RAS, but Sturm and Chrisohoides (1998b) have shown that the latter
estimate is not a good one because the flow is not one-dimensional at the contracted section. A
better approach isto use atwo-dimensional flow model.

6.3 IDEALIZED LONG CONTRACTION SCOUR

Contraction scour has been estimated theoreticaly by assuming an idedlized long
contraction with uniform flow occurring in the approach section and in the contracted section.
The theoretical development of ideal contraction scour occurred as early as the work of Straub
(1934) who established the equilibrium condition for live-bed contraction scour as the scour
depth that results in sediment continuity through the contracted flow section as shown in Figure
6-1. He applied the Duboys sediment transport formula (Vanoni 1975), which is generally
considered a bed-1oad transport formulain which bed shear stress is the independent variable, for
estimation of the sediment transport rate in the approach-flow and contracted sections.

The work of Straub inspired several subsequent studies of contraction scour based on the
idealized long contraction. More recently, additional experimental studies of long contractions
have been reported in the literature. Several of the more prominent contraction formulas are
given in Appendix B in Table B-1; they are discussed in the same order as given in the table.

Laursen (1960) utilized a similar approach to that of Straub in which he applied his own
sediment transport formulato the live-bed case with the result shown in Table B-1.as the Laursen
live-bed contraction scour formula. In compound channels he assumed that al of the sediment
transport occurs in the main channel. Laursen’s sediment transport formula considers both bed-
load and suspended-load transport; the coefficient p varies according to the relative contribution
of bed load and suspended load to the total sediment transport rate. For an overbank flow
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contraction with a bankline abutment, it can be seen that dimensionless scour depth depends only
on (Q¢/Qc) or (/M) as mentioned earlier, while for main channel flow alone it depends on B,/B-.

Gill (1981) generalized the Straub formula for live-bed scour by assuming that sediment
transport rate is proportional to excess shear stress, (r — zc)’ where # is a numerica exponent
equal to 3 for the Einstein-Brown formula and 1.5 for the Meyer-Peter and Mueller formula, for
example. The resulting live-bed contraction scour formulais given in Table B-1.

Laursen (1963) aso applied the assumption of along contraction to the case of clear-water scour
by assuming that the shear stress in the contracted section has reached its critical value z; at the
end of the scouring process. Then using Manning's equation for the approach flow and
contracted flow, he obtained a ratio of 7i/z. that when combined with the continuity equation
yielded the clear-water contraction scour formula given in Table B-1.

6.4 CONTRACTION SCOUR FORMULAS FROM LABORATORY DATA

Komura (1966) emphasized the influence of armoring on live-bed scour depth by arguing
that the ratio of the sediment sizes in the approach flow section and contracted section influence
the contraction scour depth for large values of B1/B, and o41. He applied dimensional analysis to
a series of laboratory experiments on live-bed and clear-water contraction scour in a long
contraction (L./B; > 1.0) and proposed a formula based on his experimental results in which
dimensionless scour depth depends on F4, B1/B,, and a4 as shown in Table B-1.

Lim and Cheng (1998a) derived a long contraction scour formula for live-bed scour aong the
same lines as that of Gill (1981) using a bedload formulain which = 4, but then showed that the
only solution of the equation was one in which the dimensionless live-bed contraction scour
depth depends on B1/B, aone as shown in Table B-1. They compared their formula with several
sets of laboratory data for long contractions and concluded that it gave reasonable agreement not
only with live-bed scour data but also with several sets of clear-water scour laboratory data.

Briaud et al. (2005) conducted flume experiments on clear-water scour of a cohesive sediment
(porcelain clay) in along contraction. From their experimental results, they proposed a formula
for maximum dimensionless contraction scour depth (ds./Y1) that depends on F1, B1/B,, and the
critical value of approach flow Froude number, F;. , as shown in Table B-1. They concluded that
contraction length has no influence on the scour depth as long as L¢/B; > 0.25. In addition, their
results showed no influence of the transition angle on scour depth.

Dey and Raikar (2005) conducted a set of flume experiments on a long contraction using both
sand and gravel beds and varied the geometric standard deviation of the sediments. They
maintained the flow conditions such that 0.9 < V1/V, <1.0, i.e. their formulain Table B-1 applies
to maximum clear-water contraction scour. Their results showed a significant effect of sediment
gradation for 1.4 < 64 < 3 with aminimum value of scour depth due to armoring given as 25% of
the value for uniform sediment. The value of the exponent on (B1/B5) in their formula is 1.26
which is somewhat different than the theoretical value and previous experimental values.
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6.5 FIELD DATA ON CONTRACTION SCOUR

As with abutment scour, there is a paucity of reliable field data for comparison with the
contraction scour formulas in Table B-1. Two major problems with such comparisons is that: (1)
the formulas are based on a much simpler set of flow conditions in the laboratory than found in
the field; and (2) existing field data are primarily based either on measurements of contraction
scour long after the flood event for which the hydraulic parameters may not be known, or on
“flood chasing” techniques in which the time of scour measurement may not coincide with the
occurrence of maximum temporal scour depth. Furthermore, distinguishing contraction scour
from other types of scour is not a straightforward process. Local pier scour is often separated
from contraction scour using a concurrent ambient bed surface for the cross section which is
essentialy a graphical estimate of the cross section that would exist without pier scour at the
time of the cross section measurement (Landers and Mueller 1996). After elimination of pier
scour, field contraction scour is determined as the difference between the average bed elevation
of the contracted bridge section and an assumed average bed elevation that would have existed
without the bridge (uncontracted section). The uncontracted bed elevation can only be estimated
from plots of the concurrent bed profile both upstream and downstream of the bridge. (Landers
and Mueller 1996).

Mueller and Wagner (2005) conducted a comprehensive analysis of the available field data for
contraction scour even though it is limited. They compared field data with contraction scour
estimates from the formulas of Straub, Laursen, and Komura which were discussed previoudly.
In general, the results were mixed with overprediction in most cases, but instances of
underprediction also occurred. More detailed real-time measurements of flow velocities and bed
elevations were available for a flood in 1997 on the Pomme de Terre River in Minnesota. The
velocity data were not reproduced well by HEC-RAS because the flow through the bridge
opening was clearly not one-dimensional. The contraction scour for the bridge was significantly
underestimated using the equations recommended in HEC-18; however, this comparison may
have been biased by an attempt to separate abutment scour and contraction scour. Mueller and
Wagner (2005) concluded that future efforts for computing contraction scour (and abutment
scour) require a better balance between the complexity of field conditions and the simplicity of
idealized |aboratory conditions.

Benedict (2003) measured clear-water contraction scour in the South Carolina Piedmont as the
depth of remnant scour holes in the floodplain. Flow data was not available for many of the sites
so the 100-year peak discharge was taken as representative for these sites while the historic peak
discharge was used where it had been measured or could be estimated from surrounding gauges.
The Laursen equation was shown to greatly over-predict the contraction scour under these
assumptions. An envelope curve for contraction scour was recommended instead as a function of
the geometric contraction ratio defined as (1 — B2/B;). The contraction scour depths were shown
to vary from nearly zero to the limit of the envelope for al values of the geometric contraction
ratio without any apparent trend. Benedict (2003) concludes that “because the envelope was
developed from alimited sample of bridges in the (South Carolina) Piedmont, scour depths could
exceed the envelope’.

64

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

In a follow-up study of live-bed contraction scour in the South Carolina Piedmont and the
Coastal Plain, Benedict and Caldwell (2009) estimated the elevation of buried scour surfaces
using ground-penetrating radar. They proposed eliminating Q»/Q1 from the Laursen live-bed
scour equation by assuming that all flow remains in the main channel in order to justify an
envelope curve for the contraction scour depth, which depends only on the geometric contraction
ratio. By comparing the maximum depth of scour with soil boring data, they concluded that the
Piedmont data for scour depth were limited by a scour-resistant subsurface layer that consisted
primarily of bedrock, but in a smaler number of cases it was composed of gravel or clay. The
Coastal Plain data exhibited a similar scour-resistant layer although some cutting into this layer
of no more than 5 ft was evident.

Hong and Sturm (2006) showed that field contraction scour can be modeled in the laboratory
using Froude number similarity and equality of V1/V. in model and prototype by judicious choice
of the model geometric scale and the model sediment size. A 1:45 scale model of a bridge on the
Ocmulgee River in Macon, Georgia was constructed in the hydraulics laboratory at Georgia
Tech, and bathymetry of a 750 m reach of the river was reproduced. Good agreement was
obtained between model and prototype velocity distributions for the 1998 historical flood of
1840 m*/s (50-year flood peak = 2,240 m*/s). The maximum clear-water contraction scour in the
laboratory (V1/V. = 1) agreed with the measured field live-bed contraction scour depth within
5%.

6.6 VERTICAL CONTRACTION SCOUR (PRESSURE SCOUR)

As evidence continues to mount for a higher degree of variability in future climatic
conditions, engineers must struggle with more frequent occurrences of submergence, and even
overtopping of older bridges, and the need to develop new assessments of design risk for bridges
to be built in the future. As a bridge first experiences inlet submergence prior to overtopping,
there may be a critical design condition for maximum scour before overtopping relief begins.
The work by Arneson and Abt (1998), Umbrell et a. (1998), Lyn (2008), and Guo et al. (2010)
has advanced the state of knowledge on vertical contraction scour, but much remains to be done
to integrate this information into a comprehensive abutment/contraction scour methodology.
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CHAPTER 7.

RECOMMENDATIONS FOR DESIGN ESTIMATION OF ABUTMENT AND
CONTRACTION SCOUR DEPTH

From the foregoing discussion, it is apparent that none of the abutment scour or contraction scour
formulas listed in Tables A-1 and B-1 satisfy fully the criteria specified in Section 5.4.
Furthermore, it is obvious that no simple abutment scour formula can be recommended that will
apply to al of the complexities found in the field. Finaly, the idealized contraction scour
formulas currently in use are problematic because of their basis in assumptions that are not
satisfied for bridge contractions which are inherently short contractions, and for which the flow
is nonuniform. Given this state of our current understanding of abutment/contraction scour, or
lack thereof, it is very difficult to develop design-specific recommendations at this time. Some
important strides forward have been made in the past decade, but there much remains to be
learned before we have arrived at the more settled and defined state of knowledge that currently
exists with respect to pier scour.

In spite of these caveats, some general recommendations can be made and then discussion of a
possible path forward to create a unifying model of abutment scour is presented in the following.

7.1 GENERAL RECOMMENDATIONS

* The definition of abutment scour and the formulas by which it is estimated pertain to a
combination of local scour due to large-scale turbulence generated by flow separation and
constriction scour due to flow acceleration caused by the flow contraction itself. Under
these circumstances it would appear that contraction scour should not be computed
separately from abutment scour estimates. Therefore, it is recommended that a combined
abutment/contraction scour formula be devel oped.

» Given that many abutment failures due to scour are the result of collapse of an erodible
embankment, it is recommended that geotechnical estimates of stability should
accompany hydraulic scour estimates as suggested by the NCHRP 24-20 Fina Report
(Ettema et a. 2010). The precise approach to formulating such estimates requires further
work, however.

» Itisrecommended that abutment toe protection and/or guide banks should be considered
for al new installations of abutments. Furthermore, for setback abutments, the setback
distance should be large enough to avoid failure of the main channel bank in the event of
an embankment failure. This distance depends on the flow distribution in the bridge
opening as well as the abutment characteristics.

A smal group of abutment scour formulas using the flow distribution in the bridge
section or a similar independent variable are best for estimating abutment scour in
compound channels. The idealized long contraction scour depth is a useful reference
scour depth for these formulas.

e It is recommended that a clear distinction be made between abutment scour depth
estimates by formulas devel oped for solid abutments and those for erodible embankments
and abutments. These formulas should be applied only to the case for which they were
developed. The solid abutment scour formulas will predict the maximum potential scour
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depth in comparison to erodible abutment/embankment scour formulas that consider the
flow relief associated with embankment failure. Unifying these formulas with an
adjustment factor for erosion strength of the embankment would be a useful goal.

* It is recommended that a renewed effort be undertaken to educate hydraulic engineers
with respect to the complexities of abutment scour and the new numerical and physical
modeling tools available to resolve difficult cases.

7.2 SPECIFIC RECOMMENDATIONS

First, it is recommended that contraction scour be viewed as a reference scour depth
calculation as suggested in several recent investigations of abutment scour, and that
abutment scour be taken as some multiple of contraction scour rather than additive to it. In
this context, further refinement of contraction scour equations may not be the most productive
approach; rather, the incorporation of contraction scour into abutment scour formulas may be a
more realistic and useful goal.

Second, it is recommended that a small subset of abutment scour formulas, each having its
desirable attributes, be unified into a single formula in order to develop more realistic and
robust procedures for abutment scour prediction. Reducing these formulas to a common
form and establishing upper and lower limits of expected abutment scour depending on the
limitations of each formulawould seem to be a practical path forward. The formulas judged to be
most promising in this regard, and with respect to the established criteria, are the following:

1. Ettema et al.- It is the only formula that considers an erodible embankment; it has the
desirable attributes of reflecting the physics of the abutment scour process both in terms
of flow constriction and turbulent structures of the flow separation process abeit in a
rudimentary form; and it includes experiments with compound channel geometry
although a wider array of experiments is needed. It could in theory be applied to scour
Classes|, I1, and I11 channels.

2. Sturm - It includes a method of accounting for flow re-distribution due to compound
channel geometry with similar independent variables compared to the formula of Ettema
et a., and it represents the other extreme of a solid-wall foundation as opposed to an
erodible embankment. It is most applicable to Class Il channels, Scour Condition B.

3. Melville - It is most applicable to short, solid-wall abutments and depends on abutment
length rather than the flow distribution in the contracted section, but it can be viewed as
comparable to the first two formulas if some width of contracted flow, which is related to
the width of the scour hole, is established in the contracted section through which al of
the approach floodplain flow passes. It adso is at the limit of a solid-wall foundation
rather than an erodible one. It is most applicableto Class | and Class I11 channels.

4. ABSCOUR - It contains the desirable attribute of including the direct effect of flow re-
distribution on the floodplain through the Laursen contraction scour formulain terms of

g2/V., dthough the adjustment factors for spiral flow and velocity should be re-evaluated
in the limit of severe contractions as discussed previously. In addition, the correction

67

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

factor related to floodplain width seems to be an ad hoc adjustment for the specialized
data of Benedict (2003) that applies only to South Carolina. These adjustment factors
should all be re-considered in the process of developing a unified formula that is more
generally applicable. ABSCOUR also has the useful feature of a user-friendly computer
application that minimizes to some extent the mistakes that can be made by hydraulic
engineers without an extensive background in the area of bridge scour.

Although the Briaud (2009) formula does not satisfy the criterion for best parameter
framework, it is one of the only databases for cohesive sediments, and the data could be
useful in expanding the range of applicability of the final unified formula.

It is suggested that a unifying formula or family of formulas can be formed from the list above
with a common set of independent variables, preferably of the form of the Ettema et al. formula
The Ettema et al. and Maryland formulas directly use idealized contraction scour as the reference
variable for nondimensionalizing the flow depth after scour at the bridge section while the others
use the approach flow depth. Each of these approaches has desirable attributes, and each one
should be tested in the effort to develop a unifying formula. Using the contraction scour depth as
a reference length scale is very attractive if further work can elucidate the limiting case at the
left-hand boundary of Figure 5-8 as discussed previoudly. It is beyond the scope of the present
project to develop a unifying formula, although Figure 5-7 may provide a useful starting point.
Such a formula could provide an interim update to the HEC-18 formulas, which currently must
be used with informed caution, until the proposed research needs in the next section can be fully
satisfied.

Third, it is recommended that a flow chart be developed to be used as a guide to evaluate
abutment scour in an informed manner and to assist the judgment of design engineers.
Where a unified abutment scour formula predicts very large abutment scour depths or possible
embankment failure, appropriate scour countermeasures should be indicated. Geotechnical
evaluation of scour could become a routine part of the analysis. For more complex problems,
hybrid numerical and laboratory hydraulic models should become areadily accessible option.

Fourth, it is recommended that in the near term, abutments should have a minimum
setback distance from the bank of the main channel with riprap protection of the
embankment and a riprap apron until better methods are available for estimating the
erodibility of the embankment itself. The minimum setback distance would then be that
recommended for the width of riprap aprons (see Lagasse et a. 2009: HEC-23). Other scour
countermeasures, especialy guidebanks, should be seriously considered for protection of the
embankment as well.

Fifth, it is recommended that further development of an educational curriculum for
hydraulic engineers be undertaken in order to emphasize the proper choice of parameters
that go into any scour calculation and in the use of 2D and 3D numerical models to better
evaluate the hydraulic parameters. At least in the short term, 2D numerical models should
be used on all but the simplest bridge crossings as a matter of course. These issues are
discussed further in the next section on research needs. The prediction of critical velocity and the
estimates of flow distribution in the contracted section are examples of parameters that are
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crucia to the success of any abutment scour formula. Furthermore, implementation of a
computerized procedure as in ABSCOUR or HEC-RAS with controls on reasonable values of
input parameters would be very helpful.

Finally, it is recommended that a long-term field program of obtaining high-quality, real-
time field data be undertaken. Simultaneous measurement of bed elevations and the flow field
are possible with in-situ sensing devices that record the data and transmit them for real-time
bridge monitoring on the internet. Sites without a large number of complicating factors could be
identified, and full reliable data sets of simultaneous hydraulic conditions and bed elevations
could be obtained to better understand field scaling issues and the simultaneous interaction of
various scour processes driven by the hydrodynamics of the flow. While embarking upon such a
program will be expensive and require patience, the results will move the ultimate solution to the
abutment scour problem forward more effectively than less-expensive post-flood surveys.
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CHAPTER 8.

RESEARCH AND EDUCATION NEEDS

8.1 INTRODUCTION

The preceding chapters show that several groups of factors cause abutment scour to
persist as a mgjor cause of bridge waterway failure. One group concerns the need for improved
understanding of the processes causing abutment scour and failure. Another group concerns the
development of more reliable design methods, including the integration of abutment-scour
counter-measures into abutment design. Y et a further group concerns inadequate monitoring and
maintenance of bridge waterways so as to avert abutment failure for reasons associated with
maintenance of approach-channel conditions. This chapter outlines the primary research and
education needs associated with the groups and, thereby, with overall improving the reliability of
design estimates of abutment-scour depth. Brief problem statements associated with each
research need are given in Appendix C.

Education is included here because some aspects of the substantial advances in abutment-scour
knowledge that have occurred since 1990 have yet to be integrated adequately into abutment
design and monitoring practice, particularly in regions with limited access to design expertise.
Bridge abutments continue to fail for the same reasons they did prior to 1990.

8.2. SCOUR PROCESSES

The primary research needs regarding scour processes concern better definition of abutment
scour for the categories of abutment scour outlined in Chapter 6, how scour varies with the
parameters determining the potential maximum scour depth, and what considerations limit scour
depth at abutments. These needs entail understanding the abutment flow field and its variation
with the parameters determining the potential maximum scour depth. They also concern better
knowledge about how foundation material erodes. Table 8-1 lists research topics and priorities
regarding scour processes. Research needs of highest priority are designated as Critical.

The main research needs outlined in Table 8-1 can be summarized as follows:

i. Laboratory experimental studiesaimed at elucidating scour processes (flow field, erosion,
geotechnical instability), filling existing data gaps, and for diagnostic comparison with
selected field investigations;

ii. Forensic field investigations of abutment failures during significant flood events at
bridges featuring particular abutment types; and,

iii.  The use of numerical models to illuminate flow at abutments, and possibly scour
development and embankment failure at abutments.
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Table 8-1. Prioritized list of research and education needs addressing improved understanding
of abutment-scour processes.
Aspect Research Need Priority
Laboratory L1. Additional laboratory hydraulic experiments on redlistic abutment
studies foundation structures and abutment shapes with and without
countermeasures, methods of modeling embankment material; geotechnical
stability aspects; modeling of intermediate length and short erodible
embankments and wide abutments

L2. Overtopping of erodible embankments and abutment scour under pressure
scour conditions

Field studies FS1. Field studies with continuous hydraulic and scour monitoring that assess
uncertainties in measurement and that can be compared with laboratory
hydraulic models

FS2. An overall survey to determine the statistical distribution of embankment
failure (including types of failures) relative to other modes of bridge
waterway failure.

Numerical N1. Investigation of sound use of 2D (depth-averaged models) for determining

studies flow distribution through bridge waterways for the short term combined
with 3D CFD models and laboratory turbulence measurements to shed
further light on hydraulic model scaling issue for the long term

N2. Education of engineers concerning limitations of 1D abutment scour
prediction formulas and the potential and applicability of 2D and 3D
numerical modeling in combination with laboratory hydraulic modeling

Critical

High

Critical

Critical

Critical

High

8.3 DESIGN ESTIMATION OF SCOUR

Before outlining research tasks to improve design methodology as an integra part of the
research needs outlined in the previous section, it is useful to refer back to the essential question
raised in Section 3.3 — How should abutment design best take abutment scour into account? This
basic question leads to a set of specific questions outlined in Section 3.3, and provides important
context for research aimed at improved design estimation of scour depth. Most research to date
has focused on identifying scour depths at solid-body abutments, without indication of how such
scour depths relate to abutment design; though the designer would ensure that the abutment
column foundation extends adequately below the scour depth. There is a need to include
assessment and improvement of design practice, and to determine guidelines, on how best to
address scour at abutments as a part of the research needsin Table 8-1.

The present review (Chapter 3) describes several basic abutment designs (erodible embankment
at abutment column, caisson-type (solid wall foundation) abutments). Each basic design likely
requires its own tailored relationship for estimating abutment scour depth, but these relationships
may possibly be placed in the same form with different values of specific coefficients. Chapter 7
summarizes a set of scour estimation methods for the basic types of abutments, and indeed
indicates that currently no single estimation method in its present form suffices for all abutments.

Table 8-2 lists the design-related research tasks needed to improve and validate the design
methodologies recommended in Chapter 7. Such improvement and validation should occur
concurrently and in concert with satisfaction of the research needs described in Table 8-1. The
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listed prioritiesin Table 8-2 coincide with those of the overall research needs given in Table 8-1.
A theme evident in the research needs described here is that of merging existing methods. The
leading methods summarized in Chapter 7 contain important insights and reflect the effects of
primary parameters, and should be brought into closer relationship with each other and refined.
The present evaluation does not advocate the development of yet more methods.

The main design-related tasks that should be coupled to research needs in the previous section

are:

For abutments with erodible embankments with abutment columns, merge and validate
and/or refine the scour estimations methods proposed by Ettema et a. (2010) and
ABSCOUR (MSH 2010) as guided by the scour process research in Table 8-1. These
methods both treat abutment scour as an amplification of contraction scour, but the
adjustment coefficients reflecting effects of turbulence need to be unified, and less
physically based adjustment coefficients that lack specific experimental validation need
to be re-evaluated. In addition, geotechnical scaling of laboratory results for erodible
embankments to the field require estimation of laboratory embankment strength and
erodibility

For abutments with solid-wall (or caisson-like) foundations, validate and/or refine the
sour estimation methods proposed by Sturm (2006) and Melville (1992) using field and
laboratory data, and explore unifying these formulas with those of Ettema et a. (2010) to
provide a range of scour depth estimates that depend on the strength and type of
foundation of the embankment;

Include scour counter-measures in bridge abutment design. Abutments fitted with an
armored apron may be intermediate in form between the abutment types mentioned in
itemsi and ii, above;

Use two-dimensiona flow (depth-averaged) numerical models for estimating flow
distribution and scour depth at abutments.
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Table 8-2. List of design-related research tasks addressing improved design estimation of
abutment scour depth coupled to research needs in Table 8-1.

Aspect Research Design-related Research Task Priority
Need
Erodible L1,FS1 | 1. Determine if and how the ABSCOUR method (MSHA 2010)
embankment and that proposed by Ettema et al. (2010) can be merged and
abutments further developed. From diagnostic field studies determine
method veracity.

L1, FS1 | 2. Further develop and check the validity of the geotechnical
approach to estimating scour depth. From diagnostic field
studies determine method veracity.

L1, FS1 | 3. Refine the methods in Task 1 for the limiting case of a short
abutment as the channel becomes very wide. From diagnostic
field studies determine method veracity.

L2,FS1 | 4. Ascertain how the methods in Task 1 apply, or should be
adjusted, for embankments under pressure scour conditions and
possibly over-topping. From diagnostic field studies determine
method veracity.

Solid body L1, FS1 | 5. Determine the extent to which the methods proposed by Sturm
abutments (2006) and Melville (1992, 1996) can be merged and further
developed for solid-wall abutments and then combined with
Task 1. in a comprehensive design procedure. From diagnostic
field studies determine method veracity.

L2,FS1 | 6. Ascertain how the methods in Task 5 apply, or should be
adjusted, for embankments under pressure scour conditions and
possibly over-topping. From diagnostic field studies determine
method veracity.

Abutments fitted | L1,FS1 | 7. Determine how the methods in Tasks 1 and 5 should be
with scour adjusted, for embankments fitted with scour counter-measures,
counter-measures notably an armored apron around the abutment toe or sheet-pile
skirt. From diagnostic field studies determine method veracity.
2-D flow N1 8. Utilize a 2-D flow model to determine peak values of flow
numerical velocity, unit discharge or shear stress in the vicinity of an
methods abutment, especially if the abutment is located in a channel of
irregular geometry, in order to estimate amplification of
contraction scour at an abutment.

Critical

Critical

Critical

High

Critical

High

Critical

Critical

8.4 MONITORING AND MAINTENANCE OF BRIDGE ABUTMENTS

Numerous scour-induced failures of bridge abutments often result as a consequence of
inadequate monitoring and maintenance of approach channel features (especialy the lateral
shifting of a channel), and concomitantly at times the deterioration of the abutment embankment
(as can be caused by inadequate handling of drains along embankment flanks). Therefore, an
important group of research needs relates to improving ways to monitor and maintain bridge
waterway conditions in order to avert abutment failure. Developments in monitoring techniques
and maintenance methods can help to reduce abutment failure. The ensuing research (and
education) needs am to improve implementation of monitoring and maintenance practice.

73

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

Development of instrumentation and techniques to better facilitate routine observation
and recording bridge-waterway conditions, and identify waterway and embankment
deteriorations that may increase abutment susceptibility to failure scour;

Development of instrumentation and techniques for determining abutment state during
extreme flood-flow events,

Education of appropriate technical staff about abutment scour processes including those
linked to changes in channel alignment and abutment condition (exposure to flow,
geotechnical weakening). Also, education regarding monitoring instrumentation and
effective options for abutment maintenance; and,

Determination of additiona effective maintenance methods for mitigating abutment
failure owing to scour.

Table 8-3. Prioritized list of research and education needs addressing improved methods for
monitoring and maintenance (needs 11, 12, and 13 can be combined).

Aspect Research Need Priority
Instrumentation for | 11. (@) New instrumentation and techniques for remote-sensing of Hiah
routine monitoring abutment and bridge waterway state, and for accessible data and g

image storage; (b) instrumentation for monitoring embankment
soil conditions (leverage off COE levee studies) and (c) low-
cost instrumentation and techniques for small bridges or bridges
in regions with limited resources to monitor bridges.
Instrumentation for | 12. (&) Instrumentation for obtaining waterway bathymetry data Hidh
monitoring  during during flood flows; (b) instrumentation for monitoring g
flood flows embankment soil parameters during flood hydrograph passage.
Education 13. Traning of appropriate staff to conduct monitoring activities, Hiah
and compl ete effective abutment maintenance. g
Maintenance M1. Innovative and efficient methods for repairing, stabilizing, or Medium
replacing weakened components of abutments (eg.,
strengthening weakened spill-slope soil at abutment column)
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CHAPTER 9.

CONCLUSIONS

9.1 INTRODUCTION

This report comprises an extensive, broad review of scour at bridge abutments, conducted
with the intent of providing recommendations for updating AASHTO manuals Policy for Design
of Highway Drainage Facilities and Recommended Procedures for Design of Highway Drainage
Facilities, so that these manuals present the best available guidelines for abutment scour
estimation and countermeasure design, and indicate clear direction as to further research. The
present chapter presents the main conclusions of the review.

A key observation providing context for the conclusions is that, though substantial progress has
been made in understanding abutment scour, the state of knowledge regarding abutment-scour
estimation lags that for pier scour. Indeed, the review cannot arrive at a definite recommendation
regarding the adoption of one method for design estimation of depth of abutment scour. For
several reasons, as discussed in this report, the existing methods for abutment-scour estimation
are inadequately formulated or require further verification:

1. Scour at abutments is strongly influenced by abutment construction. Most abutments
consist of an abutment column set amidst an erodible earthfill embankment. However,
most abutment formulations are based on laboratory data obtained using abutment
models with a solid-wall foundation (similar to half awide pier);

2. Scant few laboratory studies have replicated abutments with erodible earthfill
embankments;

3. Abutment scour at abutments with erodible embankments can result in at least three
failure modes, and scour at solid-wall abutments produces yet a different scour form;

4. For abutments with earthfill embankments, which form the majority of abutments in the
U.S,, two failures may occur (the earthfill embankment and the abutment column); and,

5. Additional processes cause abutments to erode. A particularly common process causing
abutment erosion is the lateral migration of the approach channel. The mixing of
processes associated with channel migration, the flow field through a bridge waterway,
and the flow field at an abutment at times complicates interpretation of field data on
abutment scour.

The report’s main contribution is its focus on the various scour processes occurring at abutments
as actually constructed, and its clear indication as to directions for future research needed to
improve the reliability of methods for design estimation of abutment scour.

Additionally, an important observation expressed in the report is the necessity for abutment
design practice to address the essential question — How should abutment design account for
abutment scour? This essential question quickly leads to a set of specific questions (Section 3.3)
concerning the acceptability (or otherwise) of embankment failure. Acceptable reliability of
abutment design in relation to scour behooves bridge designers to address this question.
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9.2 CONCLUSIONS

The review and evauation leads to the following main conclusions regarding the six
objectives stated in Section 1.3:

1. Abutment-scour literature published since 1990 documents substantial advances in
understanding abutment-scour processes. In particular, with regard to Objective 1,
knowledge has advanced regarding the following aspects of abutment scour:

Vi.
Vii.

viii.

New insights exist regarding scour development at abutments with erodible,
compacted earthfill embankments. Differences occur between scour at erodible
abutments and scour at solid abutments on solid-wall foundations similar in nature
to caisson structures,

The flow field around an abutment has essentially the same characteristics as flow
fields through short contractions. Notably, flow distribution is not uniform and
generates large-scale turbulence. Deepest scour occurs approximately where flow
contraction is greatest. As scour develops at abutments with solid-wall foundations,
the large-scal e turbulence may increase in strength and cause scour to deepen;

At least three abutment scour conditions may develop at abutments with erodible
embankments, depending on abutment location in a compound channel. Two
conditions may result in embankment failure, while the third condition is pier-like
scour at an exposed abutment column once an embankment has failed and been
breached. These scour-induced failures differ substantially from those in previous
studies of abutments modeled as solid bodies with a solid-wall foundation for the
case of sheet-piles or other solid, high strength foundations resistant to erosion;

The roles of variables (e.g., embankment length) and dimensionless parameters
(e.g., embankment length relative to flood-plain width and relative flow distribution
in compound channels) defining scour processes have become better understood;
The leading methods for estimating scour depth better reflect parameter influences;
Improved insights exist regarding abutment scour in clay;

Insight has been gained regarding the influence of some site complications (e.g.,
pier proximity); and,

Numerical modeling is substantially growing in utility to revea two- and three-
dimensional features of flow distribution of flow at abutments in ways that
laboratory work heretofore has been unable to provide.

These advances address a significant portion of the general statement in NCHRP Project
24-8, Scour at Bridge Foundations. Research Needs (Parola et a. 1996) regarding
abutment scour research needs. They also address aspects of abutment scour not
envisioned for NCHRP 24-8, especially the roles of embankment erosion during
abutment scour. However, further significant research has yet to be done in these aress.

2. Thefollowing aspects of abutment scour processes remain inadequately understood:

i. The role of embankment soil strength, and flood-plain soil strength on scour

devel opment and equilibrium scour depth;
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ii. Scour of boundary materials whose erosion characteristics are not adequately
understood (some soils, rock). However, existing reliable data indicate that scour
depths in cohesive soils and weak rock do not exceed those in cohesionless
material;

iii. Quantification of factors further complicating the abutment flow field (such as
debris or ice accumulation, submergence of bridge superstructure, channel
morphology) and erodibility of flood-plain soils; and,

iv. Tempora development of abutment-scour depth, especially the relative timings for
which scour develops at severa locations around an abutment.

3. The evaluation (Chapter 5) outlines the well-understood relationships between scour
depth and significant parameters, summarized in Table 5-1. Notable examples of recent
information include similitude in hydraulic modeling of flow distribution through a
contracted bridge waterway, and the importance of flood-plain and embankment soil
strengths.

Groups of primary parameters are identified in Table 5-1. They define the magnitude and
approximate distribution of the abutment flow field, and therefore the potential maximum
scour depth.

4. Animportant conclusion drawn from the evaluation (Chapter 6) is the need to define a set
of methods for estimating abutment-scour depth associated with different abutment types,
notably for abutments with erodible embankments and those with solid-wall foundations:

i.  For abutments with erodible embankments, the estimation methods proposed by
Ettema et al. (2010) and ABSCOUR (MSHA 2010) should be further developed
with aview to producing a set of methods for scour-depth estimation;

ii.  For abutments with erodible embankments, further research is needed to develop
and verify the geotechnical approach to scour depth estimation; and,

iii.  For abutments with solid-wall foundations, the estimation methods proposed by
Sturm (2006) and Melville (1997, also Melville and Coleman 2000) should be
further developed with a view to producing a comprehensive method for scour-
depth estimation.

5. Thereview draws attention to the importance of effective monitoring and maintenance of
bridge abutments. Bridge waterway site complexity (flow field, foundation material,
embankment material) can introduce significant uncertainty for scour-depth estimation.
Moreover, risks attendant to channel changes and possible deterioration of the abutment
structure introduce additional uncertainties as to abutment condition. Effective
monitoring (inspection schedule and instrumentation) is needed to manage and mitigate
the uncertainties.

Finally, it is important that the abutment designer recognize the limits of existing
methods for scour-depth estimation and the capabilities of new field and numerical
modeling tools through updated continuing education courses.
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Table A-1. A selection of abutment scour formulas (revised and extended from Melville and
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Coleman 2000).
Reference Formula Notes
Garde et| d, B 5 I' and & are given as functions of the
d. (196 |y, =M )" drag coefficient of the sediment
L d d 17 Appliesto live-bed scour at an abutment
Laursen —=275—"* s —4+1| -1 encroaching into the main channel
(1960) Y, Y, [\11.5Y,

. q 716 Applies to clear-water scour at an
Laursen L ol gY +1J abutment encroaching into the main
(1963) TS L channel

! ! (Tl] 71 = grain roughness component of bed
(23 shear stress; . = critical shear stress
Liuetal. d L% 033 Applies to live-bed scour at spill-
(1961) f =1 {YJ Fy through abutments; F;=V./(gY,)*®
Liu et a. | 4 L) 033 Applie;s to live-bed scour at wing-wall
Vi kv 1 or vertical-w. utments
(1961) Y, 2.1 Y, F tical-wall abutment
Liuetal. dq _125F Applies to clear-water scour at vertical-
(1961) y_l =125K,5 wall abutments; B=contraction ratio
v I I I RN R Y, = flow depth at bridge ~ Y, +d,
Gill (1972) 2=8-375[Y] B {/3 (1—;};} Equation given at the threshold
! ! o condition
F1=Froude number of the approach flow
Sturm and | ¢ F upstream of the abutment; F.=critical
Janjua Y_S: 7.7 MllT -0.35 Froude number for initiation of motion;
(1994) f c M=Qo/Qot, Qo=portion of approach flow
in bridge opening width, Q.=tota
flowrate
Appliesto live-bed scour; Y=average
Froehlich | 4 L) depth of flow in the floodplain;
(1989) —=227KK, Y_ | F=Ve/(ng)o'5a Ve=Q/A¢, Qe=flow
(HEC-18) f f obstructed by the embankment, A.=flow
area corresponding to Q.
Richardson [ ¢ 033 Applies when L/Y;>25, and for
and Davis v =1.21K K Fy conditions similar to field conditions
(2001) ! from which equation was derived
(HIRE)
Melville dS = KyLKIKd KSKHKG Ky =2L L/Yl<1
(1992, Ky =2(Y;L)*® 1<L/Y,<25
1997) Ky|_= 10Y1 L/Yl>25
Lim (1997, d, Appliesto clear-water scour
1998b) — = Ks (09X — 2) q 0.25 L 05
Y, X =0. 49{0'375F(?‘75[ﬂ] [0.9{} +1] 2
Yl Yl
0. = Shields entrainment function
F4 = densimetric Froude number

83

Copyright National Academy of Sciences. All rights reserved.



http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

Reference Formula Notes
d 413 1412, /LY Appliesto live-bed scour
Lim (1+ 2YS j - : 2/3 U*Z
1 (X, +1)+ Ltang X, X, :Ll—u—;j:hve-bed parameter
d, *1
Cardoso dg ¢ L Melvill 4D | Clear-water scour; wide main channel
and Bettess W - (W) Ville and Longol CUIVES | rqative to floodplain
(1999) form envelope for 3<L/Y; < 20
Sturm d i1 Clear-water scour; g=Vi; Yis;
(2004, v > =81 MYy 0.4 M=Q,/Qyt, Qo=portion of approach flow
2006) fo x0c " f0 in bridge opening width, Q,=total
flowrate;V,q, = critical velocity in
floodplain for setback abutment and in
main channel for bankline abutment; Y,
= undisturbed floodplain flow depth; Y,
= approach floodplain flow depth
Chang and K, ds =scour depth; Yo.q = flow depth at
Davis d =K K.Y K. K |k 92| _y_ |rs | bridgebefore scour; Y,= approach flow
(1998, ] B R Oadj depth; K= shape factor; K, = skew
1999), . factor; K, = pressure flow factor; K; =
MSHA Live-bed spiral flow adjustment factor; K, =
(2010) velocity adjustment factor; K=
0857 0 sediment transport factor (0.637-0.857);
d, = KSKHHKf KpKv V_zj _YOadi }FS g2 = unit discharge in bridge section; q;
¢ = unit discharge in flow approach
Clear-water section; FS = calibration/safety factor
Oliveto d B Clear-water scour; Lg = (YL K =
and Hager L_SZ 0.068K o, **F;° logT 1.25 for rect. abutment; o = geometric
(2002,2005 dR st. dev. of sediment; Fy = densimetric
) Kothyari | 9s _ 555 —05p g 12/3|0gT grain Froude no. = Vi/(g dso)®%; T = t/tg
etal. L o (Fa ~Fae) ™00 e = Le/[03"(0 0s0)°°T; 9 =g (ps—p)/p
(2007)
Fael et a. | 4 P L Function given graphicaly and
(2006) == |=-1 w{—} combined with Dongol’s data to give ¢
io\p Yy = 2_6 for 1<L/Y;<100 and VIV~ 1
Ettema et Y q Scour condition A in main channdl; Y. =
al. (2010) MAX — f —J , flow depth of live-bed contraction scour
Ye g, ) (erodible embankment) in main channel; q,, g, = discharge per
unit width in contracted and approach
sections of main channel
Scour_condition B in floodplain; Y =
flow depth of clear-water contraction
Y\'\(Ai = f[&] (erodible embankment) scour ir?pﬂoodplajn; O, O = discharge
fe 11 per unit width in contracted and
approach sections of floodplain
Briaud et | d, 07 Y, = flow depth upstream from the toe
al. (2009) Y. =6.5K,K KK, (1.57F, - F;) of the abutment; F, = Froude no. at the

1

toe of the abutment =V,/(gY)*>; F, =
critical Froude number at the toe of the
abutment =V./(gY,)>®

Equations are given for V, and V.
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APPENDIX B

Table B-1. A selection of contraction scour formulas (B; = approach flow channel width;
B, = contracted channel width; Y, = approach flow channel depth; Y, = contracted channel
depth after scour)

Reference Formula Notes
Straub 67 5 -3/7 | Live-Bed Scour; 1. = critical shear stress, 7; =
(1934) Yo (B} | e, [ Ze ] fq_Fc|B approach flow shear stress. Based on DuBoys
Y, (B, 2r, 2r, 7, ) B, bedload transport formula
Laursen Y 6/7 B\ P2 Live-Bed Scour; Q. = approach flowrate in main
(1960) 2 _ & 1 Ny channel ; Q. = total flowrate through bridge
Y, \Q. B, n, opening main channel; n = Manning's resistance
coefficient; p;, p, = exponents from Laursen's
total sediment transport formula depending on
whether sediment load is mostly bedload, mixed
load, or mostly suspended load; B, = approach
main channel width; B, = bridge main channel
width.
Laursen Y B 6/7 317 Clear-Water Scour. Shear stress in contracted
~2 _| 1 29 section equal to the critical shear stress 7. at
(1963) o
Y, \B, T, equilibrium
Komura Y B 213 Live-Bed and Clear-Water Scour.
(1966) 2 145 FY%| 2L | &7Y5 Live-bed F, = approach flow Froude number; o =
Y, ! B, ol geometric standard deviation of sediment size
distribution in approach channel. Includes effect
of armoring in contracted section.
Y B 2/3
—2=1.60 Fll/5 (—1J 6;/2 Clear-water
1 BZ
Gill (1981) 6/7 157-37 | Live-Bed Scour. Sediment transport rate assumed
Y, _ (Ej T (1_ T j{ B, j proportional to (z — z.)’
1 2 11 7, \ B,
Lim and y B 0.75 Live-Bed Scour. Sediment transport rate assumed
Chen 2 _| L proportional to (V — V,)* Compared with lab data
9 Y, B, for both live-bed and clear-water scour.
(1998a)
Briaud et al. d B Clear-Water Scour of Porcelain Clay.
(2005) —= =141131-1F, -F, unif = uniform scour depth; max = maximum
Yy unif B, scour depth; F, = approach flow Froude number;
F. = Froude number with critical velocity
(ﬁj =1.9o[1.38ﬁF1 Fj
Yl max BZ
L. /B, >3
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Reference

Formula

Notes

Dey and
Raikar
(2005)

-0.19 1.26
9 0.368F2% 950 B
Y. Y.

1 1

Clear-Water Scour (0.9<V,/V.<1.0)

Fie = (V1 — V1o)/[(SG — 1)gY4]¥2 ; SG = specific
gravity; V. = approach flow velocity when V, =
V. at beginning of scour

HEC-18
Richardson
and Davis
(2001)

6/7 p
Yy Q B, Live-Bed

. [ k.02
*7| e

:|3/7
Clear-Water

Live-Bed formula is the same as Laursen (1960)
with the ratio of Manning’'s n removed; p =
sediment transport factor = 0.637-0.857.

Clear-Water formulais derived from

Y, = qo/V. and it is different in form, but not in
principle, from Laursen (1963) because it does
not involve the approach flow section.

K, =0.025 (S1); 0.0077 (EN);

dm =125 d50
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APPENDIX C
RESEARCH PROBLEM STATEMENTS

C.1 INTRODUCTION

This appendix provides brief problem statements for the research needs and associated design-
related research tasks listed in Tables 8-1, 8-2, and 8-3 of Chapter 8. The problem statements
comprise short outlines indicating the purpose of the research needed. They can be used to
develop project scope and objectives.

C.2 RESEARCH REGARDING ABUTMENT-SCOUR PROCESSES
The ensuing problem statements el aborate the research needs in Table 8-1.

Research Need L1: Laboratory experiments to fill knowledge gaps identified in this report.
These are divided into subprojects but could easily be incorporated into a single project.

a. Additional experiments on realistic abutment foundation structures with and without
countermeasures and on methods of modeling embankment material

Most investigations of abutment scour have used rigid abutment/embankment models.
Ettema et al. (2010) were the first to use erodible embankment models in a
comprehensive laboratory study of abutment scour. As shown in Figure 5-8, scour depths
at rigid models extending deep into bed materia are typically significantly greater than
those measured by Ettema et al. (2010) using erodible models. Additional data are needed
using an experimental methodol ogy based on that developed by Ettemaet al.

The experiments of Ettema et al. (2010) featured a sand bed main channel and both rigid
and sand floodplains. Similarly, rigid and erodible (sand) spill-through abutment models
were tested; these represented the limiting cases of non-erodible and very erodible
materials. Methods are available to develop better ways of modeling the channel bank,
floodplain and spill-through slope fill materials, to facilitate more realistic laboratory
modeling of the erodibility of such materials and thereby, more redlistic simulation of
field situations. In particular, the experiments would use a suitable range of shear strength
values for the bed and bank materials, with shear strength being appropriately scaled
according to the length scales for the models.

The research would include a representative range of realistic abutment models for both
wing-wall and spill-through abutments, and abutment/embankment models with and

without armor protection, with a specific focus on toe protection of embankment slope
armor.
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b. Geotechnical stability of embankments exposed to abutment scour

Most cases of abutment failure attributable to scour show a geotechnical failure of the
earthfill embankment associated with the abutment. The abutment column typicaly
remains standing. Because spill-slope failure increases the flow area through a bridge
waterway, and deposits materia in the scour area, the maximum scour depth attainable at
an abutment, and damage sustained by an abutment, appears to be limited by the
geotechnical stability of an abutment’s earthfill embankment. However, the relationship
between scour and geotechnical stability of a spill-slope or embankment has never been
investigated.

There is aneed to address the following aspects:

1. Comprehensively define the essential geotechnical aspects associated with scour of
spill-through abutments,

2. Show if and how embankment stability limits scour depth; and,

3. Define the conditions requisite for partial failure as opposed to complete failure

c. Experiments on intermediate length erodible embankments between bankline and short
embankments for which compound channel effects are important

Following the successful completion of Research Need L1, or as part thereof, additional
data are needed for the case where the abutment is sited on the floodplain with setback
distances in the approximate range of 0.4< L4B: <1.0, such that the scour process is
influenced by both main channel and floodplain flows. Current ad-hoc methods and even
HEC-RAS are insufficient to properly predict the distribution of flow between the
floodplain and main channel in the contracted section on which abutment scour, as related
to contraction scour, depends. These experiments should include an erodible embankment
and should be accompanied by at least 2D numerical methods, or possibly by 3D methods,
to develop arelationship for g,/g; in terms of the geometric and flow variables on which it
depends. The numerical model should include modeling of the free surface as well as a
state-of-the art turbulence sub-model. Once verified by the laboratory experiments, the
numerical model can be used to generate a much broader array of results than is possible
by experiments aone.

d. Experiments on the limiting case of a short abutment in a wide channel

Following the successful completion of Research Need L1, or as part thereof, additional
data are needed for the case where the abutment is sited on the floodplain of a wide
channel with relatively large setback distances, such that negligible contraction scour
occurs for flow passing through the bridge waterway, and abutment scour is attributable to
the flow field generated by the abutment. This abutment situation corresponds to the
shaded area in Figure 5.9. For such relatively short abutments scour results from flow
contraction locally around the abutment, and turbulence structures generated by flow
around the abutment.
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Research Need L2: Overtopping of embankments and abutment scour under pressure
scour conditions

Within the context of climate change and more commonly occurring pressure scour and
overtopping events, experimental research is needed on abutment scour for these flow conditions
with realistic compound channel geometry and erodible embankments. Even with riprap
protection, the abutment is subject to catastrophic failure under this combination of flow types,
especially for moderate to small setback distances from the main channel. The experimental
program should include a range of values of relative flow depth on the floodplain with areadlistic
tailwater curve for the proposed compound channel geometry. Free surface flows that occur prior
to submergence of the bridge opening should be included in the experimental program for
comparison with the pressure flow and overtopping cases. It is essential to pinpoint the flow
conditions for which maximum scour depth occurs in order to develop an assessment of the
vulnerability of existing bridges to failure and to devise design criteria for new bridges under
climate change scenarios.

Research Need FS1: Field studies with continuous hydraulic and scour monitoring that
assess uncertainties in measurement and that can be compared with laboratory physical
models

Simultaneous measurement of bed elevations and the flow field are possible with in situ sensing
devices that record the data and transmit it for real-time bridge monitoring on the internet . Sites
without a large number of complicating factors could be identified, and full reliable data sets of
simultaneous hydraulic conditions and bed elevations could be obtained to better understand
field scaling issues and the simultaneous interaction of various scour processes driven by the
hydrodynamics of the flow. This research would be targeted at specific bridges from which the
most useful data sets could be obtained for verification of abutment scour formulas.

Research Need N1: Sound use of 2D (depth-averaged models) for determining flow
distribution through bridge waterways for the short term combined with 3D CFD models
and laboratory turbulence measurements to shed further light on hydraulic model scaling
issues for the long term.

Immediate need exists for informed use of the best possible 2D numerical models, including
appropriate turbulence submodels, to develop flow-field parameters needed in the unified scour
estimation technique outlined in this report. The most important parameter needed in the short
term is the distribution of the discharge per unit width in the bridge contraction section.
Extensive opportunities also exist for hybrid modeling (laboratory hydraulic modeling and
numerical modeling) to elucidate the flow structure around the various forms of abutment. The
brunt of this effort will need to be completed using numerical models because they best reveal
the three-dimensional and unsteady features of flow around abutments, particularly those at
abutments with solid-wall foundations. Connection of the turbulent structure with appropriate
dimensionless variables would allow improved representation of the complex flow fields of the
prototype in a physical laboratory model and point the way toward future handling of the more
difficult prototype abutment scour problems involving complex flow fields.
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Research Need N2: Education of engineers concerning limitations of 1D abutment scour
estimation formulas and the potential and applicability of 2D and 3D numerical modeling
in combination with physical modeling

Implementation of advanced numerical models requires commensurate education of modelers.
Because turbulence is inherently three-dimensional, engineers require basic instruction in the
structure of turbulence and how it is modeled in 3D numerical models followed by an
introduction to the simplifications concomitant with 2D and 1D numerica models. There is
considerable need for engineers to use 2D (depth-averaged flow) numerical models for assessing
flow conditions at bridge waterways. The optima use of such models (their configuration,
capabilities, and limitations) has yet to be adequately determined. Various turbulence submodels
should be discussed along with issues of grid generation, boundary conditions, discretization
techniques, flow resistance, calibration, and verification. In concert with this effort, physica
models and their principles should be taught to encourage the hybrid use of physical and
numerical models to resolve the most complex bridge abutment scour problems.

Significant potential exists for 3D numerica models to illuminate flow field conditions at
abutments. However, further work (and advances in computer technology) is needed to bring
such models to a level that they can be used for performing parametric studies on scour
processes, and for design purposes.

C.3 RESEARCH TASKS RELATED TO ABUTMENT DESIGN

The ensuing problem statements elaborate the research tasks given in Table 8-2. The task aim at
satisfying the research needs listed in Table 8-1.

Task 1. Determine if and how the ABSCOUR method (MSHA 2010) and that proposed by
Ettema et al. (2010) can be merged and further developed. From diagnostic field studies
determine method veracity.

ABSCOUR (MSHA 2010) and the hydraulic method proposed by Ettema et a. (2010) share the
concept that abutment scour is fundamentally an amplification of contraction scour. The two
methods have similarities in formulation and prompt the question as to whether they could be
developed further as a single method better reflecting improved understanding of scour as
amplification of abutment scour. This research effort entails additional critical review of the two
methods, and transition to an updated method to be validated using laboratory and field data.

Task 2. Further develop and check the validity of the geotechnical approach to estimating
scour depth. From diagnostic field studies determine method veracity.

On the basis of the geotechnical stability of the earthfill embankment at an abutment, Ettema et
al. (2010) propose a comparatively simplified formulation for estimating abutment scour depth;
if indeed further research shows that a simplified formulation is feasible. Further research is
needed to validate or improve upon the formulation, exploring its utility as a practical method
relating abutment scour depth to the shear strength of the abutment’s earthfill embankment. The
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relationship would provide a useful check on scour depth estimated using hydraulics-based
methods for scour-depth estimation.

Task 3. Ascertain how the methods in Tasks 1 and 2 apply to, or should be adjusted for,
embankments under pressure scour conditions and possibly over-topping. From diagnostic
field studies determine method veracity.

The situation termed pressure scour may occur commonly at bridge abutments. Accordingly
there is a need to determine how the leading methods for estimating abutment scour depth apply
during pressure scour situations. When feasible, conduct diagnostic field studies to determine
method veracity.

Task 4. Refine the methods in Tasks 1 and 2 for the limiting case of short abutment as the
channel becomes very wide. From diagnostic field studies determine method veracity.

The scour estimation formulations described in problem statements E1 and F1 should be
examined for the limiting condition indicated by the shaded area in Figure 5-9. Of interest is
whether the formulations can be extended for use for short abutments. The necessary research
entails the execution of laboratory flume experiments and verification using field data.

Task 5. Determine the extent to which the methods proposed by Sturm (2006) and Melville
(1997) can be merged and further developed for solid-wall abutments. From diagnostic
field studies determine method veracity.

The estimation methods proposed by Sturm (2006) and Melville (1997) were developed for
estimating scour depth at solid-wall abutments. Both methods contain parameters reflecting
scour processes. The question to be investigated is whether they could be developed further as a
single method best reflecting improved understanding of scour. This research effort entails
additional critical review of the two methods, and transition to an updated method to be validated
using laboratory and field data tailored to the types of abutments for which they were devel oped.
This effort could also be unified with the method developed in E1.

Task 6. Ascertain how the methods in Task 5 apply, or should be adjusted, for
embankments under pressure scour conditions and possibly over-topping. From diagnostic
field studies determine method veracity.

The situation termed pressure scour may occur commonly at bridge abutments. Accordingly
there is a need to determine how the leading methods for estimating abutment scour depth apply
during pressure scour situations. When feasible, conduct diagnostic field studies to determine
method veracity.

Task 7. Determine how the methods in Tasks 1 and 5 should be adjusted, for
embankments fitted with scour countermeasures, notably an armored apron around the
abutment toe or sheet-pile skirt. From diagnostic field studies determine method veracity.
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The inclusion of a countermeasure such as an apron or skirt alters abutment form. As such
countermeasures often are recommended for use in abutment design, the scour-estimation
methods mentioned for research topics E1 and F1 should be adjusted for abutment forms that
include them. The necessary research entails a series of laboratory tests to determine the
adjustments.

Task 8. Estimation of contraction scour and its amplification at an abutment will be
enhanced when a 2-D flow model is used to determine peak values of flow velocity, unit
discharge or shear stress in the vicinity of an abutment, especially if the abutment is located
in a channel of irregular geometry.

Two-dimensional, depth-averaged flow models can be used to study the distribution of flow
around abutments situated in compound channels and rectangular channels (flow on very wide
floodplains may be treated as rectangular channels). Research is needed to acquire useful insights
regarding distributions of flow velocity, unit discharge, and boundary shear stress at abutments.
Estimation of the peak magnitudes of flow velocity, boundary shear stress, and unit discharge is
of substantial importance for design estimation of scour at bridge abutments. Research aso is
needed to show how abutment flow fields adjust in response to variations of abutment length,
floodplain width, and main channel dimensions, and identify trends regarding the magnitude of
amplification factors for depth-averaged velocity, unit discharge, bed shear stress, and distance
to peak unit discharge.

C.4 RESEARCH NEEDS REGARDING ABUTMENT MONITORING AND
MAINTENANCE

The ensuing problem statements elaborate the research needsin Table 8-3.

I1-a. Instrumentation and techniques for remote-sensing of abutment and bridge
waterway state, and for accessible data and image storage.

Research is needed on innovative instrumentation and techniques to facilitate image-processing
software to readily quantify and document waterway features in the vicinity of bridge abutments,
possibly including the free-surface velocity distribution near abutments. The research could use
images acquired from close range with conventional photographic techniques. The images can be
rectified before mapping the characteristic elements of the banks and floodplain. Methods like
Particle Image Velocimetry can used to estimate the surface velocities in the stream. The
instrumentation and software exist today to enable highly versatile techniques for conducting
routine bridge inspections, providing quantitative information for a variety of geomorphic and
hydraulic waterway parameters. Periodic inspections at bridges followed by processing of the
acquired images can provide convenient and accurate means for tracking tempora changes in
abutment state and channel conditions at an abutment.

92

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22841

Evaluation of Bridge-Scour Research: Abutment and Contraction Scour Processes and Prediction

I1-b. Instrumentation for monitoring embankment soil condition.

There is a need to have effective instrumentation for monitoring the strength of embankment
soil, especially over time. Instrumentation developed for monitoring slope-stability conditions
should be considered for application to bridge abutments whose embankments require
monitoring or are of uncertain strength.

I1-c. Low-cost instrumentation and techniques for small bridges or bridges in regions
with limited resources to monitor bridges.

The majority of bridges are small bridges, whose number exceeds the capacity of agencies to
monitor. Additionally, there are many bridges in regions inadequately resourced to monitor
bridge conditions. There is considerable need to develop instrumentation and techniques that
facilitate relatively easy and inexpensive monitoring of bridges. Routine monitoring of bridge
abutments potentially can avert avoidable failure.

12-a Instrumentation for obtaining waterway bathymetry data during flood flows.

A major difficulty in developing and verifying methods for design estimation of abutment scour
is obtaining bathymetric and flow data during flood-flow conditions. Considerations such as
access, safety, and flow-induced loads contribute to the difficulty. Yet, such data and
observations are needed to check scour-depth magnitudes and trends obtained from laboratory
flume tests and numerical models. In conjunction with IR1 above, good prospects exist for
extending various forms of remote-sensing techniques to assist in this regard.

12-b. Instrumentation for monitoring embankment soil parameters during flood
hydrograph passage.

In line with problem statement IF1, there is a similar need for instrumentation for monitoring
embankment soil condition during flood hydrograph passage. Information from such
instrumentation will assist diagnostic analysis of embankment failure during abutment scour.

13. Training of appropriate staff to conduct monitoring activities, and complete
effective abutment maintenance.

Advanced or new instrumentation and techniques for monitoring require suitably educated staff
for successful implantation.

M1. Innovative efficient methods for repairing, stabilizing, or replacing weakened
components of abutments (e.g., strengthening weakened spill-slope soil at abutment
column)

There is considerable scope for developing various methods for repairing, stabilizing or

replacing components of abutments. It is anticipated that effective methods will be developed
from technol ogies used for bank stabilization under diverse circumstances.
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