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DEPARTMENT OF THE ARMY
NEW ENGLAND DIVISION. CORPS OF ENGINEERS
424 TRAPELO ROAD
WALTHAM, MASSACHUSETTS 02154

REPLY TO
ATTENTION OF f

NEDPL-BU 21 November 1979 1

LTG John W. Morris |
Chief of Engineers
Department of the Army ‘
Washington, DC 20314 A

Dear General Morris:

This report brings to a conclusion the Connecticut River Streambank
Erosion Study which was authorized by a resolution adopted by the
Committee on Public Works of the United States House of Representatives
on 11 April 1974.

The study resolution was introduced and adopted after much public con-
cern was expressed over erosion along the banks of the Connecticut
River. This erosion is a chronic and damaging occurrence; however, the
causes and possible solutions were not understood. The public wanted
to know why the bank was eroding and how the erosion could be stopped.

A public meeting was held in Hanover, New Hampshire, in April 1975 to
explain the purpose and scope of the study and to gain insight on the
public's view of the streambank erosion problem and its social and
economic damages.

Soon after, study efforts revealed that there was not enough hydrologic
and geotechnical information available to assess the causes of erosion
and possible corrective measures. Accordingly, a data collection pro-
gram was undertaken.

Six erosion areas were chosen to be intensely studied. New data on
these areas were collected. These data came from subsurface explora-
tions and semi-annual topographic and hydrographic surveys, river
velocity measurements, groundwater level observations and updated photo-
graphic and written records. Existing data used came from survey
records, pnotography (area and ground), flow records, recorded obser-
vations of erosion and historical records of the operation of four
hydroelectric plants.
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After a period of three years, everything was put together and a com-
prehensive data bank was established.

In July 1978 Colorado State University (CSU) was engaged to determine
whether the collected data was adequate to properly assess the causes
of erosion and to make general predictions regarding the effectiveness
of certain corrective measures. CSU's report stated that there were
sufficient data available to make the assessment. CSU was then put
under contract to visit the areas, attend public workshop sessions and
report on causes of erosion and corrective measures.

During the entire study, considerable public concern was expressed
regarding the erosion that is taking place along the banks of the Con-
necticut River. This concern resulted in a very active and successful
public involvement program. The mailing list of those concerned grew

to a total of 150. Eleven separate mailings over the course of the study
included status reports, a review draft of the CSU contrac:, and a review
draft of the final consultant report. A formal public hearing and

seven public workshop meetings were held.

Two particular groups, For Land's Sake, Thetford, Vermont, and the
Citizens Advisory Committee on the Proposed Northfield Diversion
Project, Springfield, Massachusetts, provided critical reviews of
work presented at the public workshop meetings and the resulting draft
report. Many other organizations and individuals also provided us
with helpful review comments on all facets of our work up to and in-
cluding the draft of this document.

The For Land's Sake group has reviewed the draft of this report and
provided us with some very valuable criticism of the document. The
report is undoubtedly a better document because of the group's effort.
I must note, however, that the For Land's Sake organization is still
not satisfied with all of the reported findings and conclusions.

In conclusion, I concur with the consultant's (CSU's) approach to the
study, their findings and their conclusions. I consider that the report
is presented to the highest degree of detail and accuracy commensurate
with the data available. The findings and conclusions are adequately
supported in the text with tables and charts. I believe that the

report fully meets tne requirements of the contract and responds to
questions raised during the draft review period, and completely ful-
fills the letter and intent of the authorizing resolution.
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I recommend that this document be accepted as the final report to be
forwarded to the Congress. I further recommend that this report be
transmitted to the Department of Energy, to serve as an informational
source for hydroelectric licensing on the Connecticut River.

Finally, T express my thanks to all, in both the private and the public
sector, who have helped during the course of the study and in the pre-
paration of this report.

Sincerely,

MAX B. SCHEIDER
Colonel, Corps of Engineers

Division Engineer
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AUTHORIZATION

This investigation was conducted for the U.S. Army Corps of Engineers,
New England Division, under Contract No. DACW33-78-C-0297.- John Smith was the
authorized Project Manager for thHe U.S. Army Corps of Engineers and Daryl B.
Simons was the Principal Investigator for Colorado State University Research
.ln;giiﬁfe Primary technical assistants to Dr. Simons were Dr. Ruh-Ming Li,
Co-Prini¢ipal Investigator from Colorado State University Research Institute
and Dr. John W. Andrew, General Manager from Water and Environment
Consultantgj*’Tﬁci} a subcontractor for Colorado State University Research
Institute. The purpose of this investigation was to collect and analyze data
with regard to streambank erosion along a l4l-mile reach of the Connecticut
River extending from Turners Falls Dam, Massachusetts (River Mile 122) to the
headwaters of Wilder Reservoir in Haverhill, New Hampshire and Wells River,
Vermont (River Mile 263). In accordance with the contract, the report
describing the study and conclusions is submitted.
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EXECUTIVE SUMMARY

The Connecticut River Streambauk Erosion Study was conducted in
accordance with Contract No. DACW33-78-C-0297 between the U.S. Army Corps of
Engineers, New England Division, and Coloradn State University Research
Institute. Colorado State University Research Institute was the contractor
and was supported by the subcontractor, Water and Environment Consultants,
Inc. The study reach extends from Turners Falls Dam, Massachusetts (river
mile 122) to the headwaters of Wilder Hydro Pool in Haverhill, New Hampshire
and Wells River, Vermont (river mile 263). The scope of work of the study
includes (1) literature and historical review of the Conracticut River,
(2) existing data collection, collation and evaluation, (3) infield short-term
data collection and evaluation, (4) definition and analysis of bank erosion
causal factors, and (5) solution alternatives. The contractor was also
requested to conduct three pairs of public meetings at two different locations
within the study area. To conduct this study, the U.S. Army Corps of Engi-
neers allocated a total sum of $83,998.00 to the contractor, of which
$45,160.00 was subcontracted to Water and Environment Consultants, Inc. to
conduct Items (1), (2) and (3) of the scope of work and to generally assist in
all phases of the study.

The basic data upon which the analysis is based was provided by the U.S.
Army Corps of Engineers, New England Division, and supplemented as required
and where economically feasible with field data and historic documents
assembled by Water and Environment Consultants, Inc. The identification and
examination of the data are treated in detail in Section 2 of this report.

The data base provided by the Corps of Engineers was, in general,
adequate for a general analysis. Th~ few exceptions include:

Data describing pre-hydropower dam river conditions.

+ Detailed information describing the complete geometry of the channel
cross sections at the index sites.

Information describing the quantity and characteristics of sediment
transported in the system.

Surveys of possible aggradation in the pools.

Considering the importance of the Connecticut River to the New England region,
procurement of additional data as identified above and collection of water
quality data are suggested to meet future needs.

The tractive force method of evaluating bank stability as applied by the
Corps of Engineers was investigated. This method is widely accepted nation-
ally and internationally. However, this method as applied does not account
for all of the factors known to contribute to the erosion process. Because
of the shortcomings of the tractive force method, the Scope of Work required

a more detailed analysis of factors causing bank erosion along the Connec-
ticut River.
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The important wvariables causing bank erosion are identified (pages
65-67). Note that the causes are numerous and can act more or less individ-
ually or in unison with one another, making it very difficult to precisely
identify the relative importance of each cause or variable. Also, the
environment within which these forces act is incredibly complex involving a
wide array of sizes, gradations, and stratifications of bank material that may
or may not involve cohesive strength. Additionally, the cohesive strength may
be altered by loading and degree of saturation. Then there is the complexity
of pools, bends, straight reaches, stage changes, pool operation, wind and
boat generated waves, mass wasting, freezing and thawing, vegetatiom, etc. In
fact, it should be noted that identification of causes of bank erosion is a
long-term goal of the Streambank Erosion Control Evaluation and Demonstration
Act of 1974. This goal has not been achieved thus far, but with a national
effort involving millions of dollars, improved appreciation and understanding
of the bank erosion problem and bank protection measures may be forthcoming.

In accordance with the Scope of Work, an attempt was made to better
quantify the numerous causes of bank erosion utilizing available data, current
theory, perscnal experience and sound professional judgment. The summary of
this analysis is presented in Table 2 (page 81) and from this table it is
possible to qualitatively evaluate the major variables causing bank erosion.
This application of the results presented in Table 2 is applied to six general
river conditions in Table 3 (page 8%9) and to the six index sites in Table 6
{page 109). Note that forces exerted on the bank of a channel by the flowing
water can be increased as much as 60 percent by such factors as flood stage
variations, pool fluctuations, boat and wind waves, etc. Evaluation of forces
causing bank erosion verifies the relative importance of causative factors.
In descending order of importance they are: shear stress (velocity), pool
fluctuations, boat waves, gravitational forces, seepage forces, natural stage
variations, wind waves, ice, flood variations, and freeze-thaw.

Analysis of the causes of bank erosion shows that these causes can be
subdivided into those that cause general bank erosion and those that cause
upper bank erosion. Tractive forces exerted by flowing water cause general
bank erosion, with their maximum attack occurring at about two-thirds of the
depth bejow the water surface. Hence, even if the upper bank is stable or
stabilized, the flow can erode the lower bank causing failure of the lower and
upper banks. Forces such as wind waves, boat waves, pool fluctuations, ice,
etc., are the most common causes of upper bank erosion. If these forces are
of sufficient magnitude and if the bank material is erodible, erosion of the
upper bank can occur. In time, a berm or beach is formed and an improved
level of upper bank stability is achieved. However, during subsequent periods
of high flow, the tractive force may erode tke total bank line, re-establish-
ing conditions favorable for upper bank erosion and the possibility of repeti-
tion of the erosion cycle.

To protect banks from erosion it is essential to consider the tractive
force exerted by the flowing water as well as surface forces causing erosion
of the upper bank. Protection of the upper bank line by any means will fail
when lower bank erosion occurs. Hence, stabilization of the total bank or at
least the lowest two-thirds of the bank is essential to prevent general and
upper bank erosion.

The report specifies how the stability of any bank line in the
Connecticut River can be assessed to determine the potential for additional
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bank erosion. [t also specifies the most common techniques that can be uti-
lized to control bank erosion. However, it should be stressed that structural
measures are very expensive.

Non-structural measures for controlling erosion are also identified and
discussed. The non-structural measures are more useful for protection of the
upper banks. However, the success of all non-structural measures depends on
the lower bank stability. That is, by controlling boat waves and wind waves,
by limiting poo!l fluctuations and by encouraging growth of vegetation on the
upper banks, the upper bank erosion problems can be significantly reduced.
However, during periods of flooding the lower banks may yield to the attack of
the tractive force exerted on the banks by the flowing water. If this occurs,
the upper bank will be subject to erosion.

In conclusion, the methodology presented ard1 corrective measures
identified can be utilized to design specific stru..iral or non-structural
measures to coutrol erosion both where it has occur d, and where there is
high potential for it. Furthermore, limited control ot upper bank erosion can
be achieved by limiting pool fl .ctuations associated with hydropower develop-
ment and by limiting the amount of river traffic, particularly high speed
pleasure craft. However, adoption of such measures will not eliminate major
bank erosion that may occur during periods of flooding.
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SECTION 1

INTRODUCTION

GENERAL

A predominant characteristic of alluvial channels 1is the change in
location and shape that the channel and cross sections experience with time.
These changes are particularly significant during periods when alluvial
channels are subjected to comparatively high flows. The converse situation
exists during relatively dry periods. Although other erosive forces may act
in conjunction with the discharge forces, the quantitative flow rate and its
relative duration have a capacity approximately 100 times greater than those
forces acting during periods of intermediate and low flow to erode banks and
transport sediment during flood stages. In most instances when considering
the instability of alluvial rivers, it can be shown that approximately
90 percent of all river changes occur during that 5 to 10 percent of the time
when large flows occur.

Regardless of the fact that the majority of bank changes occur during
comparatively short time periods, there may also be regions within a river in
which some degree of instability is exhibited for all flow conditions. Raw
banks may develop on the outside of bends as a consequence of direct impinge-
ment of the flowing water. Sloughing banks may occur as a result of seepage
and other secondary forces created by water draining back through the banks to
the river. Continuous wave action, generated either naturally or by man's
activities, may also perpetuate erosion problems. Despite the numerous types
of secondary bank erosion, it must be stressed that the causes of bank erosion
are normally small compared to the magnitude of erosion that can occur during
those periods of comparatively high discharges.

During the last thirty years, serious physical and engineering studies
have been undertaken to initially qualify the interaction between sediment and
water movement within the riverine environment. Only during the last 20 years
has the quantitative evaluation of this interaction been attempted and
achieved with some degree of success. Unfortunately, a majority of these
studies have concentrated on the interaction of sediment and water within the
fluid suspended above the bed of the river and its relation to the bed itself.
Information related to the delineation of the types of bank erosion and their
quantification is almost nonexistent. However, delineation of the types of
bank erosion and comparative evaluation of the causative forces may be eval-
uated for alluvial streams within a qualitative matrix. Within an acceptable
degree of wvalidity the forces may also be evaluated in tabular form for
quantitative comparison.

The above comments are generally applicable to all alluvial rivers,
including the Connecticut River bordering Vermont and New Hampshire and
extending into Greenfield, Massachusetts. One of the most beautiful river
reaches within the United States, the Connecticut River may be classified as
relatively stable, though in some locations significant bank erosion is
occurring by one or many natural or man-induced events. Regardless of the
degree of channel stability, man's local activities may produce major changes
in river characteristics, both locally and throughout an entire reach. The
vrimary objective of any river engineering design is to achieve acceptable
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stability of the river. I[n order to meet this objective, an understanding of
the direction and magnitude of change in channel characteristics caused by the
actions of man and nature is required.

This study introduces and discusses the forces affecting the behavior of
rivers, analyzes existing pertinent hydrologic and related data, delineates
the causes c¢f bank erosion on the Connecticut River within the study reach,
and compares the variocus types of erosional forces to the types of erosion
found on the river. In addition, remedial measures to control bank erosion
are suggested, together with their potential impacts upon the river.

OBJECTIVES OF THE STUDY

The objectives of the study were to delineate the causes of bank erosion
on the Connecticut River between Turners Falls Dam in Massachusetts and the
headwaters of Wilder Dam in New Hampshire and Vermont, and to determine and
evaluate the various erosional forces acting on the banks of the river. In
addition, comparison of the various erosional forces with the types of erosion
found on the river was made. For each type of erosion, remedial measures are
suggested, together with their potential impact on the river. Figure 1 indi-
cates the study reach as defined in conjuncticz with the watershed area. The
erosion sites subjected to detailed study are identified in Appendix A.

Ctilizing all available data sources, a comprehensive study from a
historical perspective was made from hydrologic, hydraulic, and geomorphic
pictures of the river. This study assisted in defining the past and present
river dynamic problems within the study reach and has provided an overview of
the entire basin. This literature and data overview and analysis aided in
defining the data available from the study reach and also allowed recommenda-
tions to be made pertaining to additional data requirements for any current
work or future maintenance on the river.

To achieve the above objectives, the following detailed study was
conducted.

1. All existing data pertinent to the study objectives were collected
and analyzed. These data included geometric, hydraulic, hydrologic,
soils, hydro-pool operation, aerial and surface photographs, geo-
logic and geomorphic data, and general data gathered from residents
with property adjoining the river.

2. The existing tractive force analysis, initially conducted by the
U.S. Army Corps of Engineers, New England Division, was evaluated
and relationships between tractive force, soil type, and stream bank
erosion within the study are delineated.

3. Information gaps and data-deficient areas were determined within the
study reach.

4. Reaches of river having similar causative erosion factors were
identified.
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Remedial and corrective measures for the various types of erosion
found within the study reach were suggested.

A brief economic, social, and environmental impact examination of
the alternative corrective measures was also undertaken.
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SECTION 2

[DENTIFICATION AVG EXAMINATION OF THE EXISTING DATA

GENERAL

In order to conduct a complete hydraulic, hydrologic, and sediment
movement evaluation of the river, a complete inventory of the study reach was
conducted. The broad types of data required for the hydraulic analysis of
this river system are categorized as: topographic and hydrographic, geologic
and soils, hydrologic, hydraulic and sediment, environmental, and climato-
logical. These individual categories may be further subdivided into specific
data categories as described in the following subsections.

Extensive data are available for both the general study area and specific
index sites within the 141-mile study reach. Except for detailed quantitative
analysis of the sediment routing through the system, the available data are
adequate to evaluate the causes of erosion qualitatively. However, it must be
stressed that without extensive cross-sectional and sediment data, the causal
effects of erosion and the evaluation of comparative variables causing erosion
can only be made subjectively. A complete listing of data used in the follow-
ing analysis may be found in Appendix B, and recommendations regarding addi-
tional data requirements that counld further delineate causes of erosion
quantitatively are presented in Section 9.

¢
N TOPOGRAPHIC AND HYDROGRAPHIC DATA
Maps and Charts
Topographic mapping is available for the study area from the states of
Massachusetts, Vermont, New Hampshire, and also from the U.S. Geological
Survey. Maps from the U.S. Geological survey were used extensively in com-
pilation of river mileages, bank and river form, and general location of four
dam sites within the study area. The Corps of Engineers gathered topographic
information on a semi-annual basis at the following six index sites:
Area Location
147 Newbury, Vermont
51 Hanover, New Hampshire
31 Cornish, New Hampshire
26 Claremont, New Hampshire
301 Dummerston, Vermont
255 Gill, Massachusetts
’ Partial cross sections at areas 147, 31 and 26 orovide excellent repre-
sentation of the types and extent of bank erosion that occurred between November
1975 and May 1976. These partial sections are shown in Figure 2.
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Aerial Photos

Very little extensive aerial photo coverage is available for the study
area; however, some infrared photographs were available for the reach upstream
from Wilder Dam. These photographs were provided by the Cold Regions Research
and Engineering Laboratory at Hanover. The Soil Conservation Service
throughout New Hampshire and Vermont was also contacted regarding the avail-
ability of aerial photographs of the study area. Unfortunately, very little
systematic aerial photographic work appears to have been conducted on the
study reach, though many local erosion sites have been photographed.

Ground Photos

Extensive ground photography is available from about 1900. The Lyme
Historical Society and the Brattleboro Library provided extensive surface
coverage and pictorial presentation of the history of floods and structures
constructed on the Connecticut River. These photographs provided an excellent
source for determining bank conditions during previous years along with some
insight into possible changes in the meandering pattern of the river and its
degree of stability.

In addition to the ground photos obtained from private individuals and
libraries, extensive ground photo coverage on the river itself was provided by
the New England Division of the U.S. Army Corps of Engineers. Within the
study reach, approximately 154 erosional sites were identified by the Corps,
and of these approximately B0 were photographed in detail. Photographs were
taken at the index sites semi-annually. These photographs were used extensively
in delineating erosion types on the river. Additionally, a majority of these
locations were visited over an 18-month period. The last trip to the area was
conducted during September 1978.

Design Charts on Existing Structures, Hydro-Power Facilities, Power Dams,
Revetments, Diversions, and Outfalls.

Extensive data on these topics were provided by power companies,
primarily the New England Power Compiny. Additional data were obtained from
textbooks and historical information on the development of the Connecticut
River. Data provided by the power companies were used in determining dam
height, pool fluctuations, outflow discharges from their generating turbines,
and the original location of the river prior to construction. The precon-
struction maps were also used to delineate the location of the bank erosion
and to assist in determining the effect of the pools upon the various types of
bank erosion.

GEOLOGIC AND SOILS DATA

Extensive geologic, geomorphic, and soil data are available for the study
reach from the U.S. Geological Survey (USGS) and the Soil Conservation
Service. A detailed description of the geology and flood plain soils types at
the lower end of the study reach was provided by R. H. Jahns (1974). The
geology of the Connecticut River Basin can be subdivided into two distinct
periods. The first period is prior to continental glaciation and the second
period follows continental glaciation.




Pre-glacial history of the Connecticut River is quite diverse. Bedrock
of the area consists of heavily folded and faulted metamorphic and igneous
rocks. The metamorphic rocks include phyllites, schists, and gneisses. The
igneous bodies are granite, granodiorite, and quartz monzanite with occasional
intrusions of volcanic materials. The trends of major structural features in
Vermont and New Hampshire are in a north-northeasterly direction. This
coincides with the Connecticut River which probably follows an ancient
drainage way.

Pre-glacial geology .ndicates extensive periods of erosion associated
with the uplift of the Appalachian Mountains near the close of the Paleozoic
Era, and with other periods when the land was emergent. It is assumed that
the present topography was well established prior to continental glaciation,
including a well-developed soil layer with superimposed streams including
their meandering patterns.

Massive continental glaciation wore the topography into the currently
existing subdued forms. Highlands were rounded on the upper side facing the
glacier and steepened on the lower side away from the glacier. Stream valleys
were eroded and smoothed, sometimes into the classic V-shaped glacial valleys.
Ice fronts, lakes and floods also altered the erosional features during and
following glaciation.

The retreating ice redeposited morainal materials over the entire surface
of the area. Stagnant ice blocks and frontal moraines created lakes that
became sites of further deposition. The Connecticut River within the study
area may be subdivided into about 10 depositional areas. Some of these areas
are characterized by morainal deposits while others are characterized by a
combination of lake and morainal deposits. These basins have been partially
formed by water, ice erosion and deposition. Between some of these basins the
river flows through relatively narrow gorges where bedrock controls predom-
inate. This is particularly evident in the Bellows Falls area.

Glacial and post-glacial deposits have a tremendous influence on river
form. Where basins exist, the river formed in glacial and floodplain deposits
consisting of sands, silts, and boulders. However, in some areas, clay
deposits are present and the relatively non-cohesive nature of this material
allows the river to move across the glaciated plane where sufficient area is
available. In some areas the tributary streams influence river form by
pushing the river against the opposite banks from the confluence. Generally,
the geology of the Connecticut River influences the river form significantly
through structure and bedrock conditions and as a consequence of glacial and
post-glacial activity.

The Soil Conservation Service also provided extensive data describing the
type of alluvial material forming the floodplains adjacent to the river.
Additionally, they described the type of material deposited during the
recession of floods when water covered extensive portions of the floodplain.
The data also included sieve analysis. These data have provided insight
into the type of material that the river is capable of carrying during periods
of flood and the source of these materials from the upper valley areas.

In addition, soil core samples were collected and analyzed by the Corps
of Engineers at the index sites where topographic information was taken. In
each case the bhank material primarily consists of stratified, non-cohesive
fine sands and silts.
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HYDROLOGIC DATA

Discharge Records

Discharge data are available for the study area including some of the
tributaries above Turners Falls Dam. The primary discharge stations are
shown in Table 1.

Table 1. Gaging station location, identification,
and period of record.

PERIOD
STATION STATION OF
LOCATION NUMBER RECORD
Wells River, Vermont 01138500 1949 to 1977
White River Junction, 01144500 1911 to 1977
Vermont
North Walpole, 01154500 1942 to 1977
New Hampshire
Vernon, Vermont 01156500 1944 to 1977
Turners Falls Dam 01167000 1915 to 1977

These discharge records were used as the primary source of information
for the tractive force analysis and also for weighing the erosive forces
causing the various types of erosion within the study reach. Average anpual
hydrographs compiled from the available records have been prepared. Figures 3
through 7 show the similarity in the shape of average annual hydrographs at
the five gaging stations listed in Table 1.

A 1974 analysis by the U.S. Army Corps of Engineers, New England
Division, at site 147, analyzed the average annual, average summertime, and
annual peak discharges for 1959 through 1974. Results show that from 1964
through 1968 both the average annual and average summertime flows were low
relative to their respective flows between 1969 and 1974; obviously a result
of the mid-1960's drought. Although the annual peak flows did not exceed
35,000 cfs between 1959 and 1968, this flow rate has been exceeded consider-
ably on four separate occasions. Plots of the results are presented in
Figure 8. Both the normal and the erosive peak discharges have increased
considerably since 1969.

Stage Records

Stage records for the above discharge stations provided additional data
on overbank flow. Also, the stages recorded at the power-generating dams
within the study reach provided additional information on both stage and
variation of stage with time.

Example plots of pool stage versus time at the four power dams are
presented in Figure 9. The curves indicate that the Vernon, Bellows Falls,
and Wilder Pools fluctuate approximately one foot per day. However, the
Turners Falls pool fluctuation is out of phase with the upstream pools and has
a magnitude of fluctuation of 3.5 feet per day. The magnitude of fluctuation
is much larger if a shorter time period is considered (Figure 9).
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In & hydranlic analysis, the New England Division ot the LS. Army Corps
ot kngineers (1976) apploed an ansteady tlow model Lo evaluate the pool stages
with time tor the Wilder Pool dJduring a typical period of operation. The
period from November 1 through 15, 1972 was analyzed because it included both
continuous low flow and high flow periods. In addition, the U.S. Geological
Survey had maintained three water level recording gages on the Wilder Pool
during that period. Data from these gages were used to calibrate the function
coefficients used In the computer model. Pool profiles at two-hour intervals
were calculated using this program and are plotted in Figure 10. In addition,
pool stages at Wilder Dam have been recorded by the New England Power
Company since construction of the project in 1952. Wilder Dam makes flow
releases during weekday power demand periods, usually between 1100 and 1800
hours, and closes for the remainder of the day and on weekends. Figures 11
and 12 -~how the average weekday pool fluctuations during the months of July
and December for several three-year periods. Because hydraulic conditions are
more severe in Turners Falls Pool additional background data are provided.

Turners Falls Pool*

Turners Falls Pool is approximately 20 miles long, extending from Turners
Falls Dam in Massachusetts northward along the Connecticut River to Vernon Dam
in Vermont. The main tributaries to the pool aside from the Connecticut River
are the Millers and Ashuelot Rivers located approximately 4 and 18 miles above
Turners Falls Dam, respectively. The tailrace of the Northfield Mountain
Pumped Storage Project is located approximately 5 miles above Turners Falls
Dam. Normally, inflows due to Vernon Dam discharges vary between 1,000 cfs
and 10,400 cfs during off-peak and peak power demand periods respectively.
The Northfield Mountain Project withdraws water from Turners Falls Pool at a
maximum rate of 12,000 cfs during low demand periods and discharges at a
maximum rate of 18,000 cfs during peak demand periods. Discharges at Turners
Falls Dam range from near zero to about 10,600 cfs during low and high demand
periods respectively. Inflows from the Miller and Ashuelot Rivers vary from a
few hundred cfs to a few thousand depending on time and type of year. These
variations 1n flow cause a very dynamic situation to exist in Turners Falls
Pool that significantly affects bank erosion.

The Corps of Engineers studied several periods of documented historic
flows using the "Gradually Varied Unsteady Flow Profiles" program to help form
a basis for evaluating erosion processes.

During the low flow periods of July 17-22, 1976, conditions in the pool
were less dynamic than at other times. This was due to the limited generation
oc pumping that occurred simply because usable water was not available.
During Northfield pumping operations negative velocities were computed from
the Northfield tailrace to Turners Falls Dam, the maximum being -0.25 fps near
the tailrace with velocities becoming much less nearer to Turners Falls Dam.
Average velocities upstream from the tailrace were increased during pumping
but only reached a maximum of 0.46 fps. Average velocities of this magnitude
are not associated with significant erosion. During generation at Northfield,
flows downstream of the tailrace were nearly double those upstream. The
maximum average velocity, however, was 2.81 fps, which is considered quite
small. Maximum pool fluctuations during this period were about 2.5 to 3.0

*Details regarding the physical system, flows and pool changes were provided
by '.S. Army Corps of Engineers, New England Division.
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Figure 11, Average weekday pool fluctuations at Wilder Dam for July.
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feet. Localized eddy action occurred in the tailrace area as was predicted
by the physical model study of Turners Falls Pool prepared by Alden Labs of
Worcester Polytechnic Institute,

The normal to moderate flow period of September 2-7, 1974 seemed to be
similar to the previous low flow period. Average velocities were slightly
higher with a maximum average velocity of 3.12 fps being calculated during
power generation periods. Maximum average velocities downstream and upstream
of the tailrace during pumping operations were -0.70 and 0.61 fps, respec-
tively. These velocities are not associated with scour erosion but do indicate
that eddy currents and other patterns formed in the tailrace. A maximum pool
fluctuation of over 5 feet was observed on September 3rd. During this period
the pool elevation seemed to undergo its most dynamic fluctuations.

The typical spring runoff period of April 3-8, 1974 was also examined.
During this time interval the Turners Falls and Vernon Dams operated basically
on a run-of-the-river basis. Therefore, their effect on flows is minimal. The
Northfield plant had the most water available for pumping at this time so
considerable water was pumped. Generation also occurred but at lesser rates.
Tractive force analysis was performed at area 255 by the Corps of Engineers
using the same methods utilized at Wilder Dam. With a maximum discharge
of 65,500 cfs (1.6 year return period event) they computed a local tractive
force of 0.09 psf. Using an allowable value of 0.075-0.10 psf, it is readily
apparent that tractive force erosion would occur at vulnerable sites during
the spring freshet event. Pumping operation of Northfield Mountain during
this type of event probably added to the tractive erosion force exerted on the
banks upstream of the tailrace with an opposite effect in the downstream
direction.

The largest typical annual fluctuation in pool elevation occurs during
the spring event. For this particular event the water elevation increased
from 179.3 feet msl at 0600 on April 3rd to approximately 190.4 feet msl at
1200 on April 6th.

Turners Falls Dam was raised by 5.5 feet in 1971 as a part of the
Northfield Mountain Project. Prior to that time it operated similarly to the
three upstream dams. Conditions have dramatically changed since completion of
this project. Soils that were rarely wet are subject to frequent inundation.
Pool fluctuations and variations in discharges and velocities have increased.
In fact, the entire hydraulics of the system has changed.

STAGE-DISCHARGE RELATIONSHIPS

Stage-discharge relationships are available and were studied only to
identify how discharge varies and possible changes with time.

FLOOD FREQUENCY AND DURATION CURVES

Using the above discharge records, flood frequency curves were computed
for the five stations with discharge records.

The flood frequency curves were developed utilizing the conventional
method of selecting the peak discharges for each year, ranking these
dischargrs in descending order of magnitude and then determining the return
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period (Yevjevich, 1972). The resulting frequency curves are slightly
different compared to those determined by the U.S. Army Corps of Engineers,
which are based on the Log-Pearson type 3 analysis as specified by the Water
Resources Council, 1976. The difference is due to the 11 years of additional
data utilized in this analysis (1966 to 1977) and adjustments made in the
Corps data considering the effect of reservoirs. Flood control projects were
assumed removed from the watershed system in the Corps' analysis to represent
preconstruction conditions ("Comprehensive Water and Related Land Resources
Investigation, Connecticut River Basin," Vol. II, Appendix C). Data supplied
by the USGS that were used in this report have not been adjusted in the above
manner. A comparison of the variation in frequency values for two stations
follows.

Peak Discharges (cfs)

Return Adjusted
Station Period Data Unadjusted
Location (yrs) (Corps) Data
White River Junction, 50 110,000 92,000
Vermont
Vernon, Vermont 20 128,000 97,000

The determined frequency curves are presented in Figures 13-17. 1In
addition, flow duration curves were prepared for the five reported gaging
stations having discharge records.

These determined curves included in Figures 18-22 serve as an indicator
of the magnitude and duration of the velocities and tractive forces that
occur.

The effect of reservoirs on flood frequency in the Connecticut River
system is significant, since there are 16 in the system. The flood frequency
curves at White River Junction and at Vernon under natural and reservoir
conditions are given in Figures 23 and 24. The exceedence probability is the
probability at which the peak discharge is greater than or equal to the
selected value. In addition, Figures 25 and 26 show the effects along the
river for the March 1936 and June and July, 1973 floods. These figures
show the general effect is increasingly significant along the downstream
direction. Furthermore, the effects are relatively close for the 1936 and
1973 floods.

CLIMATOLOGICAL DATA

Climatological data within this report are limited to precipitation and
air temperature. Due to the extensive discharge data available for this
study, limited analysis of precipitation was conducted to determine potential
watershed yields within and above the study area. However, extensive rainfall
monitoring on a long-term basis is available and could be used if required for
the determnation of lateral sediment and water inflow from the tributaries
and adjacent watersheds.
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Figure 27 shows monthly total precipitation at Turners Falls for 1964 and
1975. These two vyears correspond to relatively dry and wel years. In
general, the wet period is from .June to September. For comparison, the

monthly mean discharges at Turners Falls in the corresponding years (1964 and
1975) are also given (Figure 28). Comparison between Figures 27 and 28 shows
that the Connecticut River is highly regulated by the system of reservoirs,
indicated by noting that the monthly mean discharges are nearly the same
despite a significant difference in the total monthly precipitation.

The annual total precipitation is a good indication of water availability
in the system. Plots of annual total precipitation at Hanover, Bellows Falls,
Vernon, and Turners Falls Dam are given in Figures 29 through 32. These
figures demonstrate a general trend over the last 12 years toward increased
water availability. According to the study by the U.S. Army Corps of Engi-
neers (1976), the short-term groundwater measurement gages located throughout
the study reach also show a steady rise in groundwater level since 1970.

In addition to precipitation data, wind velocities and directions were
also investigated in a cursory manner to determine the significant effects, if
any, of wind-generated waves within the Connecticut River. A majority of wave
action within the study reach is man-induced through recreational boating and
wind-generated waves; however, neither of these were considered as a signifi-
cant cause of bank erosion within this analysis.

HYDRAULIC AND SEDIMENT DATA

Channel Geometry

The iocations of main channels, side channels, islands, and floodplains
were determined from the available topographic maps and updated by in-field
inspection. Channel geometric parameters of top width, depth, bed slope,
cross-sectional area, and bank height and angle are significant to the types
of erosion observed and the extent of the forces acting upon these types
within the system. The location of bars and the sinuosity of the channel
were also determined from the topographic maps and in-field surveys. The
sinuosity of a river may be expressed numerically as the total river length
in miles divided by the straight line distance between the upper and lower
ends of the study area. The sinuosity of the study reach is approximately
1.38, indicating that the Connecticut River has low to medium sinuosity.
Generally, the meandering pattern is very restricted and the river predomi-
nantly flows as a straight channel.

Within the study reach there are approximately 36 locations at which
divided flow occurs; where islands or bars are prevalent in the main channel.
However, in most of these cases, these islands and bars are small in com-
parative length and do not have any significant influence on the system as a
whole. Of more significance to the flow patterns of rivers are man-made
structures, canals, and power station diversions found predominantly at the
locations of the four power stations sites.

The bed slopes of the river between the four power stations were
determined from available data supplied by the power company and also from
previous environmental impact statement reports that documented the thalweg
levels extensively (Figure 33). However, no data were available pertaining to
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Figure 27. Monthly total precipitation at Turners Falls
in 1964 (dry year) and 1975 (wet year).
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the energy slope for various flow regimes. Above Wilder Dam, energy slope
gradients were prepared for discharge ranges up to 90,000 cfs (Figure 34).

Unfortunately, this was the only area within the study reach where data of
this nature were available.

Throughout the entire study reach there are numerous controls such as
falls, rapids, restrictions, and rock outcroppings that significantly in-
fluence the bed slope of the channel along with the backwater profile irre-
spective of man-made structures. Rock outcroppings are extremely important in
controlling degradation and aggradation of the bed, and consequently determine
the type of erosion in the reaches below these outcroppings.

Channel cross-sectional data are essential for hydraulic and sediment
analysis. Unfortunately, this important data item was insufficient in
quantity and quality. Typical cross sections utilized by the U.S. Army Corps
of Engineers to conduct the tractive force analysis are given in Figure 2.
These cross sections are incomplete considering the whole cross section.
Limited useful cross-section data are available near Bellows Falls (river mile

174.0 to 190.3). A representative cross section based on these data was -~

compiled and is shown in Figure 35.

Sediment Data

Very few data pertaining to sediment exist within the study reach. Size
distribution and material types observed on the floodplains following large
floods were documented extensively by the U.S. Geological Survey and the Soil
Conservation Service. Unfortunately, very few data describing bed material
and bank material exist other than that collected in-field during this study.
As a consequence of the lack of data, very little computation pertaining to
total bed material load, suspended load, or wash load has been conducted on
the river. Some sediment discharge records are available at lower reaches of
the river, but no total sediment discharge data were available within the
study reach. In the computations presented in Section 4, the analysis of bed
material samples collected in the field in conjunction with the U.S.
Geological Survey and the Soil Conservation Service data were used to deter-
mine estimates of the typical total sediment load in different reaches of the
river. Discussions pertaining to recommendations for continuing sediment
monitoring of the system are presented ia Section 8. The distribution curve
for the bed material sample taken one mile upstream of Wilder Dam is given in
Figure 36. The sampling location is in the lower pool area. The bed material

sampled 1is probably material transported in the natural river reach and
deposited in the pool area.

Scour and Aggradation Areas

Due to the lack of long-term cross-sectional data throughout the study
reach, very few records pertaining to bed scour and aggradation are available.
As can be expected downstream of. rock outcroppings and falls, the bed is
predominantly granitic rock. Very little aggradation was observed during the
in-field data collection at the time of low pool levels throughout the study
reach. However, it 1is possible. that s1gn1£1cant aggradation of fine
materials may be occurring within the system, especially at the back of the
power station dams. Unfortunately, no data are available to confirm this,
Recommendations regard1ng the establlshment of cross-sectional studies within
the river are made in Section 8.
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Groundwater Data

The USGS has mapped some of the groundwater table within the study area
and the monitoring of specific locations is continuing. In addition, the
Corps of Engineers has monitored the groundwater table at six index sites.

At area 51 two continuous recording piezometers were installed to monitor
groundwater fluctuations in relation to river stage. A cross-sectional
schematic of this installation is given in Figure 37.

Some of the resulting piezometric data have been plotted in relation to
river stage, and the resulting graphs over time reveal a near-zero lag time
between river stage peaks or troughs and piezometer head peaks or troughs.
This is primarily due to the nature of the bank material and the proximity of
the recorders to the river bank. In general, piezometer readings are clesely
related to the variation in river stages and represent the inflow-outflow
water movement within the banks. Very little difference in the groundwater
level is observed between the two piezometer records.

Ice Occurrence and Relevant Data

As with sediment discharge data, very few specific ice formation data
are available for the river. There have been some local observations of the
period when ice starts to form on the river, when it begins to melt, and the
thicknesses at various locations within the study reach. Unfortunately, no
specific data on a long-term basis were collected or estimated for the area.
Recommendations regarding the collection of data on ice occurrence, thickness,
and volume are made in Section 8.

ENVIRONMENTAL DATA

Inspection of all available data pertaining to forest land, vegetation
types, wildlife, fish habitat, turbidity of the water related to fish life,
water quality, and water temperature was made during the study of the
Connecticut River. Extensive discussions were conducted to investigate the
effects of vegetation on bank stability and the possible problems that would
result upon the removal of this vegetation. Most of the data pertaining to
the environment were collected from previous environmental impact statements
prepared by the power companies and other agencies, and during in-field
inspections and associated discussions with people owning property bordering
the river. Water temperature data were also available for inspection at some
locations within the river, but most of these data were randomly sampled and
no long-term water temperature data were available except at the Yankee
Nuclear Power Plant.

SUMMARY

Characteristics of the Connecticut River are summarized below.

1. The Connecticut River is highly reguiated by a system of reservoirs
that reduce flood peaks, resulting in significant effects
downstream.

S
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There is a general tendenvy for pool tluctuations to increase with
time due to increasing power demands.

Pool fluctuations are significant and continuous which adversely
affects bank stability.

Pool fluctuations are small compared to natural changes in stage.

The past few years have been relatively wet, and consequently the
supply of water has increased. This increase in water supply and
the storage effect of the reservoirs has caused the groundwater
level to rise. Additionally, increases in soil saturation may
increase mass wasting of the banks.

The wind-wave-induced erosion is not significant. Boat waves are
perhaps more important. The current data base is not adequate to
quantify erosion caused by boat waves.

Observed erosion sites are less frequent in the pools than in the
natural river indicating that the natural river reaches are more
susceptible to erosion than pool reaches.

Hydraulic properties such as depth, velocity, energy slope, width,
and sediment transport capacity are different for each reach and are
dependent upon location within the reach.

Sediment and cross-sectional data are the two most important data
gaps preventing a quantitative analysis of the Connecticut River.
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SECTION 3

CAUSES OF BANK EROSION

REVIEW OF LITERATURE

A comprehensive literature review on the causes of bank erosion and
sediment transportation and deposition along the Connecticut River was
conducted. Based upon this review, a comprehensive annotated bibliography was
developed by Simons, Andrew, Li and Alawady (1979) and presented as a separate
report. This bibliography consists of annotated references, unannotated
references, and a listing of reports that are indirectly important in the
analyses of river bank erosion problems. It should be noted that the annota-
tions are selected statements from the authors' abstracts. The reports and
publications reviewed include those that analyze erosion based upon laboratory
studies, field studies, physical models, mathematical models, and empirical
and mathematical investigations of forces causing erosion, and of erosion
problems in general.

It should be further noted that the references cited are not limited to
the Connecticut River. Most of the physical processes governing the magnitude
of bank erosion are active under most river conditions. Hence, even though
the literature search was oriented to determine the extent of knowledge
pertinent to erosional problems for the Connecticut River, because of the
commonality of many forces causing erosion in all climates, the reference
material presented is all-inclusive. With respect to the completeness of the
literature search, it should be stressed that even using computer search
techniques, a complete listing is not possible. Undoubtedly, many open file
reports, reports published abroad, theses, dissertations, and consultant
reports have not been identified because they are not available in libraries
or otherwise accessible. Nevertheless, it is believed that most of the
important references have been identified.

An important reference cited in this study is "interim Report to
Congress, September 30, 1978--Section 32 Program--Streambank Erosion Control
Evaluation and Demonstration Act of 1974." This report documents that the
United States contains nearly 3.5 million miles of channel and that erosion is
occurring on over half a million miles of bank lines. In recognition of the
serious economic losses due to bank erosion, the U.S. Congress passed the
Streambank Erosion Control Evaluation and Demonstration Act of 1974 (Appendix
€C). This act authorizes a 5-year program that will cost the taxpayer many
millions of dollars. The study consists of an updated analysis of the extent
and seriousness of streambank erosion.

The scope of the program includes the following work units.

1. Evaluation of extent of streambank erosion, nationwide.

2. Literature survey and evaluation of bank protection methods.

3. Hydraulic research on effectiveness of bank protection methods.
h. Research on soil stability and identification of causes of

streambank erosion.
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5. Ohio River demonstration projects.
6. Missouri River demonstration projects.
7. Yazoo River Basin demonstration projects.
8. Demonstration projects on other streams, nationwide.
9. Reconstruction at demonstration projects.

10. Reports to Congress.

Note that Item 4 deals with identification of causes of streambank
erosion. As a part of the review of literature for this study and other
related work the writers visited many of the demonstration sites and have
participated in meetings, workshops and field trips dealing with bank erosion
along many rivers throughout the United States, including the Connecticut
River, the Mississippi River, the Missouri River, the Des Moines River, the
Ohio River, Goodwin Creek, etc. Little progress has been made thus far
regarding quantification of the specific causes of erosion. Hence, it is
necessary for this study to proceed with very limited information from other
sources regarding details of man-induced and natural erosional processes,
their wwpacts on erosion rates and prediction of erosion, process by process.

VAKIABLES AFFECTI..G RIVER CHANNELS

The targe number of wvariables that affect channel geometry, channel
«Lab1lity, bed forms in sand bed and gravel channels, and velocity are inter-
dependent. Some of the variables change with the flow conditions and alter
their roles from dependent to independent voriables. It is difficult,
cspecially in field studies, to differentiate between the independent and
dependent variables.

Simons and Richardson (1965) reported a comprehensive study of variables
attecting vesistance to flow, flow characteristics, their dependence and
indepeadence, and the conditions in which a dependent variable becomes inde-
prndent, or the reverse.

The principle variables involved in the analvsis of flow in alluvial

.nannels are:
£, (U, d, S, p, ¥, 8, D, 0, p, Sp, S, S fs) =0 (3-1)
here
U = average velocity of flow,
d = average depth,
‘ SE = slope of the energy grade line,
p = density of water,
s
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B = dynamic viscosity of the water,

g = gravitational acceleration,

D = representative fall diameter of the bed material,

0 = measure of the size distribution of the bed material,
Py = density of sediment,

SP = shape factor of the particles,

Sr = shape factor for the reach of the stream,

SC = shape factor for the cross section of the stream, and
f = seepage force in the bed of the stream.

In Equation 3-1, fluid viscosity p and particle shape factor S_ can
be eliminated if the fall velocity of the bed material w is included Bn the
list of variables, changing Equation 3-1 to

U= f2 (d, SE’ P pS’ g, D, o, w, Sry Scs fS) . (3-2)

The role of each variable and its relative importance are discussed in the
following sections.

<

Depth

In the natural river system depth is an important indicator of: (1) the
size of the channel, (2) the stability of the banks (width-to-depth ratio},
and (3) the shear stress exerted on the channel boundary by the flow. For the
natural system the width-to-depth ratio was relatively small, indicating
greater than average channel stability. With the construction and operation
of the hydropower dams, the usefulness of depth as an indicator of shear
stress and channel stability is limited. It can be concluded, then, that in
the present system the depth is artificially increased, the velocity of the
flow is reduced, deposition of sediment is encouraged during periods of low
flow and with greater wetted bank height the zone of erosion is shifted
landward. Also, the forces causing erosion act on new bank materials that
were previously only subjected to erosive forces during periods of flooding.
Hence, the usefulness of depth as an indicator of channel behavior is limited
and must be used with caution when interpreting bank stability and designing
bank protection works.

Slope

The slope of the energy gradient plays an extremely important role in the
hydraulics of river channels. Slope is utilized in velocity equations such as
the Manning equation to estimate average velocity, and it is utilized in the
tractive force equation, T = pgdS,, to estimate the tractive force exerted on
the bed and banks of open channels. The magnitude of the energy gradient has N
been altered by the low head hydropower dams. Hence, to obtain a meaningful i
value of slope of energy gradient, it is necessary to define it as the slope

2

of the imaginary line located a distance equal to the velocity head ¥§ above
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the water surface. In summary, the analysis of the stability of the system
must consider the changes imposed on the slope of energy gradient by the
systems of dams. The system no longer operates as a free-flowing alluvial
channel. Its energy gradient and the velocity have been reduced except for
those reaches above the influence of the pools. Hence, as with depth one must
proceed with caution when utilizing hydraulic and similar relations to inter-
pret the stability of the channel.

Density

The density of a sediment-water mixture can be computed from the relation
(Simons and Senturk, 1977)

Y s (3-3)
P, =y T - o
s ¥y - Clyg - )
where p is the density of a sediment-water mixture and C is the

concentration of the suspended sediment by weight expressed as a p%rcentage.

The density of the water-sediment mixture increases with increasing
concentrations of suspended sediment. Hence, during periods of flooding the
specific weight, y, can be increased by the suspension of sediment, and this
specific weight should be used in the tractive force equation to estimate the
boundary shear stress.

Effects of the physical size of the bed material on bed configurations
and resistance to flow include: 1) its influence on the fall velocity that
1s a measure of the interaction of the fluid and the particle in the formation
ol the bed configurations, 2) its effect as grain roughness, and 3) its effect
on the turbulent structure and the velocity field of the flow. The first
eftect is of great importance in combination with the characteristics of flow
and tluid. These factors largely determine the different bed forms.

Gradation of Bed Material

The gradation of the bed material has a significant effect on bed form.
iraranandana (1962) reported that bed forms of uniform sand are more angular
and have considerably larger resistance to flow than graded sands with
identical median fall diameters. Sentiirk (1976) showed that an increase in
l)35/[)65 increases the resistance for a dune bed and decreases resistance for a

ripple bed.

Fall Velocity

Fall velocity is the primary variable that determines the interaction
between the bed material and the fluid. For a given depth and slope, it
significantly affects the bed form that will occur, the actual dimensions of
the bed form, and except for the contribution of the grain roughness, the
resistance to flow. With an increase in fall velocity there must be an
increase in the product of depth times slope (that is, shear stress) for the
bed to change from a static plane to ripples or dunes, or from dunes to a
plane bed and antidunes.

am Rode
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The parameter f given by Sentiirk (1976) includes the fall velocity and
can be written as

=

szL.ﬁéé._g.w_.g_z (3-4)
65 35 s 6565
(2282
If only w 1is a variable, an increase in its value causes: 1) an

increase in the resistance for a dune bed, 2) a decrease in the resistance for
a ripple bed, and 3) a change from ripples to dunes. If the bottom is a
plane, an increase in wD/v first decreases the resistance to motion and
slightly increases it afterwards.

Shape Factor for the Reach and Cross Section

The shape factor for the reach and cross section enters into the analysis
because of the nonuniformity of a reach and cross section in a natural stream.
The shape factor for a reach of channel affects the energy losses. This is
due to bends and banks and the effect of the shape factor on the velocity
distribution, boundary shear stress, and secondary circulation. The shape
factor for the cross section has a similar effect across a channel section
causing variations in velocity, width, depth, and boundary shear stress.
Variations of these variables and combinations of variables cause multiple bed
roughness in the channel section. Detailed knowledge of these factors in
natural channels is quite limited

Bed and Bank Material

Resistance of a river bank to erosion is closely related to the
characteristics of the bank material. The characteristics of the material
forming the banks of rivers are highly variable. Bank material deposited inm
the river can be broadly classified as cohesive, noncohesive, and stratified.
The cohesive material is more resistant to surface erosion and has low perme-
ability that reduces the effects of seepage, piping, frost heaving, and sub-
surface flow on the stability of the banks. However, such banks when undercut
and/or saturated are more likely to fail due to mass wasting processes such as
sliding.

The noncohesive bank material tends to be removed grain by grain from the
bank line. The rate of particle removal, and hence the rate of bank erosion,
is affected by factors such as the direction and magnitude of the velocity
adjacent to the bank, the turbulent fluctuations, the magnitude and fluctu-
ations in the shear stress exerted on the banks, seepage force, and piping and
wave forces, many of which may act concurrently.

The stratified banks are very common on alluvial rivers and generally
are the product of past transport and deposition of sediment by the river.
More specifically, these types of banks consist of layers of materials of
various sizes, permeability, and cohesion. The layers of noncohesive material
are subject to surface erosion, but may be partly protected by adjacent layers
of cohesive material. This type of bank is also vulnerable to erosion and
sliding as a consequence of subsurface flows and piping. To better understand
the erodibility of stratified banks in general, a physical model of such a
bank was constructed in the Hydraulics Laboratory at Colorado State University
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and subjected to both short- and long-term changes in stage and wave action to
simulate activity by wind and/or boats. The model consisted of a tank within
which bank erosion caused by changes in pool level, water waves and piping
could be observed and evaluated. The testing procedure was conducted in the
system illustrated in Figure 38. The tests conducted were as follows:

1. The pool level was raised and loweroed frequently to simulate pool
level changes.

2. The water in the tank was displaced to form a wave that attacked
the bank. The effects of a sequence of many waves were observed.

The response of the bank to changing stage was removal of some of the
permeable material in Zone 1. This material was carried riverward as the pool
level was lowered. In time sufficient granular material was eroded that the
block of bank material above Zone 1 tilted downward, opening a vertical
tension crack (Figure 39). When the bank line was subjected to wave wash
after the initial failure signified by the settling down of the block of bank
material and the development of the tension crack, the bank line geometry
developed as shown in Figure 40. After achieving this geometry, the erosion
rates became small, indicating that the channel was achieving some level of
stability.

it was not possible with the system to subject the bank to erosion by
flowing water. However, if it had been possible, one would expect the flowing
water to ero's the lower and upper bank landward setting the system up for a
second cycle of erosion unless the lower bank was stable, preventing landward
erosion. The observed bank erosion resulting from these laboratory actions
was compared with bank erosion observed in the field where bank lines were
subjected to varying forces including boundary shear stresses. By this means
it was possible to gain insight into the relation between the erosion caused
by the tractive force and erosion caused by changing stage and wave action.

The bed material affects bank erosion indirectly. For example, if the
bed is eroded, lowering the bed level adjacent to the banks, a higher unsup-
ported bank results that is more susceptible to undercutting and failure.
Also, the bank is more susceptible to seepage and piping because additional
lenses of erodible, noncohesive material may be exposed in the bank. Inflow
and outflow of water through the more permeable layers causes piping. This
action weakens the bank, allowing partial slumping, sliding, and consequently,
an increase in the rate of bank erosion. Conversely, in an aggrading reach of
river, the accumulation of bed sediments can increase the local energy
gradient, increase the velocity of the flow, and subject the bank line to
large shear stress and larger velocities that complement accelerated bank
erosion. In addition, the movement of bed material is related to the bed
forms and bars that form on the beds of rivers. These roughness elements
affect the resistance to flow, velocity and velocity distribution, and hence
have an important effect on bank erosion. As cited before, the accumulation
of bed sediment in the form of bars causes a displacement of the flow. For
example, the forming of an alternate bar adjacent to one bank forces the water
towards the opposite bank, increasing the velocity of the flow and shear
stress attacking the bank (Figure 41). These alternate bars form in all
straight and relatively straight reaches of alluvial rivers and canals where
transport of bed material occurs. The formation, movement and effect of these
bars have been documented by Simons and Sentiirk (1977) and others. The ampli-
tude of these alternate bars decreases with decreasing width-depth ratios.
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Subsurface Flow

The banks of alluvial rivers experience varying degrees of flow. Forces
that cause the movement of water through the bank material may be generated by
several factors:

1. On the rising stage a gradient develops, sloping from the river
charnel into the bank material. On the falling stage the energy
gradient reverses direction and water moves through the banks toward
the river channel decreasing the stability of the bank.

2. If the water table is higher than river stage, flow will be from the
banks into the rive. The high water table may result from many
conditions: a) a wet period during which water draining from

adjacent watersheds saturates the floodplain to a higher level, b)
poor drainage conditions resulting from deterioration or failure of
draipnage systems, c) increased infiltration resulting from changes
in land use causing an increase in water level, and d) development
of the adjacent floodplain for homes and businesses that utilize
septic tanks and leach fields to disposs of waste water and sewage.

3. In general, the storage and release of water for hydropower
generation causes numerous fluctuations in river stage. These
changes in stage, even though relatively small, cause flow
conditions in the banks as described in the first paragraph.

4, Wind-waves cause local variations in stage that introduce inflow and
outflow of water from the banks. However, because the duration of
the change in stage is small, the inflow and outflow phenomena are
usually concentrated locally in the surface of the banks.

5. Boat-generated waves have an effect similar to wind-waves, but the
chararteristics of the waves generated are different. This
difference must be considered when comparing bank erosion caused by
wind- and boat-generated waves.

6. The formation and loss of backwater caused by ice flows and ice jams
lead to seepage into and out of the banks.

The presence of water in the banks of rivers and its movement toward or
away from the river affect bank stability and bank erosion in various ways.
The related erosion of banks results as a consequence of seepage forces,
piping, and mass wasting.

With flow of water from the river into the adjaceut banks, a stabilizing
seepage force is generated. Rivers that continuously seep water into the
banks tend to have smaller widths and larger depths for a particular dis-
charge. The reverse is true of the rivers that continuously gain water by an
inflow through their banks. The inflowing water creates a seepage force that
makes the banks less stable. This condition was verified by laboratory tests
at Colorado State University (Karaki, 1968).
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Piping of River Banks

Piping is another phenomenon common to the alluvial banks of rivers.
With banks that are stratified, i.e., with lenses of sand and coarser material
sandwiched between a layer of finer cohesive materials, flow is induced in
more permeable layers by changes in river stage and, to some degrees, by wind-
and boat-generated waves. With a rise in river stage, a gradient is developed
that induces flow into the more permeable lenses of the banks. As the stage
drops, the energy gradient is reversed and significant flow occurs toward the
river in the more permeable lenses. If the flow through the permeable lenses
is capable of dislodging and transporting particles from the permeable lenses,
the material is slowly removed, undermining portions of the bank. Without
this foundation material to support the overlying layers, a block of bank
material drops down and results in the development of tension cracks that may
allow surface flows to enter, further reducing the stability of the affected
blork of hank material. Bank erosion may continue on a grain-by-gisii vasis
or the block of bank material may ultimately slide downward and outward into
the channel causing bank failure as a result of a combination of seepage
forces, piping, and mass wasting.

Bank Stability with Respect to Mass Wasting

An alternate form of bank erosion is caused by local mass wasting. If
the bank becomes satnrated and possibly undercut by the flowing water, blorks
of the bank may slump or slide into the channel. A graphic illustration of
typical mass wasting is shown in Figure 42. Mass wasting may be further
aggravated by construction of homas on river banks, operation of equipment on
the floodplain adjacent to the banks, added gravitational force resulting from
trees, lecation of roads that may cause unfavorable drainage
conditions, saturation of banks by leach fields from septic tanks, and
increased infiltration of water into the floodplain as a result of changing
land vuse practices.

Landslides, the downslope movement of earth and organic materials, result
from an imbalance of forces. Various forces are involved in mass wasting.
These forces are associated with the downslope gravity component of the slope
mass. Resisting these downslope forces are the shear strength of the earth's
materials and any additional contributions from vegetation via root strength
or man's slope reinforcement activities. When a slope is acted upon by a
stream or river, an additional set of forces is added. These forces are
associated with removal of material from the toe of the slope, fluctuations in
groundwater levels, and vibration of the slope. A slope may fail it stable
material is removed from the toe. When the toe of a slope is removed, the
slope loses more resistance by buttressing than it does by downslopi gravita-
tional forces. The slope materials may then tend to move downward into the
void in order to establish a new balance of forces or equilibrium. Often-
times, this equilibrium is a slope configuration with less than original
surface gradient. .The toe of the failed mass can provide a new buttress
against further movements. However, if this buttress is removed by stream
erosion, the force equilibrium may again be upset.  For slope toes acted upon
by erosive stream water, the continual removal of toe material can upset the
force balance.

A characteristic of st;eams and bank slopes is the stream's influence on
groundwater levels in the slope.  During high flow the stream is often
influent into the banks. During low flows.or when the stream level drops,
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water tlows trowm Che bank into the stiecam. o the tormer cane, the autlowing
water acts as a positive force in providing groundwater tlow into the bank.
In the latter case, when groundwater flow is away from the bank into the
rivers, there is a reduction in bank stability. Ancther influence of stream
activity on slope stability is through mechanical vibration of the slope mass
through wave flow impingement or by striking with floating objects such as
trees or ice. Although probably a minor influence, continual vibration may
alter slope properties to enable other forces to produce failure. The above
effects indicate why bank landslides often occur following a drop in river
level. The high river level may erode the slope toe causing unfavorable
groundwater conditions. In addition, vibrations during high water may cause
small but important changes in the slope.

FORCES CAUSING BANK EROSION

Erosion of river banks occurs when the net result of all forces acting on
the erodible material exceeds the net result of all forces tending to hold the
material in place. The principal factors causing erosion of river banks are
outlined below.

Variables Causing Bank Erosion

I. Hydraulic Parameters
A. Fluid Properties

I. Specific Weight
2. Temperature/Viscosity

B. Flow Characteristics

Discharge

Duration

Frequency

Velocity

Velocity Distribution
Turbulence

Shear Stress

Drag Force

Lift Force

Momentum Force

OO OOV W~

—

[I. Characteristics of Bed and Bank Material

A. Bed Material

1. Size

2. Gradation

3. Shape

4. Specific Weight
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B. Bank Material

Size

Gradation

Shape

Specific Weight

LSRN S Iy

ITI. Characteristics of the Banks

A. Noncohesive
B. Cohesive

C. Stratified
D. Rock

E. Height

IV. Subsurface Flows
A. Wave Forces
B. Seepage Forces
C. Piping
V. Wind Waves
A. Wave Forces
B. Surface Erosion
C. Piping
VI. Boat Waves
A. Wave Forces
B. Surface Erosion
C. Piping
VII. Climatic Factors
A. Freezing
1. 1Ice Thickness
2. Duration

3. Frequency and Duration

B. Thawing
C Permafrost

VIII. Biological Factors

A. Vegetation

1. Trees
2. Shrubs
3. Grass

B. Animal Life

”
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IX. Man-Tnduced Factors

Floodplain Development
Recreational Boating

A. Pool Fluctuations Caused by Power Generation
B. Agricultural Activities

C. Mining

D. Transportation

E. Urbanization

F. Drainage

G.

H.

EVALUATION OF FACTORS AND FORCES CAUSING EROSION

Hydraulic Factors

There are several hydraulic factors that affect the stability of banks.
Water has specific properties that relate to hydraulic forces acting on the
banks of rivers, including the specific weight and temperature or viscosity of
the fluid. Both of these properties are affected by suspended sediment. The
presence of suspended sediment in the flow increases the specific weight of
the water-sediment mixture and ipcreases its apparent viscosity. These
characteristics of the flow directly effect the velocity, velocity distri-
bution, shear stress, and consequently, the rate of erosion of channels.

Considering the water discharge, several aspects are important in the
evaluation of bank stability. In general, a channel achieves a
pseudo-equilibrium over time so that during periods of low flow there is
little erosion, and the channel and segments of the banks may even experience
accretion. During periods of intermediate river flows some bank erosion and
some deposition occur. In this range of flows the dynamic processes that
form rivers are apparent. With major flood events, major bank eresion occurs.
Comprehensive literature surveys reveal that numerous experienced engineers
and geologists have concluded that 90 to 99 percent of all significant bank
erosion occurs during major flood events. These observations are not based
upon concept or theory, but on field observation. Examples regarding the
importance of water discharge and duration of major flows can be found in
publications by Schumm, 1977 and Simons and Sentiirk, 1977. In analyzing flow
conditions in channels, it is obvious that the magnitude of the discharge in a
given river system is an important factor affecting bank stability.

The duration of a particular discharge is even more important than the
magnitude, except for very large floods such as those that occur infrequently
during periods of intense rainfall and/or snowmelt, and flows associated with
the failure of both natural and artificial obstruction, such as dams and ice
jams. For example, the 1973 flood on the lower Mississippi caused significant
channel modifications including several new divided flow reaches. This flood
had a 30-year frequency considering magnitude and about a 90-year frequency
considering flow duration.

Channel Geometry

Channel geometry affects many of the forces causing bank erosion. Also,
the geometry of the cross section of a river is an excellent indicator of its
erodibility and stability. In general, the Connecticut River is relatively

S A1
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stable as shown by  Figures 43, 44, and 45 which indicate the width, depth,
and width-depth ratio with discharge for several alluvial rivers. For the
Connecticut River, when the width is less, depth is greater, and the
width-depth ratio at flood stage is larger than for most other alluvial
rivers.

The reasons for the greater stability are: 1) relatively uniform flow,
2) presence of geologic controls, 3) bank line vegetation, and 4) bank
materials which are relatively resistant to erosion. Nevertheless, the
erosional processes are active. About 20 percent of the bank line is
experiencing some form of erosion. Figure 46 shows a natural cutoff that
occurred on the Connecticut River. In rivers of this type, geomorphologists
and engineers have documented that the outside banks will annually erode
landward a distance about equal to the depth of flow. This is a general rule
of thumb based upon averaging observed rates of bank erosion on many alluvial
rivers. There are large deviations from the approximation when one considers
specific sites.

Velocity

Velocity, velocity distribution in the cross section, and velocity
fluctuations are closely related to discharge and are majo- variables causing
river bank erosion. The average channel velocity can be estimated using
relations such as those proposed by Manning (1891), Simons and Sentlirk (1977),
and others. Referring to the Manning equation,

2/3

_ 1.486 1/2

U o (3-5)

R S

From this equation, it can be noted that velocity is significantly affected by
the resistance to flow n that varies with stage, the hydraulic radius R,
and the slope of energy gradient S.

The velocity is not uniform across the river channel. .n long straight
reaches the thalweg meanders from side to side and is stronger near one bank
than the other causing local erosion depending on the characteristics of the
bank material and the position, strength, and duration of the thalweg. The
thalweg position changes with discharge, time, sediment load, bank character-
istics and location, and as a consequence of past erosion and deposition.

In bends of rivers, the flow impinges strongly on the outside bank
subjecting it to erosion, the magnitude of which depends on the velocity,
velocity distribution, shape of the channel, and characteristics of the bank
material.

Tractive Force

The tractive force of concern is the drag force exerted by the :
impingement of flowing water and sediment on the banks. The tractive force is ;
related to the velocity. Either velocity effects or tractive force effects i

can be considered, but it is not necessary to consider both. To illustrate My
the relation between velocity U and tractive force T, '
u = 1386 R176 g (3-6)
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Figure 46. Photograph showing natural cutoff.
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y = 1886  p1/6 1 \Rg (3-7)
1/2
ny
since
T = YRS
Therefore,
u = 1486 Ql/6 /o (3-8)
1/2
ny
and
toa Ul (3-9)

Hence, T is a more sensitive indicator of bank erosion than velocity. The
tractive force was used by the U.S Army Corps of Engineers in their analysis
of bank erosion along the Ohioc River.

Drag and Lift Forces

The basic equations utilized to estimate fluid lift and drag acting on a
particle or an object are

U2
U2
FL:CL pA‘z—g (3'11)

Because of the similarity of the two relations, only one (usually the
expression  for fluid drag) is utilized to evaluate particle stability.
However, recent studies show that to evaluate particle stability, both forces
should be considered (Samad, 1978). This is particularly true when designing
riprap protection for river banks.

Momentum

As water and sediment, ice and other moving objects are stopped or
deflected by the river bank, bridge piers, dams, revetment works, and dikes,
the mass in motion exerts a force on the object, stopping or altering its
course. This force is equal to the product of the mass of the flowing or
moving object multiplied by its change in velocity. Consequently, water and
ice can exert significant forces on river banks and hydraulic structures,
often causing partial or even total failure. For example, if a cake of ice
weighing 3220 pounds moves at a velocity of 6 fps and is stopped by the bank
or another structure within one second, it exerts a momentum equal to
wW/g (Av) = 3220/32.2 (6) = 600 lbs. With ice movement, debris, and large
flows, forces resulting from their interaction with the bank line can cause
accelerated erosion, damage to vegetation, and possible loss of bank pro-
tection works. It is particularly difficult to design bank protection works
that will economically withstand the ravages of ice and ice flows. The riprap
can actually be rafted off the banks by ice that has become attached to it as
a consequence of the freeze-thaw-flow process.
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Wind Waves

The wind exerts drag or stress on the water surface and this force
generates waves. The magnitude and frequency of the wind generated waves are
dependent on wind velocity, duration of the wind, fetch distance that is a
function of the direction of the wind, orientation and surface area of the
exposed water surface, depth of the water, and other minor variables.
Relatively narrow channels with trees on the banks, more or less incised in
the floodplain or located between nearby bluffs or hills, are normally insig-
nificantly affected by bank erosion caused by wind-generated waves.

Wind-waves are generated by the interaction between the air and the water
where they interface. The amplitude of these surface waves are a function of
wind velocity, fetch distance, depth of flow, and boundary effects. More
specifically, fetch distance is the distance over which the wind can interact
with the open water to produce waves.

Wave heights on lakes can be predicted using Equation 3-12 (U.S. Army
Coastal Engineering Research Center, 1973) as

0.0125(5-213)0'42

2 ; -
Ho= 0283 = ranhf0.578 (B0 ) tanh ——E— (3-12)
& u tanh [0.578(55)" "]
U
where H = height of wave from crest to trough,
U = wind speed,
g = gravitation and acceleration,
F = fetch length, and
d = the water depth.

Figures 47, 48, 49 and 50 were developed from Equation 3-12 to determine wave
height. It is interesting to note the importance of fetch distance in these
charts. Assuming that wind speed is equal to 20 mph = 29.3 fps, fetch is
equal to 1 mile = 5280 feet, and depth is equal to 20 feet, the wave height
can be calculated from Equation 3-12 as

2 , 0.75
H = 0.283 g%g.g) tanh 0.578 35;3—5-%9
. (29.3)
32.2 x 5280 0-%2
canp 0:0125 79,3
32.2 x 20 0+ 73
tanh 0.578 ——4———5——
29.3 )
= 0.283 x 26.7 x tanh [0.466]
P T TP P Py .z — -
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Figure 47, Forecasting curves for shallow-water waves—-constant
depth = 5 feet (after U.S. Army Coastal Engineering Research
Center, 1973).
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Figure 43, Forecasting curves for shallow-water waves--constant

depth = 10 feet (after U.S. Army Coastal Engineering Research
Center, 1973).
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Figure 49. Forecasting curves for shallow-water waves—-constant
deptn = 15 feet (after U.S. Armyv Coastal
Engineering Research Center, 1973).
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Figure 50, Forecasting curves for shallow-water waves--constant
depth = 20 feet (after U.S. Army Coastal
Engineering Research Center, 1973).
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L 0n1s
tan tanh [0.466]
= 7.56 x 0.435 x tanh O-1P2
0.435
= 7.56 x 0.435 x 0.258 = 0.849 feet (3-13)

Approximately the same wave height can be estimated from Figure 49, i.e., H
is equal to 0.94 feet.

In general, wind-generated waves are small on the Connecticut River, but
during periods of strong winds the waves have sufficient energy to erode
exposed bank lines downstream of long fetch distances, resuspend fine
sediment in the shallow areas, and possibly adversely affect bank vegetation.
Wind-waves are, however, a relatively insignificant cause of bank erosion on
the Connecticut River in the reach under consideration.

Boat Waves

The surface waves generated by boats are quite different from those
generated by the wind. A review of the literature has identified the
existence of considerable data pertinent to the evaluation of effects of
boating in rivers. The waves thus generated can significantly affect bank
stability depending on the size, shape, and speed of the boat, the frequency
of boating, and the location or position of the speeding boats relative to the
channel banks. For example, Bhowmik (1968) stated that in order to reduce
wave damage to river banks and bank protection works, a no-boating zone at
least 100 feet wide should be established adjacent to each bank.

As with wind-generated waves, relations are available from which the
characteristics of boat-generated waves can be estimated for a wide range of
conditions. In fact, detailed measurements of waves generated by boats were
gathered during 1976 and 1977 on the Ohio River. The boats utilized ramged
from pleasure crafts to large barges; the latter is not relevant to the impact
of boating on the Connecticut River.

Erosional processes caused by boat waves are similar to those caused by
wind-waves. The principle causes of erosion are:

1. The impact of the wave on the bank,

2. The wave wash on the bank caused by the wave riding up the bank and
then running back down the bank line into the channel, and

3. The rise and fall of the water surface causing an increase and then
decrease in water surface elevation. Even though this change in
elevation occurs rather quickly, the wave phenomenon causes a
measurable inflow and outflow of water in the permeable zones
sandwiched between less permeable layers of bank material. This
surging flow can cause piping to occur that weakens the bank, there-
fore increasing failure, as described previously.
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Climatic Factors

The climatological region encompassing the Connecticut River experiences
a wide temperature range during the year. During the winter months the banks
of the river are subjected to freezing, subsequent thawing, and ice effects.
During the freeze-thaw cycles, portions of unprotected banks may be subjected
to frost heaving. This is a phenomenon involving the exposed surface layer of
the banks. The uppermost layer of the soil freezes including the water in the
pores. Below the surface layer the bank materials may be coarser or finer.
If finer, the pore spaces are smaller. The water in the smaller pores freezes
at a lower temperature and water moves to the freezing line where a layer of
ice is formed. This ice layer grows with time, pushing the overlaying layer of
soil upward. As the soil thaws it settles back toward its original position
in a loosened state that is easily eroded. On an inclined bank, the formation

of ice layers thrust the overlaying bank material outward. When thawing
occurs, the loosened and displaced material can slump, slide, or fall down the
bank. Theoretically, one freeze-thaw cycle can cause displacement of the

soil. However, Heidmann (1974) utilized time-lapse photography to show that
heaving of soils is wusually the result of a series of freeze-thaw cycles.

Heaving of pure kaolinite clay is shown in Figure 51. Heaving of soils
is a function of:

1. The rate at which water flows to the freezing front in the soil
depending on pressure differences resulting from supercooling of the
soil water,

2. Permeability of the soil that determines the rate of flow of water
in the bank material (soils most susceptible to heaving are in the
silt range),

3. Soil particle size which influences permeability and pore size, and

4. The nature of the particles (colloidal-sized «clay materials
segregate very little during freezing and thawing cycles).

If there is a justifiable need, frost action can be controlled to some
degree by utilizing dispersing agents, waterproofing agents, cementing agents,
salts, and nucleating agents. In general, mitigating frost heaving involves
reducing the freezing point of the soil water, reducing flow of water through
the soils, and cementing of soil particles to avoid supercooling of the soil
water.
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Example of ice lens formation in pure kaolinite clay.
sample heaved 15 cm (200 percent) in 7 days.
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SECTION 4

EVALUATION OF THE MAGNITUDE OF THE FORCES CAUSING BANK EROSION

EVALUATION OF FORCES

The tractive force method described by Chow (1959) was utilized by the
New England Division of the U.S. Army Corps of Engineers to evaluate bank
erosion on the Connecticut River. This method is basically sound and has been
widely used to design and evaluate the stability of alluvial channels. The
method as proposed and utilized by the U.S. Army Corps of Engineers is limited
in its application to straight reaches of channel that are principally
affected by the shear stress exerted on the bed and banks by the flowing
water. Considering the Connecticut River environment, the banks of the
channel are subjected to additional forces as identified in Section 3 and
Table 2. The analysis made in this study considers all significant factors
including the tractive force and effective durations based upon the physical
system. This is diferent from the tractive force method, which considers the
tractive force alone. Typical average depth, average velocity and average
sediment transport rates for the natural river, upper pools, and lower pools
are given in Figures 52, 53, and 54 respectively. The definition of a natural
river is one that is usually unaffected by backwater curves caused by the
downstream dam. The computed depth is roughly within ten percent of the
normal depth of the river. Figure 54 indicates that the sediment transporting
capacity is significantly reduced in the pools. These figures were determined
by assuming a dam height of 30 feet, a channel bed slope of 0.00029, and a
typical channel cross section as given in Figure 35 (page 47).

In Table 2 magnitudes of the forces acting on the river banks are
expressed as a percentage of the tractive force exerted on the bed of the
channel by the flowing water.

In this table, the relative magnitude (M) and relative duration (D,) of
the forces causing bank erosion for non-cohesiVe and stratified bank materials
have been assessed qualitatively and rated from 1 to 9 in ascending order of
estimated effect. This qualitative assessment was accomplished through exam-
ination of available data, review of current theory, personal experience, and
sound professional judgment. The shear stress acting on a non-cohesive bank
within a reach of natural river is considered the most significant force
exerted upon that bank and as such is rated as 9. The least significant
effect under a similar river condition is the freeze-thaw action, and it is
ranked as 1. In relation to this scale, other factors causing bank erosion in
the Connecticut River have been rated accordingly. A similar rating scale has
then been established with regard to the relative duration of these forces.
The shear stress is acting as long as the water is flowing and is rated as 9
in the relative duration. Freezing and thawing effect is usually active for a
short period of time and is rated as 1.

From these two rating scales, the relative magnitude of bank erosion (R,)
has been defined as (M }(D,) for both the non-cohesive and stratified
bank conditions. The result1ng vBlues have then been standardized to the shear
stress acting on a non-cohesive bank within a natural river reach. As an
example of this table, to determine the relative effect of pool fluctuations
upon low, stratified banks within the operation limits of a pool, the MB
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Tahle 2, Evaluation of the causes of bank erosion.
Relative Magnitude Relative Magnitude
Factors & of forces of Bank Erosion
Variables Relative
Causing Duration
Bank Erosion River Condition Noncohesive  Stratified of Forces Noncohesive* Stratified#**
¢V (2) 3) (4) 35) (6) (€3] (8) (9)
Shear Stress Natural river with low banks 9 8 9 81 1.0 72 1.0
or Velocity
Natural river with high banks 9 8 9 81 1.0 72 1.0
Pools; low banks 9 8 7 63 .78 56 .78
Pools; low banks with vegetation 7 6 6 42 .52 36 .50
Pools; high banks 8 7 7 56 69 49 .68
Pools; high banks with vegetation 6 5 6 36 440 30 W42
Flood Natural river with low banks 2 2 1 2 .02 2 .03
Variation
Natural river with high banks 2 2 1 2 .02 2 .03
Pools; low banks 2 2 1 2 .02 2 .03
Pools; low banks with vegetation 1 1 1 1 .01 1 .01
Pools; high banks 2 2 1 2 .02 2 .03
Pools; high banks with vegetation 1 1 1 1 .01 1 .01
{
n Stage Natural river with low banks 3 3 2 6 .07 6 .08
Variation
Natural river with high banks 4 3 2 8 .10 6 .08
Pools; low banks 3 3 1 3 .04 3 .04
Pools; low banks with vegetation 2 2 1 2 .02 2 .03
Pools; high banks 5 4 1 5 .06 4 .06
Pools; high banks with vegetation 3 3 1 3 .04 3 .04
Pool Natural river with low banks 3 3 2 6 .07 6 .08
Fluctuazions
Natural river with high banks 4 3 2 9 W11 6 .08
Pools; low banks 4 3 3 12 .15 9 .13
Pools; low banks with vegetation 3 3 '3 9 .11 9 .13
Pools; high banks 5 4 . 3 15 .19 12 .17
Pools; high banks with vegetation 4 4 3 12 15012 .17

®
Standardized values based on the shear stress on noncohesive bank and natural river. For example, for condition
of pool, low bank, 63/81 = (0.78.

33
Stancardized values 5ased on the shear stress on stratified bank and natural river. For example, for condition
of pools, low banks, 56/72 = 0,78,

P
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Table 2. (continued).
Relat:ve Mignitude Relative Magnitude
Factors -~ c’ For es of Bank Erosion
Variables Relative
Causing Duration
Bank Erostion River Condition Noncohesive Stratified of Forces Noncohesive* Stratifiedew
) (2) (3) (6) (3 (6) (€3] (8) (9;
Wind waves Natural river with low banks 2 2 , 1 2 .02 2 .03
surface
erosion Natural river with high panks 1 1 1 1 .01 1 .01
pip[;ng Pools; low banks 3 3 2 [} .07 6 .08
Pools; low banks with vegetation 2 2 1 2 .02 2 .03
Pools; high banks 2 2 1 2 .02 2 .03
Pools; high banks with vegetation 1 1 1 1 01 1 .01
Boat Waves Natural river with low banks 2 3 2 4 .05 [] .08
surface
erosion Natural river with high banks 2 2 2 4 .05 4 .06
pip[;ng Pools: low banks 3 4 2 6 .07 8 .11
Pools; low banks with vegetation 3 3 2 6 .07 6 .08
Pools; high banks 4 S 2 8 .10 10 .14
Pools; high banks with vegetation 3 4 2 6 .07 8 .11
Freeze-Thaw Natural river with low banks 1 1 1 1 .01 1 .01
Natural river with high banks 1 1 1 1 .01 1 .01
Pools; low banks 1 1 1 1 .01 1 .01
Pools; low banks with vegetation 1 1 ) 1 1 .01 1 .01
Pools; high banks 1 1 1 1 .01 1 .01
Pools; high banks with vegetation 1 1 1 1 .01 1 .01
Ice Natural river with low banks 2 2 1 2 .02 2 .03
Natural river with high banks 3 2 1 3 .04 2 .03
Pools; low banks 2 2 -1 2 .02 2 .03
Pocls; low banks with vegetatiom 1° 1 . 1 1 .01 1 .01
Pools; high banks 2 2 1 2 .02 2 .03
Pools; high banks with vegetation 1 1 1 1 .01 1 .01
Seepage Forces Natural river with low banks 2 3 2 4 .05 6 .08
Natural river with high banks 3 3 2 6 .07 6 .08
Pools; low banks 2 3 2 4 .05 6 .08
Pools; low banks with vegetation 2 3 2 4 .05 6 .08
Pools; high banks 3 " 4 2 6 .07 8 .1
Pools; high banks with vegetation 2 3 2 4 .05 6 .08
fravitational Natural river with low banks 2 2 2 4 .05 4 .06
Forces
Natural river with high banks 3 4 3 9 .11 12 .17
Pools; low banks 2 2 2 4 .05 4 .06
Pools: low banks with vegetation 1 2 1 1 .0 2 .03
Pools: high banks 3 4 1 9 .11 12 .17
Pools; high banks with vepetation 2 3 2 4 .05 6 .08

D
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value is 3 (Column 4), the D, wvalue is 3 (Column 5), and the resulting
relative magnitude of bank erosion (R,) is (M,) x (Dy) 9 (Column 8). The
relative magnitude of the bank erosion for a stratified,bank within a natural
river reach is 72 and the standardized value is thus = 0.13 (Column 9).

O
o g

|

The tractive force can be approximated by the relation 72
T = ydS (4-1)
where T = stress,
y = specific weight of the water-sediment mixture,
d = depth of flow at the location where the shear stress is to be

estimated, and
S = slope of energy gradient

As an alternative, the shear stress acting on the channel boundary can be
estimated by the relation

o ) (4-2)

4!
5.75 log —
Y2

Ji/p =

where p 1is equal to the density of water and u,, u, are equal to the point
velocities measured at distances i and Yy from the boundary of the
channel.

For best results, y and vy should be as close as possible to the
boundary. This relation provides a"better approximation of the boundary shear
stress in reaches affected by power dams since shear stress is independent of
the channel and is sensitive to the velocity distribution.

To estimate the stability of a river channel the critical shear stress,
which is just sufficient to initiate movement of bed material, is first deter-
mined. This critical shear stress can be approximated from the Shields
Diagram presented in Figure 55.

In Figure 55, D is the particle size, U, 1is the shear velocity, v is
the kinematic viscoé&ty, Ay is the difference between specific weight of
sediment and water, and Re 1is the particle Reynolds number. When Re > 500,
the term t/AyD has a constant value equal to 0.06. Hence, knowing Ay and
D, the critical shear stress T can be estimated. If the shear stress
acting on the bed of the river,(is determined by Equations 4-1 and 4-2, is
greater than the critical shear stress 71 _, the bed material will be in
motion. If the rate of transport on a segmenf of the river exceeds the inflow
of sediment from upstream, degradation of the river bed will occur, and the
converse. Having estimated the shear stress acting on the bed of the river
and the critical shear stress, the next step is to estimate the critical shear
stress and the actual shear stress acting on the banks of the river. [f the
shear stress acting on the river bank excecds the critical shear stress, bank
erosion will result. Consequently, the river bank will be unstable unless
protected by vegetation, riprap, or some other form of protection. The
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critical shear stress for the material on the river bank can be estimated
utilizing Figure 55 to give critical bed shear stress, and then reducing this
value by a factor K to allow for the gravitational component of forces on
the bank particles:

=S C_ - -
K = (tb) cosf 1 3 (4-3)

where (IS)c and (Ib) are the critical shear stresses on the side and bed
respectivély, 06 is thie angle of the side slope and ¢ is the angle of
repose of the bank material which can be estimated from Figure 56.

The actual shear stress on the sides of a channel relative to the shear
stress on the bed is given by Figure 57. For a wide channel the maximum value
of shear stress on the bank is 0.77 times the maximum shear stress on the bed:

T, = 0.77 T - (4-4)

As when analyzing the stability of the bed of a channel, the banks will
be unstable if the tractive force acting on the banks exceeds the critical
tractive force for the bank material.

Thus, only the shear stress exerted on the river banks as caused by
flowing water was evaluated. Consequently, it was necessary to add effects of
other forces acting on the banks to the tractive force. These additional
increments of shear stress can be determined from Table 2. For example, the
relative incremental values of shear stress caused by the other forces for
noncohesive soils are tabulated in Table 3. The total effective tractive
force acting on the bank of the river can be estimated by adding the relative
incremental value of shear stress from the preceding tabulations taken from
Table 2 to the shear stress exerted by the flowing water on the banks of the
channel. For example, if this shear stress is 0.77 ydS and the sum of incre-
mental values of shear stress for a natural river having high banks formed of
noncohesive material is 0.52 ydS, then the total effective shear stress will
be 1.29 ydS. 1If this value exceeds the critical shear stress acting on the
banks, erosion of the banks will occur unless protected by some means.

If the bank line is being subjected to erosion, the size of riprap
required to stabilize the bank line can be estimated from the Shields diagram
(Figure 55). In this case the estimated effective shear stress acting on the
river bank can be substituted for Tt 1in the relation r/Ast; and if Re >
500 then, (Shields, 1936)

-——Y—l'f\zn 95 - 9.06 (4-5)
S

The median diameter of the required size of riprap can be approximated by
solving for Ds' Considering the numerator term 1.29 ydS is not a constant,
but a function of river geometry and the forces acting on the river banks, its
value can be approximated for each condition or evaluated as above.

The preceding analysis applies to essentially straight reaches of river
channel. This method of analysis can be extended to apply to the outside
banks of a river system by considering the lateral velocity distribution

g,
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Figure 50. Angle of repose for dux.l'nped riprap
(after Simons and Senturk, 1977).
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resulting from the propeities of the river bend. The procedure requires an
estimate of the increase in boundary shear stress acting on the outside bank
~f a river bend.

For straight channels the flow of water is more or less evenly
distributed so the velocity remains basically constant across a cross section
of the stream. In a curved channel the velocity of flow is generally higher
on the outside of the bend and smaller on the inside. These changes in
velocity cause even larger changes in the shear stress acting on the bed and
banks of the river. A graph relating the boundary shear stress in a curved
reach to that of a straight reach is given in Figure 58. This figure is
reproduced from "Design of Open Channels," Soil Conservation Service, 1977.
This figure shows the factor by which the mean shear stress is increased for
the outside of bends in curved channels. This value changes depending on the
curvature of the channel. For sharp bends with a small radius of curvature,
the boundary shear stress on the outside of a bend is approximately twice that
of a straight channel.

To illustrate, a river bend has a radius of curvature, RC = 1500 feet and
width W = 300 feet. According to Figure 58

Ibend

I = 1.5
straight

For this case, the shear stress in the bend is about 1.5 times that in the
straight reach. With this value established, the effect of the other forces
acting on the bank can be added to the computed value to determine the total
effective shear stress acting on the bank. Then the stability of the bank can
be evaluated and if riprap is required, it can be sized as described in the
preceding paragraphs.

Considering river bends in general, the shear stress in the bend way can
be evaluated for each case. For more severe conditions, the shear stress
acting on the outside bank in the bend way may be as much as 1.5 times as
large as for the straight reach. Details pertaining to channel stabilization
are described in the next section.

CLASSIFICATION OF BANK EROSION ON THE CONNECTICUT RIVER

Within the entire study reach, an evaluation of all the erosion sites was
made to classify the erosional type and assist in the classification of the
erosional forces pertinent to that particular type. In all, 103 erosion sites
(locations were given in Figure 1) were selected as representative of all
erosional patterns within the river and have been classified in the following
manner. The primary sources of these data were the surveys conducted by the
New England U.S. Army Corps of Engineers, including the photo journal that was
compiled during the surveys, and in-field data collection conducted during
September 1978. The U.S. Army Corps of Engineers' surveys delineated 30 areas
along the Connecticut River between Turners Falls Dam (river mile 122.2) and
Wells River gaging stations (river mile 266.0). These study areas represent
the most severe bank erosion cases along the river. Photographs taken of
these areas provide a visual quantitative record of the erosion. Other
sources of data were topographic and depositional maps of the study region.
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From these data, each study area was evaluated and classified into six
different nomenclatural groups. Within these six nomenclatural groups,
characteristics were delineated and subgroups established.

Bank Height

The first nomenclatural group is bank height with the following
subgroups: low banks (under 15 feet) and high banks (equal to or greater than
15 feet).

Erosion Type

The second major classification group is erosion type with the following
subgroups: mass wasting, head cutting, sloughing, shallow washing, and under-
cutting. These subgroups are shown in Figures 59 through 63. The photographs
corresponding to each subgroup are given in Figures 64 through 68.

Erosion Site Location

The third nomenclatural group is the erosion site location with the
following subgroups: vupper pool, middle pool, lower pool, and natural reach.
The pool divisions were determined on a purely mathematical basis. First, a
pool was delineated as a reach of river that acts as a reservoir for water
backed up by a dam. The pool was then split into thirds, yielding three pool
divisions. The sections of river not delineated as being in a pool were
automatically classified as natural reaches.

Bank Location

The fourth major delineation was bank location with the following
subgroups: outer bend (single or divided flow), inner bend (single or divided
flow), and straight reach (single or divided flow).

Soil Type

The fifth nomenclatural group was soil type, with the following
subgroups: cohesive, noncohesive, and stratified. It must be noted here that
no study area was composed of totally cohesive soil. Rather, those study
areas that are marked as being composed of cohesive soil were comprised of a
larger percentage of clays than those labeled stratified.

Vegetation

The final nomenclatural group is vegetation, with the subgroups vegetated
and barren. Table 4 provides the classification of bank erosion for all 105
erosion study sites.

Application of Analysis to Index Sites

The Corps of Engineers has established six index sites for detailed
study. These six index sites are Areas No. 147, 51, 31, 26, 301 and 255.
Locations were given in Section 2. These index sites have been photographed
documenting the rate of bank erosion. For example, refer to Figure 69. This
figure shows conditions at index site 26 on October 29, 1975, and subsequently
on May 17, 1977. The rate of erosion on an annual basis is not large but is
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Figure by, Siumping or block slide mass wasting
aon 4 vegetated or barren bank.
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Figure

65.
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Sloughing on a partially vegetated or barren bank.
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Figure 66. Headcutting on a vegetated or barren bank.
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Figure 67.
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Shallow washing on a barren bank.
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Figure 68.

Undercutting on a vegetated bank.
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Table 4. TClassification of bank erosion based on observed dara.
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vctober 29, 1975

May 17, 1977

Figure 69. Photographs on Area 26.
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progressicc at this site as determined by observed erosion relative to the
tree 20 the bank observed in both photos. Table 5 presents the physical
characteristics for these six index sites. The relative incremental values of
shear stress caused by forces other than shear stress for these six index
sites cao be determined by using Tables 2 and 5. The total effective tractive
force acting on each bank was determined and values are tabulated in Table 6.
The effect of river bends on the effective tractive force was also considered.

DISTUS310N

The evaluation of forces causing bank erosion established the relative
importance of factors causing erosion and the relative magnitude of the bank
erosion problems for different river conditions. Utilizing the observed data
at 103 erosion sites, a classification of bank erosion in the Connecticut
River was made. These two approaches utilized to quantify the bank erosion
make the comparison between theoretical evaluation and field observation
possible.

Table 2 was developed based on theoretical consideration of causative
factors (Section 3) and available data presented in Section 2. Further exam-
inations of Table 2 follow.

A summation of the relative magnitude of bank erosion for different
factors causing erosion is determined from Table 2 and is given in Table 7.
This table indicates the relative importance of these factors. In decreasing
importance they are: shear stress (velocity), pool fluctuation, boat waves,
gravitational forces, seepage forces, stage variation, wind waves, ice, flood
variation, and freeze-thaw. In general, the stratified soil is slightly less
susceptible to bank erosion than the noncohesive banks except when considering
boat waves, seepage forces, and gravitational forces. Overall, the predom-
inant force causing bank erosion is the shear stress (or velocity).

Further analysis of Table 2 provides a measure of the relative magnitude
nf bank erosion for different conditions (Table 8). This table demonstrates
that a reach with a high bank is more susceptible to erosion, and vegetation
is important in stabilizing the bank. Furthermore, the natural river has a
higher potential for bank erosion than do the pools. The average sum of
relative magnitude of bank erosion for a natural river is 113.75 and that for
pools is 84.75. In other words, the natural river is roughly 1.34
(113.75/84.75 = 1.34) times more susceptible to major bank erosion than pools.

A further examination of Table 4 indicates that the number of erosion
sites per mile for the natural river is 0.92 and that for pools is 0.68 (Table
9). Therefore, the measured data indicate the natural river is 1.35
(0.91/0.70 = 1.30) times more susceptible to bank erosion than pools. This is
very close to the theoretical evaluation with a value of 1.34. Table 10
summarizes statistics of erosion sites according to the classification shown
in Table 4 for the study reach. This table indicates that the predominant
bank height of the observed erosion sites is low (less than 15 feet). The most
common type of erosion is the "sloughing". 1In addition, most observed erosion
sites are located in pools, straight reach, stratified soil, and vegetated area.
The above statistics cannot be directly utilized to interpolate the causes of
erosion; a- unbiased statistical approach that considers erosion sites per mile
for a particular classification.
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Table 7 . Sum of relative magnitude of bank erosion for different factors.

SUM OF RELATIVE MAGNITUDE
OF BANK EROSION

VARIABLES CAUSING EROSION NONCOHESIVE STRATIFIED
Shear stress

or velocity 359% (1.0)*%* 315 (0.88)
Flood variation 10 (0.03) 10 (0.03)
Stage variation 27 (0.08) 24 (0.07)
Pool fluctuation 63 (0.18) 54 (0.17)
Wind waves,

surface erosion

and piping 14 (0.04) 14 (0.04)
Boat waves,

surface erosion

and piping 34 (0.09) 42 (0.13)
Freeze-thaw 6 (0.02) 6 (0.02)
Ice 11 (0.03) 10 (0.03)
Seepage forces 28 (0.08) 38 (0.12)
Gravational forces 31 (0.09) 40 (0.13)

*Values are obtained from summing the relative magnitude of basic
For example,
shear stress (or velocity) with noncohesive banks, 81 + 81 + 63 +

erosion for each variable as extracted from Table 2.

42 + 56 + 36 = 359.

“**Standardized values based on the shear stress (or velocity) in
noncohesive banks. For example, for flood variation, 10/359 =

0.03.
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Sum of relative magnitude of banx erosion for different conditions.

SCM CF RELATIVE MAGNITUDE

OF BANK EROSION

CONDITIONS NONCOHESIVE STRATIFIED AVERAGE
Natural river 112% (1.00)%* 107 (0.96) 109.5 (0.98)
Natural river with
high banks 124 (1.11) 112 (1.00) 118.0 (1.05)
Pools: low banks 103 (0.92) 97 (0.87) 100.0 (0.89)
Pools: 1low banks
with vegetation 69 (0.62) 66 (0.59) 67.5 (0.60)
Pools: high banks 106 (0.95) 102 (0.91) 104.0 (0.95)
Pools: high banks
with vegetation 69 (0.62) 69 (0.62) 69.0 (0.62)

«“Values are obtained from summing the relative magnitude of
basic erosion for each river condition as extracted from
Table 2. For example, in the natural river with noncohesive
banks, 81+ 2+ 6 +6 + 2+ 4+ 1+ 2+ 4+ 4 =112,

“*Standardized values based on the natural river with noncohesive

banks. For example, for pools with low and noncohesive banks,

100/112 = 0.89.

Table 9. Number of erosion sites per mile for different reaches.

NATURAL RIVER POOLS
No. of erosion
Sites 19.0 84
Total river mile 20.8 120.2
No. of erosion :
sites per mile 0.70 ;
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ror example, the length of vegetated bank line is much longer than the
asnvegetated zone in these two areas. A direct interpolation of statistics in
Table 10 without a proper adjustment on a linear mile basis will indicate that
the total number of observed erosion sites with vegetated banks erroneously
exceeds those with barren areas.

Based on the above discussions, the theoretical approach, as presented in
Takle 2, is justified considering physical significance and field observa-
tions. However, the causes of bank erosion are not only a function of forces
put are also related to the ercdibility of banks. Changes in water surface
elevation due to impoundment can reduce some of the forces such as shear
stress but at the same time can expose more erodible material to the flow and
hence may increase bank erosion.

[n the preceding subsections, the major causes of bank erosion were first
tdentified and subsequently evaluated wutilizing available data, current
theory, personal expeprience and sound professional judgment. A statistical
analysis of the sites studied over recent time by the Corps of Engineers along
the Connecticut River was also made. The analysis verifies that the major
fnorce causing bank erosion, particularly during episodic events, i.e., major
floods, is the tractive shear stress exerted on the banks of the channel by
high-velocity flow. The magnitude of this shear velocity depends upon the
geumetry of the channel, the location within the channel, i.e., whether the
tlow is in a straight reach, or along the outside of a bend or in some other
location. Other forces, of course, play an important role in the stability of
the banks of the channel. Note that Table 7 indicates that forces caused by
such factors as pool fluctuations can cause an increase in instability on the
vrder of 18 percent of the shear stress exerted on the bank by the flowing
water. Other causes of upper bank erosion, such as wind-generated waves,
boat-generated waves, ice, etc., have a lesser impact on long-term bank
stability, but nevertheless can cause significant erosion rates near the water
surface-bank interface.

Having submitted the analysis of faciors contributing to bank erosion
aiong the Connecticut river, it is obvious that different people with differ-
ent views assess the causes and the gross long-term effects differently. A
general conflict between the opinion of riparian land owners and the contents
of the report has arisen based upon their apparent concept that pool fluctua-
tions and related forces are a cause of major erosion leading to a continuous
lrss of significant acreage of riparian land. As clearly specified earlier,
these factors do cause erosion. The magnitude and extent of erosion depend
upon many factors identified in this study. However, causes of major shifts
in channel alignment must be attributed to high velocity flows of relatively
short duration during periods of flooding. In order to more clearly focus on
the major causes of bank erosion, it is perhaps worthwhile to subdivide these
forces in relationship to where they act. Many geologists, engineers and
laymen alike miss the main point when they consider major causes of bank
erosion. One must consider that the forces acting on the bank can be broken
into two categories: (1) those forces that act at and near the surface of the
water associated with pool fluctuations, related piping, groundwater, wind
waves, hoat waves, jce, lack of or removal of vegetation, and so forth, and
(2) ttose forces acting on the full height of the submerged bank. Actually,
in this instance, the major force is velocity or tractive force. The distri-
“ut ;o of selocity and shear stress on the banks of channels is an issue that

'

TS -en studied in some detail over many years. One of the earliest
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analytical studies Jdescribing shear stress on the banks of streams is
attributable to E. W. Lane and the details of this force distribution on the
banks are clearly delineated in a report prepared by Lane in 1953. Since that
time, many other individuals, I[ppen and Drinker at MIT (1962), various groups
dealing with the stability of canals and rivers in India, and recently Simons
et al. (1979) at Colorado State University, have studied and verified Lane's
findings. Wwith regard to identifying the magnitude of the boundary shear
stress acting on the banks of channels, it is noteworthy that both theory and
physical experiments conducted in the laboratory and in the field verify that
the maximum tractive shear stress acts upon the banks of the channel approxi-
mately two-thirds of the depth below the air-water interface. Hence, the
forces causing ernsion of banks can be subdivided into the two categories as
previously mentioned, those acting near the surface of the flow and those
acting with greatest intensity nearer the bottom of the submerged banks.

Assume a channel cross section as indicated in Figure 70 and further
assume that the bank line is subjected to forces generated by pool fluctua-
tions, boat waves, wind waves, surges, inflow of groundwater, and so forth.
The action of these forces near the surface of the flow causes some erosion on
the banks and may induce piping in lenses of non-cohesive material located in
the upper part of the submerged bank. If these were the only forces to which
the bank line was subjected, the bank would gradually adjust by developing a
shelf or a platform area wide enough to dissipate the forces causing erosion,
increasing upper bank stability as the adjustment occurred. The extent of
this erosion landward would in most cases be limited to an average of 10 to 15
feet in a large river. Comparing Figure 70 with Figure 71, we see the
ultimate type of erosion that would result on these upper banks when subjected
to the forces that are most active in this upper zone. As indicated in Figure
71, after the bench or berm is formed growth of vegetation usually takes
place, further increasing the stability and curtailing further significant

upper bank erosion. One can conclude then that indeed bank erosion has
occurred, but not the type of erosion that significantly shifts channel
location within the floodplain. 1In general, the effect is limited to a

relatively narrow zone as stated above, usually not extending more than 10 to
15 tfeet landward even in large systems.

The next phase of the erosion process to consider is the bank erosion
caused by high velocity flows, or an exertion of a tractive shear stress on
the banks by the flowing water. As pointed out earlier, this force acts with
a maximum magnitude at a distance about two-thirds of the depth below the
water surface. After considering Figures 70 and 71, now consider how the
system will respond when subjected to a flood event. With the flood event,
high velocity flows are produced which act on the bank as previously indi-
cated. With this maximum force being submerged a considerable distance below
the water surface, erosion of the total bank occurs and the major bank line
moves landward. As the bank line moves landward, the berm formed by water
surface fluctuations and related phenomena is overtaken, and in many instances
the bank line may move so far landward that effects caused by past
near-surface erosion phenomena are eroded. To illustrate, refer to Figure 72,
which indicates the landward movement of the main bank line and furthermore
indicates the total loss of bank material and the development of a new channel
geometry. After the termination of the flood and with the new geometry indi-
cated in Figure 72, the surface forces can go to work on the bank line again
to form a new berm. After sufficient time, the bank line will take on an
appearance as previously indicated in Figure 71. Consequently, one can
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Potential Causes of Erosion
e Pool Fluctuations
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Eroded Material

Without Lower Bank
Erosion the Existing Bank
Line will Remain Relatively
Stable -~ Protection may be
Required.

Erosion on Upper Bank Caused by:
Stage Variation, Boat Waves,
Wind Waves, and Others

Figure 71. Potential bank line geometry generated by
erosive force acting on the bank near the
water surface.
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Bank Erosion Caused by
High Velocity Flow

New Cycle of Upper Bank
Erosion Can Now Start

Figure 72. Bank erosion caused by flood stage high
velocity flow.
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conclude that upper bank protection provided to prevent erosional effects of
pool fluctuations and wave-related erosion will not provide the protection
required against lower bank erosion. It must be emphasized that upper bank
protection will usually fail during major flood events. The bank beneath this
upper bank protection is simply removed, causing the upper bank material to
slough or slide into the main channel system. Realizing the way in which
these two sets of forces act makes it obvious to the geologist, the engineer
and the layman that total bank protection is necessary to provide total
protection from the forces that act upon the bank lines if in fact the forces
are sufficient to cause bank erosion. The limited exent of the development of
beaches near the water surface is a further indication that this type of
evidence of upper bank erosion is often erased by the erosion of the total
bank by velocity related forces.

As an alternative to total bank protection, one could consider placing
riprap on the lower bank as shown in Figure 71. In this instance, the riprap
thus placed would prevent major lateral shifts caused by high-velocity flows.
Without the shifting associated with high-velocity flows, a berm and setback
vertical bank would form. After this phase of erosion is completed on the
upper banks there would be little additional erosion to plague the riparian
property owner.

In considering the progressive erosion of banks to ultimate stability,
consider Figure 73. Line 1 illustrates the starting condition for the
arguments presented. Line 2 shows the conditions of the channel bank after
prolonged periods of relatively small flows during which very little erosion
has occurred as a result of velocities, but these erosive forces acting near
the water surface have attacked the upper bank, forming a berm. Finally, refer
to Line 3, which illustrates the channel geometry that could develop while the
system was subjected to a major flood. During periods of high flow and high
velocity, bank erosion would occur and a new geometry would develop. After the
flood the upper bank erosion cycle would start again. Referring to this
figure and summarizing, it is important to stress then that in order to have
bank stability, it is essential to protect the banks against erosion from the
flowing water. If that type of bank erosion is not occurring, that is, if the
banks are sufficiently stable to resist the erosive forces of the flowing
water, then the upper bank will be the only part of the channel system sub-
jected to erosive forces. The action of these forces near the air-water
interface on the upper bank would cause a landward movement of the upper bank
only, the forming of a berm, perhaps some settling down of blocks of banks and
minimal mass wasting, but after the initial adjustment had occurred in the
system, further erosion would be minor. Also as stated in the preceding
paragraphs, it is necessary to emphasize that protection of upper bank areas
by utilizing either non-structural or structural methods to prevent erosion
caused by pool fluctuations, wind and boat waves, etc. will only be worth the
investment when these are the only forces causing erosion in the system.
Otherwise, if one protects the upper bank only, he or she stands an excellent
chance of losing that protection during periods of major flow when the total
bank line is subjected to the erosive forces of the flowing water causing the
total vertical bank to move further landward depending upon conditions that
exist at each particular site.

The impacts of hydropower development on bank stability in Turners Falls
Pool have been and continue to be more severe than for the other pools. The
increase in pool level, the larger pool fluctuations and flow reversals caused
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by the present hydropower operation all contribute to the documented bank
instabilities in this part of the study reach.

In amalyzing the causes of bank erosion in Turners Falls Pool it is
suggested that the erosion analysis presented in Table 2 and subsequent tables
should be utilized. From this analysis coupled with consideration of adverse
hydraulic conditions related to power generation it is concluded that:

1. The maximum tractive forces that can be exerted on the banks of the
river will occur during periods of moderate and major floods. Hence,
power generation has not altered this condition.

2. The flow reversals, turbulence and changes in river stage caused by
present power generation methods have increased the tractive force
sufficiently to induce bank erosion in those locations where the
bank alignment and bank material causes the rate to be vulnerable to
these forces.

3. The increase in pool fluctuations on bank stability in Turnmers Falls
Pool is a very significant factor. Pool fluctuations on the order
of 5 feet are at least twice as destructive to banks or pool
fluctuations of about 1-3 feet as experienced in the other
hydropower pools.

To stabilize the eroding banks in Turners Falls Pool will require special
attention. As verified by installation of rock riprap near the intake-outlet
works, such measures can provide upper bank protection against erosive forces
related to hydropower pool operation. However, such protection does not
prevent lower bank erosion to susceptible banks and in these locations without
accompanying lower bank protection the treatments implemented to prevent upper
bank erosion can be undercut and fail. As another alternative, hydro-seeding
has been tried as a non-structural treatment. However, analysis of results to
date show that hydro-seeding as utilized to date has not prevented upper bank
erosion. The major reasons for the limited effectiveness of hydro-seeding
are:

1. The banks were not preshaped to a stable slope prior to
hydro-seeding.

2. The large pool fluctuations significantly reduce effectiveness of
hydro-seeding as a means of bank erosion control.

In summary, if upper bank erosion is to be controlled it will be
necessary to implement some measure of upper bank protection capable of
withstanding the forces to which it will be subjected; also the means to
provide lower bank protection to prevent failure of upper bank protection must
be considered, and the cost of such bank stabilization treatments is large.
Conversely, if upper bank protection is not provided where such erosion is in
progress, erosion will continue until a stable terrace or bench is formed. It
is estimated that upper bank erosion will slow down and in many cases stabi-
lize within a 5-10 year period unless conditions for further upper bank erosion
are set up by lower bank erosion. Furthermore, in the Turners Falls Pool
upper bank erosion may extend landward on the order of 20-25 feet at vulner-
able sites before some semblance of upper bank stability is achieved.
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SECTION 5

CHANNEL STABILIZATION

GENERAL

Channel stabilization has proved to be a reliable method for preventing
bank erosion. On some streams, bank protection is placed to arrest the
lateral movement of the stream when such movement threatens to destroy a man-
made structure such as a levee, railroad, highway, or in some instances, a
residence, town or city. The Connecticut River is not a navigable channel.
Where navigation is not involved, isolated protective works can be constructed
(usually in a bend and sometimes in a reach of the river) to furnish protec-
tion for the structures in that immediate area. [n general, location, height,
and strength of protection works vary. However, revetments can serve both
purposes. Secondary objectives of channel stabilization may involve beautifi-
cation, recreation, improved fish and wildlife habitat, water quality reten-
tion or improvement, and other beneficial effects important to the project.
This section describes some of the stabilization measures that can be utilized
in the Connecticut River.

TYPES OF STABILIZATION

Two general types of treatment are used for channel stabilization. These
include continuous protection, such as revetments; and intermittent protec-
tion, such as dikes, and groins. The former is placed in direct contact with
the bank where erosion has or is expected to occur. In some instances, inter-
mittent structures are used for bank protection. In those cases, the bank is
protected indirectly by deflecting the currents away from the critical area.
Usually, this type of treatment is used to contract the channel to a specified
width. Such treatment includes chute closures that confine the river to a
single channel and train the stream to a desirable alignment. Potential types
of bank stabilization for the Connecticut River follow.

ROCK RIPRAP
Bank protection by rock riprap is probably the most widely used method.
Whenever available and economically justified, rock riprap protection is one

of the surest methods. Advantages of using riprap are:

1. It is flexible and not impaired or weakened by slight movement of
the embankment resulting from settlement or other minor adjustments,

2. Local damage or loss is easily repaired by the addition of rock
where required,

3. Construction is not complicated and no special equipment or
construction practices are necessary,

4. Appearance is more natural, hence acceptable in recreational areas,




5. [f exposed to fresh water, vegetation will cften grow thrcugh the
rocks adding structural strength to the embankment material and
restoring natural roughness,

6. Additional thickness can be provided at the toe tc offset possible
scour when it is not feasible to place it at adequate depth,

7. Wave runup is reduced (as much as 70 percent) as compared with smooth
types, and
8. It is salvable, may be stockpiled, and reused if necessary.

However, if rock riprap is not placed properly, segregation of the
particles reduces the interlocking effect between particles and reduces the
stability of the riprap. In addition, riprap particles are susceptible to
detachment by ice flows. Consideration must be given to this point when
designing riprap in climates where rivers freeze. Also, when riprap is used
in close proximity to residential areas, some rock particles may be removed
and utilized for other purposes.

There are several factors that must be considered when designing riprap
nrotection including: size, gradation, weight, shape, strength, thickness of
the blanket, filter requirements, side slopes of the revetment, and method of
placement.

Stevens, Simons, and Lewis (1976) and Simons and Sentiirk (1977) present a
review of the most widely used methods for determining the size of riprap
ro k. tevens et al. (1976) proposed a method based on a safety factor
detined as the ratio of the moments of forces resisting rotation of the rock
particle out of the riprap blanket to the moments tending to dislodge the
particle out of the riprap layer into the flow. The safety factor method
permits use of four possible design options for a fixed set of flow conditions
on a side slope.

1. For a given rock size and side slope, the safety factor can be
computed and the design accepted or rejected on the basis of the
value of the safety factor.

"~

For a given rock size, the side slope can be chosen to provide a
preselected safety factor.

3. For a given side slope, the rock size that gives a preselected
safety factor can be computed.

4. For a given safety factor, the proper combinations of rock size and
side slope can be computed.

All available design formulas for determining the size of rock riprap
consider the shear stress or tractive force at the boundaries as known
quantities. (Refer to EM 1110-2-,601, Design of Flood Control Channels.)
However, experiments by Blinco and Simons (1974) showed that the shear stress
or tractive forces vary randomly. Based upon this concept, Li, Simons,
Blinco, and Samad (1976) developed a probabilistic model to predict the
failure probabilities of riprap.
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The size of riprap can be determined by estimating the velocity of flow
along, across, and around the end of the structure. A recommended approach
uses the method developed by Simons and Senturk (1977). A summary of this
work is presented.

Considering flow along an embankment (Figure 74), the forces on the rock
particle are lift force F,, drag force F,, and weight of the particle W_.
Rock particles on side slopes will tend to roll rather than slide, so it 1s
appropriate to consider stability of rock particles in terms of moments at a
contact point O about which rotation must occur. The components of forces
relative to the plane of motion are shown in Figure 74.

At incipient motion there will be a balance of moments so that
c
2 WS os 8

e, W, sin 8 cos B + esF cos § t e

e
S.F. =

F

4 ¢

The factor of safety S.F. of particles against rotation is then determined
by the ratio of the moments as

A 62 Ws cos © (5-1)
o e Ws sin 8 cos B + ey Fd cos & + e, F2
or
cos 8 tan ¢ _
S.F. = — . (5-2)
‘ n'tan ¢ + sin 6 cos B
where
n" =M+ N cos 6
M = e[‘Fz/ezwS
N = e3Fd/e2WS

and n' is called a stability number and ¢ is the angle of repose of the
material. If & 1is equal to 0 (no angle between the resultant force and
the drag vector), n can be defined as

n=M+N (5-3)

where n is also a stability number that can also be written in terms of
hydraulic variables as

21 Tq

n = (5-4)
- Z__—:'—j——'—_
Ss 1y DSO

in which Bs is the shear stress on the particles with size D 0 The unit
weight of water is vy, Ss is the specific gravity of the rié%ap, and n'
and n are related by

P"”
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M
n _ E + cos O (5-5)
n

It is reasonable to assume, in considering incipient motion of riprap
particles, that

3°d
therefore,
n' _1+cosd_1+sin (A+ B) (5-7)
n 2 2
It can be shown that
can = cos A (5-8)
2 sin B + sin A
n tan ¢

where A is the angle between the horizontal and the velocity vector in the
plane of the side slope. By knowing or assuming values of 6, ¢, A, and S.F.,
Equations 5-i, 5-7, and 5-8 can be solved simultaneously for B, n, and n'.
Once the value of 1n is known, Equation 5-4 can be solved for DSO' In many
circumstances the flow angularity with the horizontal is small, (i.e. A < 0),
and Equation 5-8 reduces to

_ N tan ¢ (5-9)
tan B = 2 sin 8

and Equation 5-1 solved for n' becomes

s - (s.F.)
n' = (————————5——) cos O (5-10)
(S.F.)Sm
in which Sm = %%%J% is the safety factor of rock particles from rolling
down the slope with no flow. Equation 5-7 becomes
n' _1+sin$ (5-11)
n 2

Once the size of riprap is determined, which should be interpreted as
the median size D.,, the next requirement that should be considered is its
gradation. Simons “and Sentirk (1977) suggest that riprap gradation should
follow a smooth size distribution curve such as that shown in Figure 75. The
ratio of maximum size to median size D should be about 2.0, and the ratio
between median size and the 20 percent “size should also be about 2.0. This
means the largest stones would be about 6.5 times the weight of the median
size and small sizes would range down to gravels.
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With a distributed size range, the interstices formed by the larger
stones are filled with the smaller sizes in an interlocking fashion, prevent-
ing formation of open pockets. Riprap consisting of angular stones is more
suitable than rounded stones. Control of the gradation of the riprap is
almost always made by visual inspection.

Riprap should be hard, dense, and durable to withstand long exposure to
weathering. Visual inspection is most often adequate to judge quality, but
laboratory tests may be made to aid the judgment of the field inspector.

Riprap placement is usually executed by dumping directly from trucks
during construction of the embankment. Rocks should never be placed by
dropping them down the slope in a chute or pushing them downnill with a
bulldozer. These methods result in segregation of sizes. With dumped riprap
there is a minimum of expensive hand work. Poorly graded riprap with slablike
rocks requires more work to form a compact protective blanket without large
holes or pockets. Draglines with orange peel buckets, backhoes, and other
power equipment can also be used advantageously to place the riprap.

On the Missouri River, the toe-trench revetment for riprap placement was
found to be very successful. There it consisted of a stone fill of not less
than 5 tons or more than 9 tons per linear foot placed to a depth of 7 feet
below the normal low water plane in a trench excavated prior to erosion of the
bank, or partly in a trench and partly in the area already eroded. Pavement
for the upper bank is 13 inches thick at the point where it abuts the stone
fill and 10 inches thick at the landward edge. Quarry run stone is also used
in this work, and the limiting size of the stone is 250 pounds. Fines in the
quarry run stone obviale the necessity of a gravel or crushed stone blanket
underneath the pavement.

Rock riprap can also be windrowed along a desired alignment allowing it
to fall into the river as the banks erode. This method was used to stabilize
the Lower Colorado River and was described by Mclwan (1961). It is recom-
mended for rivers with banks composed of noncohesive alluvial materials, such
as those of the Lower Colorado River.

Hand-placed rock riprap is another method of distribution. Stones are
laid in more or less definite patterns, usually resulting in a relatively
smooth top surface. This form of placement is used rarely in modern practice
because it is more expensive than placement with power machinery.

The thickness of riprap should be sufficient to accomodate the largest
stones in the riprap. For a well-graded riprap with no veids, this thickness
would be adequate. If strong wave action is of concern, the thickness should
be increased 50 percent.

Filters should be placed under the stone unless the materiali forming the
core of the structure is coarse gravel or a mixture that forms a natural
filter. Two types of filters are commonly used: gravel filters and plastic
filter cloths.

With gravel filters, a layer or blanket of well-graded gravel should be
placed over the embankment prior to riprap placement. Sizes of gravel in the
filter blanket should be from 3/16 inch to an upper limit depending on the
gradation of the riprap, with maximum sizes of about 3 to 3-1/2 inches.
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Thicrkness of the filter may vary depending upon the riprap thickness, but
should not bhe less than 6 to 9 inches. Filters that are one-half the

thickness of the riprap are quite satisfactory. Suggested specifications for
gradation are as follows:

D50 (Filter)
- < 40
D50 (Base)
D15 (Filter)
15

D15 (Filter) .
D85 (Base)

Plastic filter cloths are used with considerable success beneath riprap
and other revetment materials such as articulated concrete blocks. The cloths
are generally 100 feet long and 12 to 18 feet wide. The edges of the plastic
sheets are hand sewn in the field with nylon twine. Overlap of 8 to 12 inches
is provided with pins at 2 to 3 foot intervals along the seam to prevent
separation in case of settlement of the base material. Some care must be
exercised in placing riprap over the plastic cloth filters to prevent damage.
Experiments and results with various cloth filters were reported by Calhoun,
Compton, and Strohm (1971) in which specific manufacturers and brand names are
listed. Stones weighing as much as 3,000 pounds have been placed on plastic
filter cloths with no apparent damage. Filters can be placed subaqueously by
using steel rods as weights fastened along the edges. Additional intermediate
weights assist in sinking the cloth in place. Durability of filter cloths has
not yet been established because they have only been used since about 1967.
However, inspections at various installations seem to indicate little or no
deterioration had occurred in the few years that have elapsed since the test
installations were established.

TRANSVERSE DIKES

Transverse dikes are structures constructed transverse to the river flow
and extend riverward from the bank at a certain angle. Along straight reaches
dikes should be perpendicular to the bank. However, along sharp curves the
dikes are slightly angled downstream in order to deflect the flow toward the
center of the channel. Transverse dikes are an indirect method of bank
protection and can be permeable or impermeable. Permeable dikes are those
that permit the flow through but at reduced velocities. On the other hand,
impermeable dikes allow either very little or no flow at all. Timber pile
dikes are an example of the former type and stone dikes are an example of the
latter type.

In planning dikes and dike fields, the parameters that must be evaluated
and incorporated into the design are the shape of the dike, its root length,
proper length, the angle it makes with the bank line, height, spacing between
dikes, scour, and its protection in the vicinity of the dike and type of
construction material.

Timber piles are the basic components of most permeable dikes. Single
pile or clumps (three piles tied together at the top) constitute the basic
unit in such types of dikes. Furthermore, one row or multiple rows of the
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basic unit, braced in two directions and used in a field, have heen used. The
rows are mostly straight; however, there have been situations on the Missouri
River when L-shaped rows have been used to train the river into a certain
alignment in order to protect the banks. The main effect of such dikes is
to slow down the current velocity, allowing the suspended sediment to settle
down and deposit and thereby protect the banks from further erosion.
Increased lowering of the current velocity has been achieved by using screens
fitted between the piles.

The arrangement of the basic components depends upon the velocity of
flow, quantity of suspended sediment transport, and depth and width of the
river. If the veiocity of flow is large, timber pile dikes are not likely to
be very effective. Stabilization of the bank by other methods should be
considered. On the other hand, in moderate flow velocities with high concen-
trations of suspended sediments, these dikes can be quite effective.
Deposition of suspended sediments in the pile dike field is a necessary
consequence of reduced velocities. If there is not sufficient concentration
of suspended sediment in the flow, or the velocities in the dike fields are
too large for deposition, the permeable timber pile dikes will be only
partially effective in protecting the banks.

Timber pile dikes are vulnerahble to failure through scour. The piles can
be driven to a large depth to achieve safety from scour or the base of piles
can be protected from scour with dumped rock in sufficient amount:c o form a
combination of a permeable and impermeable dike. The various forms of timber
pile dikes are illustrated in Figure 76.

The analysis performed by Water and Environment Consultants, Ianc. (WEC)
(1975) can be used as an estimate for the length L_  of dike requiring shank
protection. The analysis is based on analytical &onsiderations as well as
field studies. They found that the upstream and downstream length ratios x:s

and x':s', respectively, (Figure 77) can be qualitatively related to the
Froude number of the main flow. Their results are siven in Table 11.

Table 11. Relationship between Froude number and length ratio.

DOWNSTREAM DOWNSTREAM
X:s DEFLECTION x':s' DEFLECTION
UPSTREAM ANGLE DOWNSTREAM ANGLE
FROUDE NUMBER LENGTH RATIO o LENGTH RATIO ¥
1.0 11:1 5.19° 1:1 45.0°
0.8 10:1 5.71° 2:1 63.43°
0.6 9:1 6.34° 3:1 71.56°
0.4 8:1 7.12° 4:1 75.96°
0.2 7:1 8.13° 5:1 78.69°

Note: «x, s, a, x', s', and § are defined in Figure 77. The ratios of x:s
and x':s' were estimated from limited flow separation data.
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By assuming equal dike length and form geometry, LS can be determined
from the following equation

_ L _
Ls " cos (o0 + B) + tan W (5-12)

For design purposes Water and Environment Consultants, Inc. (1975) suggested
using a conservative estimate to approximate the velocity along the shank V
as VS = V cos ¥, where V s the magnitude of the velocity leaving the diké
field at the angle ¥. Using the velocity it is possible to determine whether
or not protection is needed. Transverse stone dikes on the Middle Mississippi
River (from the mouth of the Missouri River to the mouth of the Ohio River)
have been used with excellent results. They have been constructed from quarry
run stone with a limiting size of 5,000 pounds. The crest of the dike is
usually placed at an elevation corresponding to 20 feet on the St. Louis Gage,
which is approximately 24 feet above the Low Water Reference Plane. The dikes
have a crown width of 5 feet and side slopes at the angle of repose of the
stone that approximate 1 on 1-1/4. The dikes are connected to the bank with a
stone root keyed approximately 15 feet into the bank. The bank for 100 feet
below the structure azimuth line is graded to a 1 on 3 slope and paved with a
12-inch thickness of stone paving. Quarry run stone is also used for paving.

FENCES

Fences are constructed of two components, vertical posts driven past the
anticipated scour depth and fencing material made from wood, steel wires, or
steel wire-mesh that ties these posts horizontally. Additional supports
constructed from steel pipes, angles, rails, beams, or wood or concrete are
sometimes used to strengthen the posts. Fences are placed either parallel or
transverse to the streambank and are built in single, double or multiple rows.
They can also be made permeable, partly permeable, or impermeable to water and
sediment movements. When constructed in a single line they are normally of
the permeable type and are usually placed parallel to the bank (Figures 78 and
79).

Double line fences fille! either partly or completely with brush, rock,
gravel, or broken concrete are more stable than single line fences, and
therefore can be subjected to more severe flow conditions. Figures 80 and 81
are examples of this type. O'Brien (1951) reported the successful use of this
type along the concave banks of bends. When multiple lines of fences are
used, they are placed transverse to the channel bank and spaced 3 to 10 feet
apart (Figure 82).

If extra resistance to flow and added protection against scour are
required, rock, hay, or brush is placed between the fences. Because
construction works are relatively simple and require no special technology and
because of the wide range of possible construction material, fencing can be an
effective bank protection method nunder favorable flow conditions.

The basic principle in this bank protection method for the case of
permeable and partly permeable fences is to slow the current below the eroding
velocity, encourage sediment deposition, and allow sufficient time for the
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Wooden fence constructed parallel to bank.

Figure 78.
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Single line of steel rail,

Figure 79.

wire-meshed fence as a retard.
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Figure 80.

Double row fence of timber posts
and barbed wire with rock fill.
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Wire fences constructed transverse
to stream flow.
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establishment of vegetation. However, impermeable fences provide protection
by acting as a buffer zone between the bank and the erosive water currents.

One major problem with permeable fences in Alkali Creek, Wyoming was
random gravel bars formed during high flows caused the diversion of
intermediate and low flows to attack the bank. Fences are recommended for low
gradient streams having discharges less than 500,000 cfs (Keown, Oswalt,
Perry, and Bardeau, 1977).

VEGETATION

Vegetation of the banks has been observed to be an effective method of
protecting the topsoil and reducing erosion. This is achieved in at least
three ways. First, the roots of the vegetation provide structural reinforce-
ment and stability to the soil, thereby increasing its resistance to erosion.
When exposed, the roots can, in many instances, stop further erosion. Second
and most important, the leaves, branches, and stems of the vegetation cause
the reduction of the current velocity below the eroding values, and conse-
quently, deposition of sediment may follow. Keown et al. (1977) reported that
a well-established stand of selected grass can reduce the stream velocity as
much as 90 percent at the boundary layer between the water and the soil.
Third, the vegetation can act as a buffer zone between the stream bank soil
and any floating material such as ice, logs, and debris that can cause soil
failure by impact.

In general, vegetation used for stream bank protection can be classified
into two broad categories: grasses and woody plants. Woody plants are slower
than grasses in developing protective covers. However, they have a longer
protection time period and can resist higher flow velocities. Furthermore, a
combination of woody plants and grasses can be used. Woody plants are used
for the protection of the toe of the stream bank slope and the grasses for the
upper bank protection.

The effectiveness of vegetation as a stream bank protection method is
directly related to the length and width of the stems, density of the leaves,
areal density, depth and spread of the roots, stage of growth, healing ability
and recovery of growth after floods.

Parsons (1963) showed that stage of growth is a very significant factor
in the effectiveness of grasses. They are most effective when green, then
become less effective as they approach the dormant period.

In selecting vegetation for a particular area, consideration should be
given to the climatological conditions, quantity, intensity and distribution
of precipitation, soil and vegetation characteristics, and periods of sub-
mergence.

Besides using vegetation as a direct means of bank stabilization, it can
also be used as a supplementary method. Miller and Borland (1963) reported
the planting of willows and Russian olive seedlings in the jetty fields to
protect the fills after deterioration of the structures.
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Before planting the grasses, the topsoil should be removed in order to
prevent the growth of weeds that have a tendency to choke the vegetation.
Planting can be achieved by sodding, springing, and mechanical broadcasting of
mulches consisting of seed, fertilizer, and other organic mixtures
{Figure 83).

The use of vegetation as stream bank protection is probably the cheapest
method. Furthermore, it can blend nicely in the river environment and has a
pleasing look. It is recommended for use on all small gradient streams and
also as a supplementary method to be used in conjunction with permeable type
protection methods. More discussion on the use of vegetation is given in
Section 6.

GABIONS

Gabion cages or mesh cases are boxlike rectangular baskets made of
galvanized wire-mesh material. They are either prefabricated or shaped in the
field. To protect them against bulging, steel wires tying the opposite inside
walls and/or diaphragms are used. The cages are normally filled with coarse
gravel or high-density weather-resistant rocks. However, prior to filling,
they should be placed in a supporting apron made of some material that must
extend at least 6.56 feet beyond the toe of the gabion edge. The suggested
minimum height of the apron is 1.5-2 times the depth of the probable scour at
the toe of the bank. According to Mamak (1964), the width of the cages can
range from 6.56 to 13.12 feet, the height up to 4.92 feet, and the length not
more than 19.68 feet. After preparation of the apron, the cages are set one
beside the other, securely wired to the apron wire-mesh and to each other and
then filled.

Figure 84 illustrates suggested arrangements and dimensions of gabions
used for the stabilization of the banks of shallow and deep rivers as well as
for inclined and vertical banks. When back seepage and loss of fine material
are of concern, graded filters or filter cloths are used behind the gabions.
Otherwise, easy drainage through the gabions prevents the build-up of

excessive hydrostatic pressure. Stabilization of river banks by gabions
offers an effective, flexible structure that blends nicely with the river
environment (Figure 85). It is recommended for use on rivers having small

sediment loads since large sediment loads can cause the abrasion of the
galvanized wire-mesh and its subsequent corrosion and failure.

GROUTED ROCK

When rocks of sufficient size are not available or when it is desired to
reduce the quantity of rock used for bank protection, it is helpful to grout
the voids with portland cement concrete. The grout is normally composed of
good strength portland cement concrete and aggregates having a maximum size of
3/4 inch. To obtain a rough textured grout, sand mixes are added. When this
method is used for bank protection, filter material may not be needed.
However, special care should be exercised in preventing underscour and scour
due to overtopping. Because this method is a rigid bank protection method,
underscour and back pressure can lead to its failure,




Figure R3. Mechanical broadcaster spreading mulch
on top of stream hank.
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Grouting can also be applied when the available rock is of inferior

quality. In such a case, the rocks and the voids between them should be well
covered by 3 to 4 inches of grout. Bank slopes should not be steeper than the
angle of repose of the embankment. A slope 1-1/2 H : 1 V is suitable.

However, flatter slopes are neither economical nor necessacy. Figures 86 and
87 show examples of grouted rock protection.

SACK REVETMENT

Burlap grain sacks accomodating one cubic foot of filling material have d
been widely used as a quick construction method for emergency work in stream-
bank protection. Soil and concrete .are the most common types of filling
materials. When sack revetment is intended for long-term protection, concrete
or soil cement is used. In this case, a four-sack mix with enough water to
produce a slump of 3 to 5 inches is specified. After filling, the sacks are
placed by hand on a sloping embankment (slopes can range from 1:1 to 2:1;
a 1.5:1 slope is most common) either as headers or stretchers. Common
causes of failure of this type of bank protection method are either under-
scour or end-scour and, therefore, special care should be exercised to
prevent these forms of scour.

DESIGN OF CONTROL MEASURES

As shown in Table 8, the predominant type of bank erosion is sloughing.
This erosion type can be controlled utilizing nonstructural measures such
as flattening slopes, and/or establishing vegetation, etc. If structures
are used, the most common methods include riprap and transverse dikes.

lethods for designing riprap and for determining total shear stress were
given earlier. An example of design follows.

Assuming that tne shear stress on the side is 3.59 lb/ft2 and the side
slope 1s 2.5 to 1, the safety factor of riprap with a median size of 2.0 ft is

determined.

Fo mediar. size of 2.0 ft, the parameter n 1is (from Fquation 5-4)

1
o
w

1

The size of 2.0 ft has an angle f repose ¢ of 41 degrees for dumped
riprap ‘very angular) (see Figure 57). The 2.5 to 1 slope has a side slope

«f 2.7 Jegrees. Assuming the horizontal flow on a sideslope, (from
F‘”ldL"’\ 4}
v T P T N R R T 4 T = — T — B
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Figure 8¢. Grouted-rock protection at river bend.
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Figure K7.

Examples of rough textured grouted-rock protection
{(Calitornia Division of Highways, 1960).
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- -1 ntan ¢
fi = tan 2 sin 0
= tap”! 0.37 tan 41°
‘ 2 sin 21.8°
-1 0.37 x 0.87
= tan =

2x 0.37

23.51°

tollowing Equation 5-11

n(t-2-2in By

n'

1 + sin 23.51

0.37( 5 )

= 0.26

The safety factor is (from Equation 5-2)

cosftan¢
n'tand + sinBcosfP

S.F. =

cos21.8° tan41®
0.26 x tan4l® + sin21.8° x cos 23.51°

_ 0.92 x 0.87
~0.26 x 0.87 + 0.37 x 0.92

= 1.43

To function properly, transverse impermeable dikes should not depend upon
the deposition of sediment between them. Rather, their principal function is
to deflect the flow away from the banks. To accomplish this, dikes should
extend into the stream past the point where the eroding velocities occur in
order to cunange the position of these velocities along an eroding bank to a
new alignment controlled by the location of the dikes.

This type of dike has been known by different names such as groins,
spurs, and spur dikes, and can be a variety of shapes: straight, T-head,
L-head, hockey and inverted hockey. The different shapes are illustrated in
Figure 88. Although stone filled dikes are the most popular impermeable
transverse dikes, a wide :.nge of different construction materials such as
soil, gravel, sandbags, bru;h, trees, and gabions have also been used.

Dikes may be angled downstream, upstream, or constructed normal to the
bank  Variations such as sloping-crest dikes with decreasing riverward top
elevation (systems havirg either the stepped-upstream or stepped-downstream
effect) have been used. For bank protection purposes, the normal-to-the-bank,
stepped-downstream system, and sloping crest dikes are recommended. Figure
89 shows an illustration of a typical dike of the stone fill type. Transverse
stone dikes are beceming the most widely used impermeable dikes.
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Figure 88, Shapes of transverse impermeable dikes.
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They are wu:ually constructed from quarry-run stone with specified
limitations on the maximum size of stone and amount of fines. These dikes are
built with crowns of various widths up to 10 feet or more depending on the
severity of the expected attack, the method of construction, and the require-
ment for maintenance.

The spacing between dikes in a dike field is usually expressed as a
function of the length of the dikes, and the relationships that have evolved
through the years, based on model studies and some field investigations of
existing dike fields. When dikes are placed along the concave bank of the
channel for stabilization purposes, it appears that a dike spacing of 4 to 6
times the length of the upstream dike is sufficient for deflecting the attack
of the main current away from the bank, thereby protecting the shoreline
between the dikes. Dikes used for bank protection along braided or straight
reaches, and in mild bendways, can be spaced further apart due to the nature
of the flow and the angle of attack of the main current. If dikes are used to
contract a section of the channel to develop a well-defined throughway for
navigation, it is recommended they be spaced very close together, about 1.5-2
times the length of the upstream dike. In any instance, the dikes should not
be spaced farther apart than 1/2 the meander length of the thalweg, otherwise
the effectiveness of the dike in controlling the flow may be lost because the
stream may impinge upon the bank upstream of the dike.

These recommendations are only guidelines since consideration must be
given to the size of the separation zone created behind the dike and the angle
of attack of the flow entering the dike field. The extent of the separation
zone behind a dike is important in the design of proper spacing between dikes.
Unfortunately, information pertaining to this phenomenon of flow around dikes
is lacking, and further studies in this area are required before an analysis
of dike design can be performed satisfactorily. When designing the layout of
a dike field, it must be remembered that the angle of attack of the flow can
change with different discharges, especially during flood stages. The angle
of the flow relative to the dike position will affect the extent of the area
protected from the attack of the flow. When scour is a problem at the river-
ward end of a dike, riprap is recommended.

It is generally thought that riprap protection is only required around
the nose of the spur where velocities are high. However, during high flows
the influence of the main stream current may be felt further back into the
dike firid thun previously anticipated if the approach of the flow is changed
s that it enters the dike field at an angle © (Figure 77).
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SECTION 6

EFFECT OF VEGETATION ON RIVER BANK STABILITY

[MPORTANCE OF EXISTING VEGETATION ON BANK STABILITY

In evaluating streambank vegetation and relating it to the quality and
stability of the river environment, several important factors must be identi-
fied. In general, researchers have concluded that bank vegetation adds to the
bank stability of rivers of small and intermediate size. In larger rivers
experiences have shown that tree roots do not extend to sufficient depths to
provide even limited bank protection and lower banks are subjected to erosion
by the flowing water that causes bank caving. With the nitching of the lower
banks by the flow, it has also been noted that the weight of the trees con-
tributes to bank caving and mass wasting.

Considering specific and detailed effects of vegetation on bank erosion
and bank line stability, several important concepts have been verified.

1. Vegetation type is important when evaluating the degree of banit line
protection. Small plants, grasses, and shrubs help prevent surface
erosion by slowing the velocity of the flow, dampening surface wave
activity, and enforcing the soil system to the depth of the root
system. Also, roots extending into the flow below the flow line
retard velocity, and under some conditions encourage deposition of
fine sediments that strengthen the bank and reduce seepage losses.

2. Larger vegetation such as large shrubs and trees may have extensive
root systems that extend through a greater mass of the bank provid-
ing some reinforcement to the banks, thereby increasing the resis-
tance of the bank line to erosion by the flowing water.

3. With large rivers, the banks are usually of such height that tree
roots do not protect the lower bank areas. Hence, the flowing water
can erode the underlying layers of bank material making the upper
bank unstable, leading to failure by slumping and sliding. In this
case, the trees may actually decrease bank stability because of the
weight they add to the upper bank, thus contributing to gravitional
focces acting on the upper banks.

4. In all cases, all types of bank vegetation help protect the bank
line at the surface of the flow from erosion due to wave action,
surface velocities, and minor variations in stage.

5. With a few exceptions bank vegetation helps protect the bank from
erosion and piping caused by subsurface flows. In a river system
like the Connecticut River, frequent changes in river stage may
accelerate piping. When piping progresses without trees the over-
lying block of bank may become unstable and settle down, blocking
the passages caused by piping and, consequently, healing itself.
With trees the bank is reinforced and does not settle as readily as
piping progresses. Thus, piping can extend farther into the bank
line before settlement and/or bank sliding occurs. When motion of
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the unstable bank material bhegins, the extra mass of soil plus the
added weight of trees growing in the unstable mass may contribute to
a greater degree of tailure.

6. Wind acting on the trees can transmit forces to the bank material
that reduce bank stability. Generally, analyses of the effects of
vegetation on bank line stability are favorable for the Connecticut
River. The removal of trees, unless replaced with a more effective
form of bank protection such as rock rip rap, reduces bank stabil-
ity. The degree to which bank erosion is retarded by vegetation
has been estimated and was shown in Table 2 (page 81). Bank line
erosion may increase slightly or very significantly after removal of
bank line vegetation depending on river alignment, magnitude of
flow, duration of flow, type of bank material, and wave action of
seepage forces. It is perhaps unfortunate that processes of bank
erosion are so complex. This makes it virtually impossible to
quantify the effects unless a particular site is subjected to a
detailed analysis.

EVALUATION OF VEGETATION TO STABILIZE RIVER BANKS

The importance of existing bank line vegetation on river bank stability
was described in the previous section. It is important to consider the
possible benefits of utilizing vegetation to help stabilize eroding banklines.
One of the majur problems is controlling bank erosion until new vegetation has
developed sufficient maturity that the surface of the bank is protected by the
vegetation and the bank material is reinforced by the root system. Even then

only limited bank protection can be achieved utilizing vegetation in most
cases.

There are major considerations that must be observed if new vegetation is
to be grown to protect river banks from erosion.

1. The site must be prepared by grading the bank to an acceptable slope
of about two horizontal to one vertical depending on the properties
of the bank material.

2. Once the bank is graded, some form of temporary bank protection may
be needed to limit bank erosion while the vegetation grows to an
effective size. This protection might be provided by willow mat-
tresses, combinations of filter cloth and wire mesh, undersized rip
rap, or other use of acceptable materials.

3. Types of vegetation utilized depend on the climate, growing season,
hydraulic conditions in the river, type of bank material, location
of bank to be vegetated, i.e., on a bend or a straight reach.
Various types of willows are widely used and often willow logs are
buried and anchored to the bank line.

Natural vegetation provides varying degrees of bank protection. However,
when attempts have been made to stabilize unprotected banks by planting new
vegetalion, positive results have been very marginal. Current bank stabili-
zation st dies conducted by the U.S. Army Corps of Engineers may provide
additional jata necessary to help identify the effectiveness of vegetation as
well as many other methods of bank stabilization.
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Vegetation plays various roles in promoting and maintaining soil
stability, acting as a soil binder, promoting infiltration, dissipating
rainfall energy, increasing soil porosity, and enriching the surface soil.
Maintaining an adequate plant cover then becomes the key to sail stability.
The presence or absence of vegetation may determine whether the soil stability
balance is maintained or whether soil loss occurs.

There are several general points that need to be made when using
vegetation for streambank protection: (1) On those streambanks where erosion
is a problem, there is probably little if any vegetation left on the banks.
If revegetation is required, good conditions for growth must be established.
Fertilization, mulching, and watering are often needed. Site preparation
procedures such as sloping or scarification may also be required. It may also
be necessary to incorporate organic matter into the subsoil material. (2)
Revegetation techniques alone probably will not be sufficient to stabilize the
streambanks. Structural techniques, such as riprapping, should also be used
on those portions of an actively eroding bank which are placed under prolonged
submergence. (3) Timing is highly important. For vegetation to provide
useful protection, it must be developed on the bank face between floods.
Because it also takes time for vegetation to establish itself as a good
protective measure, auxiliary devices should be considered. By knowing the
amount of time required by various kinds of vegetation to become established,
an effective program can be designed that incorporates both structural and
non-structural measures. For example, woody species take longer to mature
than do grasses, but they afford long-term protection. Quick-growing grasses
should be seeded first, along with shrubs and small trees. (4) Grasses can
provide a very effective stream channel lining. It keeps the fast-moving
water and transported coarse materials away from the bank's soil surface.
Something should be known, then, about species length, number per unit area,
and the physical qualities of the tops. The roots are also highly important.
Good sod grasses, such as Bermuda grass, have an extensive root system that
resists the pull of the tops that results from the drag of the flow. The
ability of a lining to protect the soil surface depends in part on the
toughness and resilience of its species component. To remove the trees and
introduce hydro-seeding without proper studies of site preparation, species
selection and maintenance has proven to be ineffective along the Connecticut
River.

The decision as to which species should be used is contingent on site
conditions. At the outset, information should be gathered on the soils,
vegetation, and topography. For example, soil sampling will help determine
the fertilizer and soil amendments that might be necessary to establish a good
vegetative cover. Soil properties important to revegetation include:

1. Electrical conductivity (EC)

2. Percent base saturation

3. Exchangeable sodium percentage (ESP)
4. K-factor
pH

6. Soil texture
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The natural vegetation serves as an index for determining revegetation
potential. Distribution of natural species is a response to factors such as
slope, aspect, soil, elevation, and moisture availability. Knowing types,
numbers of plant species, and growth habits indicates the type of plants that
would establish well and aids in designing a species mixture that leads to a
return to natural vegetation. Many riparian or bottomland species grow well
in an environment that could be considered "disturbed" (i.e., by periodic
flooding). Therefore, it is important to consider the willows, maples,
grasses, and sedges in the species mixture.

Site Preparation

Selecting the right species mixture is not sufficient to guarantee plant
establishment on the site. No doubt very poor growing conditions exist; the
topsoil has been destroyed and the site is in a highly unstable condition.
Site preparation procedures should be followed. These procedures, which
include the addition of topsoil, fertilizer, mulches, and scil binders,
constitute the majority of the program in both materials and cost. The exact
program followed will be based on the results of the initial soil testing and
vegetation survey. It may also be necessary to modify the site by sloping
and soil ripping. Depending on the properties of the bank material, the
bank should be graded to an acceptable slope of about two horizontal to one
vertical.

Mulches are extensively used as a temporary erosion control measure. They
also improve the soil environment by augmenting germination and seedling
growth. Determination of the best mulch treatment is based upon the predicted
effectiveness and site characteristics. An effective mulch will certainly
shorten the time required to revegetate a site. Organic mulches, straw, hay
and wood products are the most commonly used. They effectively moderate soil
temperature and improve moisture relationships. Determining the most effec-
tive mulch for any one site may require that the applications of different
mulch treatments be tested. On areas that are highly unstable, mulches of
crushed stone or gravel (1 inch deep) have been found to provide more effec-
tive erosion control than 4,000 1lb/ac of straw. A ground cover of gravel
stahilizes and protects a site against wind and water erosion, permitting
iavasinon by indigenous species. An eroding riverbank is obviously not the
most fuvorable place to establish vegetative cover. Use of vrock mulches
should b= considered, then, for those sections of the streambank that are
especiallv unstahle, where regular revegetation techniques would fail.

Species Selection

The species selected for utilization will depend on the site conditions,
hydraulic conditions in the river, the bank material, and the location of bank
to be stabilized, i.e., on a bend or a straight reach. To reiterate, the goal
of revegetation is to ensure long-term stabilization, eventually returning the

“.te to its natural veg