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Atomic Energy Control Board.

ABSTRACT

A literature search was undertaken to identify existing data and analytical
procedures regarding the processes of gully erosion. The applicability of the
available information to the problems of gully erosion potential at surface
and near surface disposal sites is evaluated. It is concluded that the
exis.lng knowledge regarding gully erosion is insufficient to develop
procedures to ensure the long-term stability of disposal sites.
Recommendations for further research are presented.

RESIDE

L'n examen de la documentation a ete effectue pour identifier les donnees
actuelles et les methodes analytiques concernant les processus d1erosion des
ravins.

L1application des informations disponibles aux problemes potentiels de
1'erosion des ravins affectant des sites d'enfouissement a la surface ou pres
de la surface a ete evaluee. II a ete conclu que les connaissances actuelles
sont insuffisantes pour developper des methodes qui assureront une stabilite a
long terme des sites d'enfouissement.

Le rapport recommapde divers travaux additionnels de recherche.

DISCLAIMER

The Atomic Energy Control Board is not responsible for the accuracy of the
statements made or opinions expressed in this publication and neither the
Board nor the author assumes liability with respect to any damage or loss
incurred as a result of the use made of the information in this publication.
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1. Introduction

The processes and rates of soil removal by sheet erosion are relatively well
defined and understood. This type of erosion poses little hazard to disposal
sites since it occurs uniformly and at a slow rate. However, under certain
conditions, non-uniform localized anJ rapid erosion may occur in the form of
gullying. This type of erosion may cause the sudden breach of the ground
surface, exposing waste to subsequent transport and redistribution.

The initiation and rate of gully erosion is the result of the complex inter-
relationship of many factors which are not always easy to control. The
purpose of this study is to review the state-of-the-art in the understanding
of gully erosion processes and methods of analysing and controlling the
growth of gullies with respect to the problems of disposal sites.

The specific tasks to be performed, as outlined in the Terms of Reference
were:

A) Search for and compile all information on:

1) conditions that favour or lead to gully erosion, and other forms
of non-uniform erosion, of unconsolidated materials which may affect
the capability of a disposal facility to contain and isolate wastes.
In so doing address the following:

a) the types of materials subject to erosion, such as naturally
occurring materials in which a facility may be constructed,
materials used for engineered covers or liners of a facility and
materials which may be placed in a disposal facility, including
fill;

b) the nature of the materials in subtask a), such as lateral
and vertical variations in composition, texture, moisture
content, degree of lithification, and thickness, as well as
engineering parameters (such as Atterburg limits) at any given
location;

c) climatic conditions and seasonal variations, including
regular processes and episodic events;

d) topography;

e) vegetation;

f) other factors affecting non-uniform erosion.

2) Data related to the quantification and determination of the
magnitude of conditions and factors identified in Task 1.

3) The kinds of measurements made to evaluate the amount, rate, and
duration of erosion, given the conditions in Task 1 and the informa-
tion requirements of Task 2.
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4) Case histories with sample data, interpretations, evaluations and
predictions of gully erosion and other non-uniform mechanisms of
erosion.

B) Evaluate the adequacy and completeness of the theories,
interpretations and data in Task A in order to determine:

1) what measurements are needed to collect the data to characterize
gully and other non-uniform erosion mechanisms at a site.

2) methods of evaluating the extent and rates of erosion at a site.

C) Write a report in which the information gathered for Tasks A and B is
clearly and concisely presented in the context of Canadian conditions.
Original interpretations derived from this study must also be included.

The following sections prsent the results, conclusions and recommendations of
the study.

2. Method of Information Search

Two basic methods were employed: a computerized search of technical data
bases and direct personal contacts with known researchers in the field, the
computerized data base search was conducted in two stages. In the first
stage, all articles having the following combination of keywords were
requested: GULL? or RILL? and EROS? or EROD? Nine data bases were
considered and only the titles of the articles were requested. The results
are shown in Table 1.

In the second stage, the titles were screened and many were eliminated
because of one of the following:

(i) non-relevance to the study objectives
(ii) different language other than English or French
(iii) repetition

Full information on the remaining articles (165 articles), including the
abstracts was obtained and stored in our computer system.

The abstract list was then reviewed by the study team. The list was
screened, and some articles were eliminated, based on the same criteria as
mentioned above. The remaining articles were then listed to form a prelimi-
nary bibliography and requests were sent out to obtain full copies of these
articles. A total of 36 papers and publications have been reviewed in full
to date.
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TABLE 1

RESULTS OF COMPUTERIZED DATA BASE SEARCH

Data Base Name

1. GEOREF (American Geological
Institute)

2. CAB Abstracts (Commonwealth
Agricultural Bureau)

3. COMPENDEX (Engineering Index)

4. El Engineering Meetings

5. CRIS USDA (U.S. Dept. of Agricultural
Projects)

6. AGRIS International (from UN FAO)

7. AGRICOLA (U.S. National Agricul-
tural Library)

8. Water Resources Abstracts

9. NTIS (U.S. Government Sponsored
Research Reports)

Total Number of Citations: 1.803

Personal contacts were made with a number of people who are either known to
be active in erosion research or otherwise knowledgeable about this field. A
list of those who were contacted is given in Table 2. Each person was asked
about the availability of current research or published information pertinent
to the study objectives. These contacts led to the acquisition of some of
the most recent information which has not yet been catalogued in the data
bases.

Additional references were obtained from the citations in the papers them-
selves as well as manual searches in the MacLaren library for literature
related to uranium mill tailings disposal sites. This latter source provided
a "Selected Bibliography for Nuclear Facility Decommissioning and Site Reme-
dial Actions" by P.T. Owen et al,. from which a number of papers on long-term
stability were obtained.

Period

1785

1984
1972

1970

1975

1974

1979
1970

1968

1964

Covered

- 1986

- 1986
- 1983

- 1986

- 1986

- 1986

- 1986

- 1986
- 1978

- 1986

- 1986

Number of
Citations

403

132
329

110

59

48

29

161
64

356

112
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Name

1. B.J. Barrfield

2. Dr. Bilvardi

3. Terry Day

4. Al Gorman

5. J. Locat

6. Bob Meade

1. M. Nicklin

TABLE 2

LIST OF PERSONAL CONTACTS

Affiliation

Kentucky Water Resources Inst., Lexington

Environment Canada, Sediment Survey
Section

Queen's University, Kingston

Laval University

USGS Denver

University of Nebraska, Civil Engineering

8. U.S. Nuclear Regulatory
Commission (NUREG)

9. A. Rogowsky

10. R. Warner

Washington

Penn State University

University of Kentucky, Ag. Eng. Dept.

3. Results of Literature Review

The information received was organized into four categories:

i) causes and processes of gully erosion

ii) methods of quantifying the potential for gully erosion and rates of
growth

iii) procedures for measuring gully erosion

iv) case histories and field data.

3.1 Causes and Processes of Gully Erosion

The causes of gully erosion are fairly well documented in the literature.
It is a process of incision by concentrated runoff. The initiation and
growth of gullies occurs when a stable or equilibrium condition of erosion
and deposition is disturbed or exceeded. This is fundamentally related to
the energy gradient (slope) of the watershed, the degree of concentration of
the runoff (flow rate), the sediment content of the runoff and the
erodibility of the soil. The equilibrium state is a dynamic one fluctuating
between periods of erosion and deposition as conditions change over long time
spans. It has also been observed that a system may gradually evolve towards
an unstable condition through natural processes so that a
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runoff condition that had previously been a relatively minor disturbance or
stress (such as a moderate flood peak that was previously controlled) will
now cause the stability threshold to be exceeded, resulting in sudden and
rapid gully erosion. (See Figure 3(a)) After this sudden erosion occurs, the
system may return again to a relatively stable state for some time.
Thus gully erosion is usually an intermittent process.

The primary causes of gully erosion identified in the literature are:

i) increased surface runoff and/or reduced infiltration.

This may be due to changes in land use, reduced vegetation cover,
climatic changes, increased drainage area (regrading, diversions of
swales and channels), etc.

ii) increase in energy gradient.

This may be due to a lowering of the downstream control level (flood
control works, lowering reservoirs), ground subsidence or uplift,
excavations, etc.

iii) decrease in upstream sediment supply.

This may be due to changes in land use, increased vegetal cover, exposure
of bedrock, etc.

iv) exposure of less resistant soil layers.

Some of these causes may be man-induced but others reflect natural geomorphic
and geologic processes over long periods of time. There are also a number of
specific physical parameters which are important to erosional processes:

i) climate - Precipitation is considered to be one of the principal
factors in the erosion process, especially storm events which are very
intense and produce large runoff volumes. However, large runoff volumes
are only a problem where there is sufficient erosive energy to break
through the erosion threshold of the land form. This is also a function
of the drainage area,

Climates which have extremes of precipitation or temperatures tend to be
more prone to erosion. Drying and cracking of surface soils followed by
heavy rains leads to large runoff volumes (less infiltration) which may
concentrate in the cracks and lead to gullying. Freezing may cause
heaving and cracking of surface layers (particularly in engineered
covers) and thawing of surface soils while underlying layers remain
frozen greatly reduces the resistance to erosion.

ii) vegetation - There is a close relationship between vegetation and
climate and in some climatic regimes vegetation cover may die off during
periodic droughts. Forest fires are also a common occurrence in many
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areas. For these reasons, vegetation cover cannot be considered as a
completely secure protection against erosion.

iii) topography - Surface slope, roughness and landform shape are
important factors since they are directly related to runoff concentration
and velocity. However, it is the combination of runoff volume (related
to drainage area and rainfall intensity), flow concentration (in rills or
channels) surface slope and soil properties that determines the
resistance of the landform to gullying. For example, under some
conditions, steep short slopes may be resistant while long mild slopes
might be susceptible to gullying.

iv) soil characteristics - Various soil properties have been identified
as significant factors in the potential for erosion. In general,
increased percolation and increased soil cohesiveness lead to less
erosion. However, these properties tend to be present in inverse
proportions in any given soil. As a result the erodibility of a
particular soil in situ is difficult to determine from its physical
properties alone unless it is of an extreme and homogeneous type (i.e.
sand, heavy clay, etc.) One factor that was identified in the literature
is that the susceptibility of a soil to piping may enhance the potential
for gully formation.

Deterministic relationships between specific physical soil properties
(such as bulk density, porosity, texture, Atterburg limits, etc.) and the
erodibility of the soil have not been successfully defined by the work
done to date.

v) other factors - The erosion process is so complex that many factors
have been identified as significant in site-specific cases. These
include modifications by man (road cuts, agricultural and land use
practices, alteration of drainage courses, etc.), burrowing and foraging
by animals, mass movement (landslides) in valley walls, and wind effects
in arid climates, etc.

Research into the processes of rill and gully erosion has been conducted at
Colorado State University using a laboratory rainfall erosion facility. This
facility consists of a large bed of graded soil (silt/sand mixtures) with a
rainfall simulator. Work done using this facility by Mosely (1972, 1974) and
McLane (1978) give interesting results concerning the growth and stability of
rills and gullies. Experimental data and results are presented in Figures 1
and 2 which describe relationships between drainage density and surface
slope, sediment yield and slope geometry (e.g. convex vs. concave), and the
effects of lowering the base level on the rate of gully advance. The
conclusions of these studies were:

i) the density of rills increased with surface slope

ii) sediment yield increases with surface slope
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SUMMARY TABLE OF SURFACE CHARACTERISTICS.

Surface
n o .

1
2
3
4
b
6
7
8

air-puled

Shape

plane
plane
plant*
plane
divergent
divergent
convergent
convergent

by Ule equation

Contour*
curvature

0 . 0
0 . 0
0 0
0 . 0

25.0
25.0

-30.0
•30.0

length.
Gradient (meters

0.030
0.039
0.06 »
0.113
0.109
0.080
0.121
0.076

13.4
13.4
12.8
8 5
S.9
5 . 9
7 . 3
7 . 3

(Young. 1972. p. 176): C -

Number of
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Figure 1 Experimental Results from the Rainfall Erosion Facility at Colorado
State University showing the effects of surface slope on erosic...
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Figure 2 Experimental Results from the Rainfall Erosion Facility at Colorado
State University Showing the Effects of Lowering Base Levels on
Rates of Erosion
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iii) concave surfaces are more susceptible to gullying than convex
surfaces

iv) the drainage pattern is largely a function of topography and it is
possible to predict where channels will form from a detailed mapping of
the surface

v) a lowering of the base level leads to the rapid initiation of down-
cutting of the channels beginning at the down-stream face and migrating
upstream

vi) the rate of head-cut advance decreases as the contributing area
upstream of the head cut decreases

vii) the head-cut advance gradually ceases as a new equilibrium slope is
achieved for the lower base level

3.2 Computation Methods

Most of the methods developed for numerical evaluation of gullies have dealt
with the rate of growth and expansion of existing gullies in agricultural
areas. These have been based on two distinct approaches. The first approach
is to relate the rate of soil loss (as measured by downstream sediment loads)
or the rate of gully extension (either headward advance or total area) to a
number of physical parameters using regression techniques.

Among the first formulations of this type is that developed by Thompson
(1964) using data from several U.S. locations:

R = O.ISA 0- 4^ 0- 1*? 0- 7^ 1- 0

where:

R is the rate of gully advance (ft/yr)
A is the draingage area (acres)
P is the total annual rain from events greater than 0.5 inches in 24 hours
S is the slope of the approach channel
E is the clay content of the eording soil (% by weight)

In some cases these regression formulations have become increasingly sophis-
ticated as indicated by an equation derived for the loess soils of Iowa by
Beer and Johnson (1966):

„ - n ni v 0.0982 „ -0.44 , 0.7954 v -0.2473 -0.036x3xl ~ °-01 X4 X6 X8 X14 e

where:

Xi is the gully surface area growth (acres)
x3 is the deviation of annual precipitation from the long term average
Xi, is the index of surface runoff
x6 is the terraced watershed area
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x8 is the initial gully length
Xn, is the distance from gully head to watershed limit

The U.S. Soil Conservation Service (1966) simplified this procedure by
reducing the basic equation to:

R - 1.5 A °-46 P °-20

where parameters are defined as by Thompson above. To account for the effect
of all other factors, the USGS recommends using past gullying rates
calculated from maps and aerial photos for the specific site under
investigation. The equation then becomes:

O.46,p ..0.20

(ft)
in which the subscripts 1 and 2 refer to past and future respectively. This
equation was developed for areas east of the Rocky Mountains and is
apparently based on several years of measurements of head-cut advance on a
number of gullies, although the data are not presented. A detailed knowledge
of field conditions is required for a reasonable prediction using this
method.

All of these regressions are limited to conditions and geographic locations
similar to those for which they were developed, although they are often
presented in various manuals for general application. No verification of
predicted erosion rates using these methods is presented in the literature
since the required time frame is too long and the erosion process too
sporadic for this to be practical. For any confidence on the degree of
accuracy for a specific site, especially in Canada, site-specific data are
.required to adapt these relationships or develop new ones.

The regression equations also require site-specific calibration and give only
qualitative results. They are developed to predict soil and land area losses
for agricultural purposes and they may have little general applicability to
the problem of predicting potential gullying.

The second approach to estimating gully growth deals with the physical
processes of gully formation and a number of deterministic procedures have
been developed. These can be divided into: (i) methods of evaluating rates
of active erosion (bank slumping, gully head-cut advance, channel down
cutting, etc.), and (ii) methods of determining stability thresholds for
gully initiation and growth. The former group is principally concerned with
the design of remedial measures or the stabilization of existing problem
areas. This may have some relevance if active erosion is occurring in the
vicinity of a disposal site but such conditions should be avoided if
possible. The main concern of this review is the initiation of growth of
gullies on previously ungullied surfaces.
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The state-of-the-art in the understanding of erosion thresholds is well
represented in the publication entitled "Gully Erosion" by Harvey, Watson and
Schumm (1985) for the U.S. Bureau of Land Management. This report summarizes
the causes and processes of gully erosion and presents the results of
research into predictive methods based on physical processes which are
summarized below.

The concept of the stability threshold is illustrated in Figure 3(a). The
slope or instability of a valley may increase gradually over time as a result
of down-cutting in the receiving stream for example until it exceeds the
stability threshold and gully erosion begins. The threshold may be exceeded
at a lower slope due to a large runoff event. The rapid gullying has the
effect of reducing the gradient once more to a stable condition and the
cyclic process begins again.

The threshold parameter used in current research is the average shear stress
at the soil/water interface. Using data from the semi-arid region of north-
west Colorado a relationship for the Shear Stress Indicator has been
developed:

V n ) = cAffs

where:

A is the drainage area
S is the channel slope
T , . is the Shear Stress Indicator for a return period flow of
O ( n ) n years (Q^)

r is the exponent of the runoff relationship:

f is the exponent of the depth of flow relationship:

d = c 2 Q
f

(?!, C2 are constants

(The relationship between area, flow and return period are from earlier work
by Leopold.)

From field measurements, channel slopes are plotted against drainage areas
and a line is drawn through the minimum slope of gullied reaches (Figure 3b).
The exponent rf is the slope of this line and a value for the Shear Stress
Indicator (or threshold shear stress t , ) can be calculated. This
value can then be used to estimate the relative stability or gullying poten-
tial for other landforms in the region with similar soil and climatic condi-
tions (Figure 3c). Valleys with ratios of T /i greater than
1.0 may be prone to gully erosion.
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However, it should be noted that a number of locations with Shear Stress
Indicator values greater than 1.0 were in fact observed to be ungullied,
mostly in small drainage areas. This would suggest that critical shear
stress alone does not adequately describe gullying potential in small areas
where site-specific conditions become increasingly significant. In this
approach it is assumed that variations in climate, geology, vegetation,
sediment and land use are minor when developing a local relationship for the
critical shear stress.

The Shear Stress Indicator method has been further refined by Bradley (1980)
based on data from the Chalk Bluffs area of northeastern Colorado which is
essentially a bedrock surface into which channels are eroding. For these
data the method was modified to consider stream power, which is the shear
stress multiplied by the flow velocity, and the channel slope/width ratio.
The final relationship is:

T V = KA, S
b W

where:

T is the shear stress
V is the flow velocity
K is a constant
A, is the basin area
S is the channel slope
W is the channel width

The constant K is determined from field data by plotting the slope/width
ratio against drainage area.(Figure 4(a)). K is the slope of the line
separating gullied from ungullied sites. In Figure 4(a) a geomorphic
threshold zone is shown which defines the transition between gullied and
ungullied conditions. The width parameter was introduced into the relation-
ship because no well-defined threshold was apparent when slope alone was used
due to the important effects of constricting valley walls at the sites
studied.

Figures 4(b) and 4(c) show the use of the stream power model to define the
relative gullying potential of each observed site.

The "threshold" approach described above is not suitable for predicting the
rate and extent of gullying once it occurs. For this purpose a model of
erosion processes is required, based either on observed historical erosion
rates, as in the regression formulae previously discussed or on measurable
physical properties of the watershed.

Work at Colorado State University has lead to a deterministic method for pre-
diction of gullying potential as described by Nelson et al. (1986). It is
based on field investigations on tailings disposal sites in the arid south-
western U.S. as presented in a thesis by Falk (1985). Falk studied 16
reclaimed and abandoned uranium nine tailings disposal sites located in
southern Wyoming and nort-trn Colorado (see Figure 5). For a number of
existing gullies at each location, data describing the gully dimensions,
drainage area and soil characteristics were collected (see Figures 5, 6, 7a
and 7b).
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The rate of erosion was characterized for each site by computing the average
rate of gully incision as the maximum gully depth, D max, divided by the age
of the site, t.

Based on graphical correlations, the following formulation was derived:

Dmax = (AHPUSi) = GF
d + D 5 0 )

where:

A is the drainage area (ft2)
P is the number of precipitation events causing runoff
Si is the initial slope as constructed
D_. is the median grain size of the soil (nan)
GF is the fully factor or the average rate of gully incision.

Figure 8(a) shows the relationship between the rate of gully down-cutting
D max/t and the Gully Factor GF for all sites. On this plot, reclaimed and
abandoned sites are differentiated because they exhibit very different
characteristics. The abandoned sites were characterized by high slope
angles and a lack of vegetation while the reclaimed sites were developed to a
uniform finished grade, covered with topsoil and seeded. The abandoned sites
did not exhibit a good correlation between the maximum rate of incision and
the Gully Factor and they were not considered further.

After eliminating the abandoned sites and modifying the data by computing
average values for each site, the plot shown in Figure 8(b) was derived for
the reclaimed sites only. This shows a very good correlation between the
rate of incision and the Gully Factor. But this result largely reflects the
relative uniformity of the reclaimed sites and the use of average values to
eliminate the wide variations actually observed for all the gullies. (Figure
6(a)).

A sensitivity analysis was done to determine the relative significance of
each of the terms in the Gully Factor. It was found that the drainage area
is by far the most significant parameter and that the difference between
using all of the terms in the Gully Factor equation and using area alone
resulted in an increase in the correlation coefficient of only .051, from
0.927 to 0.978 (Figures 8(c) and 3(d). The precipitation parameter was found
to be the second most important, while initial slope was the least
significant.

There exists in these data an outlier shown as Point A in Figure 8. This
point represents the only site in which fly ash was a component of the
disposal material. It would appear that either the field sampling was not
detailed enough or that the median grain size D-o is not an adequate
parameter in the Gully Factor equation to account for this variation.

From these results the theoretical stable slope can be estimated from the
curve intercept where the rate of incision is 0.0. (ie. at a Gully Factor of
about 31 in Figure 8(b)).
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Nelson e_t aX- > (1986) presented a method to compute the critical slope or the
threshold slope for initiating gully erosion on reclaimed surfaces. The
method is presented below:

1. obtain site-specific information on:

(i) cover soil (median particle diameter D^Q)
(ii) dimensions of land fill (slope length, gradient)
(iii) long term precipitation record.

2. define the largest tributary area for any drainage outlet. This may
be estimated from the longest potential watercourse length and the
following relationship:

D = 0.909 + 22.418 (Si)

where:

D is the drainage area/unit length of drainage path (ft2/ft) and S^ is the
initial cover slope. This relationship is applied to each unique slope
segment.

3. compute the stable slope gradient, S:

41.2 (1+D5O)

S =
AP

where:

A is the area in ft2,
P is the number of events/year greater than 0.5 inches in 24 hours,
D^Q is the median particle size in mm.

If the initial slope is greater than the computed stable slope then gullying
may occur. There are additional relationships presented to define the tran-
sitional slope at an interim period before the channel re-stabilizes, the
maximum gully depth and maximum top width.

The assumptions behind these relationships are:

i) the method is for reclaimed slopes consisting of disturbed non-
cohesive soils with mean grain sizes of 0.36 mm to 1.74 mm
ii) the reclamation material is homogeneous to the maximum gully depth
iii) the toe of the slope is stable
iv) the rate of gully erosion and slope degradation decreases with time
v) differential settlement is completed before gully formation begins
vi) vegetation cover less than 30% has negligible effect
vii) the method is based on data from the semi-arid south western U.S.
viii)the estimates of gully growth should be limited to a period of 200
years.
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These results appear to be seriously limited with respect to Canadian condi-
tions, but the methods used might be considered to develop appropriate
relationships from Canadian data.

3.3 Procedures for Measuring Gully Erosion

Most gully erosion studies have involved in-situ measurements of head-cut
advance, gully wall slumping and determining the rate of surface losses using
marker pins and ground surveys. These data were usually supplemented by
measurements of total sediment discharged in the runoff, analysis of soil
properties and precipitation measurements. The limitation of these methods
is that they capture only a brief period in the development of specific
gullies and it is not easy to predict the future development of that gully or
to generalize the results for other locations. Attempts to overcome this
limitation by observing many gullies from a localized area, each taken to
represent different stages of gully development within the same landform,
have been only partly successful.

Photogrammetric methods have been exploded to monitor the rate of soil loss
and gully erosion on agricultural plots,. These methods appear to be capable
of measuring soil losses in the order c:f 10 mm to 25 mm using low level
aerial photos with good ground contro? (Thomas et al.. , 1986). This approach
may have some potential for inspecting, remote disposal sites.

Some recent work has been undertaken to measure erosion processes on
reclaimed disposal sites for uranium fill tailings from which formulae have
been developed to estimate gullying potential (Nelson e_t a_l. , 1986, Falk,
1985). The method was based on measuring the physical properties of existing
gullies (dimensions, soils, drainage area etc.) but the resulting methods for
predicting gully growth are dependent on a high degree of homogeneity between
sites.

Another procedure that has been used to investigate gullying processes is a
laboratory rainfall erosion facility such as the one at Colorado State
University described by Mosely (1974). This facility consists of a large bed
of soil that can be graded as desired and subjected to a simulated rainfall
loading. Changes in base level can also be effected. Using this rainfall
erosion simulation method, it may be possible to model a design for a speci-
fic reclamation site including appropriate soils, slopes, compaction, etc.
It may also be possible to simulate a wide range of conditions to develop
generalized relationships for design. However, such a procedure would be
impractical for other types of disposal facilities (eg. underground sites
with undisturbed surfaces).

3.4 Case Histories and Field Data

The literature presents summaries of many field investigations and case
histories, although detailed data are rarely presented. Some examples of
these are given in Table 1. Many of the studies have been concerned with the
growth of existing gullies occurring either in agricultural lands or in the
semi-arid lands of the American southwest.



TABLE 1

EXAMPLES OF CASE HISTORIES FROM THE LITERATURE

REFERENCE LOCATION NATURE OF INVESTIGATION

Falk Wyoming/ Semi-arid 'observations of gully erosion on 16 reclaimed and abandoned strip mines and
(1985) Colorado temperate tailings disposal sites;

U.S.A. »site measurements, laboratory analysis of soils and rainfall data
collected;
•developed empirical method to predict maximum gully depth;

Stocking Zimbabwe Semi-arid »seven year monitoring program;
(1981) Sub-tropical 'investigated correlation between many potential causitive parameters and

gully growth;
•developed regression equation for rate of growth.

Brumbaugh
(1983)

Piest and-
Bowie
(1974)

Patton
and
Schumm
(1975)

Santa Cruz
Island,
California
U.S.A.

Western
Iowa
U.S.A.

Western
Colorado
U.S.A.

Mediterranean

Temperate
Humid

Semi-arid

•hillslope gullies were surveyed on 5 watersheds with varying degrees of
vegetative cover and sheep grazing and various rock types;
•three gullies were monitored for 2.5 years using erosion pins and coloured
stones placed in gully floors.

•erosion rates were measured in 4 gullies over a 10 year period;
•gully changes were monitored by periodic surveys and stream floor sampling;
•watersheds were in agricultural usage and ranged in size from 75 to 150 acres.

•valley slope and drainage area were measured in 56 valleys of which 33 were
stable or ungullied while 23 were gullied to some degree;
•gully slope or the steepest valley section in the ungullied valleys was
measured;
•data used to identify critical slope for gully initiation.
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The USGS (1986) has published a review of sediment data collected in mining
areas of the eastern U.S. which documents rainfall runoff events monitored on
many small u-atersheds with reclaimed areas (including one nuclear waste
landfill). However, these data deal with total sediment discharges rather
than gullying processes.

Recently, some investigations have been done on the initiation of erosion at
reclamation and disposal sites but much of the interest is in permeability
rates rather than long-term stability. The recent work done at Colorado
State University on Uranium tailings disposal sites, as reported above,
appears to be unique in its emphasis on gully erosion.

In general, the existing field work has been related to determi g
relationships between site characteristics and gullying potentx . and rates
of growth. However, the most useful data in this regard with respect to
surface and near surface disposal sites has been done in the semi-arid south
west United States. Almost none of the reported field data are from cold,
humid locations similar to Canadian conditions.
4. Conclusions and Evaluation

Considerable knowledge exists on the processes of gully erosion but the
majority of it is qualitative and descriptive. Some attempts have been made
to quantify the rate of gully advance for agricultural cases but there is
little equivalent work available for reclaimed disposal sites, and none for
Canadian climatic conditions. The applicability of the existing work to
Canadian disposal sites has not been validated. The ability to accurately
predict gully erosion in undisturbed "natural" situations appears to be
beyond the present state of the art.

The major problem in predicting erosion, as gleaned from the literature, is
the enormous variety of soils and conditions encountered. In this regard,
there is an important difference between native soils which are highly
variable and reclaimed sites which can be designed to be homogeneous and
subject to more uniform and controlled conditions. The ability to control
the selection and design of reclamation sites greatly improves the
possibility of developing useful theoretical relationships to design for
erosion protection.

Realistic estimates of erosion potential in undisturbed soils (if possible at
all) must be very site-specific and dependent on detailed site investiga-
tions .

With regard to the problem of long-term stability of disposal sites, there
are a number of significant gaps in the available research and technology.
Based on this review of the existing literature, the following questions re-
main unanswered:

i) For underground sites located relatively close to the undisturbed
land surface, to what degree should the long-term risk of exposure due to
surface erosion be considered and how can it be evaluated?
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ii) An approach has been developed to estimate the stability of
reclaimed slopes to resist gullying based on field measurements and
laboratory tests in the U.S. Is this approach applicable to Canadian
conditions and freeze-thaw cycles in particular? Do these methods apply
to the materials and construction methods available at Canadian sites?

iii) in the design of engineered covers there is a trade-off between lim-
iting percolation and resisting erosion. These two criteria require very
different soil properties and usually some form of composite or layered
cover is used. What is the most effective combination of materials and
general cover design to meet both of these criteria for Canadian condi-
tions?
iv) Materials used in reclaiming disposal sites must be obtained local-
ly. What are the minimum specifications for such materials? How should
they be placed and what procedures are required for quality control dur-
ing construction?

v) Each reclamation site requires a site-specific design based on local
conditions. What field data and testing should be required to evaluate
ultimate erosion and gullying potential?

vi) What is the most efficient and effective means of monitoring the
stability of remote disposal sites over long periods of time?

vii) The long-term stability of the site depends on the maintenance of
the base level at the outlet of the watershed. How can this be secured
for design periods of hundreds of years?

viii)What design period is realistic for erosion protection? Is it
feasible to assume that a decommissioned site will remain stable and
secure in perpetuity or should some program of regular inspection and
maintenance be considered?

5. Recommendations

There are many areas where research on gully erosion is required to determine
appropriate design procedures for disposal sites. This research falls into
two categories; basic scientific investigations of gullying processes and
applications to engineering design. The scientific research areas are:

i) processes of gully initiation on reclaimed surfaces; methods to
predict gully initiation on all surfaces.

ii) determination of growth rates of gullies in natural surfaces,
existing valleys, engineered covers and disposal materials

iii) long term geologic and geomorphic processes with respect to poten-
tial for gullying in disposal sites

iv) methods for periodic monitoring and/or inspection of decommissioned
sites
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The areas requiring engineering design research are:

i) methods to prevent gully initiation

ii) reclamation and stabilization of gullies

iii) engineering design and construction procedures and risk analysis
with respect to gullying potential.

To carry out this program, the work would entail field studies, laboratory
experiments and office studies conducted in several stages. The central
problem to be investigated is the initiation of gullies which should receive
the highest priority in the first stage along with a field program of moni-
toring and data collection. Subsequent studies and research would build on
this start by using the early results to determine the direction and priori-
ties of further stages.
While many of the various investigations will be scientific in nature, the
program should be directed towards achieving answers on policy questions and
engineering design within a reasonable time frame. However, since it nay
take a number of years to obtain conclusive field data to verify short term
results, some review and updating of the initial conclusions may be required
from time to time.

The following outlines our recommendations for further research into the
gully erosion question. The organization of these activities into a co-
ordinated research program will depend on the required time frame, available
resources and the suitability of existing field sites for study.

The recommended tasks are:

1) Conduct a field inspection of all accessible sites to identify those
which may be suitable for monitoring and study. This would include any
landfill or reclamation site with emphasis on locations in Canada or
other sites with comparable climatic conditions. In addition, sites
suitable for study of general erosion and gullying processes should also
be investigated such as Casselman Landslide site.

As a result of these field inspections and a review of available Canadian
data, the subsequent activities in the proposed program can be updated or
modified as required.

2) Conduct a comprehensive field monitoring program at selected sites
to collect data on:

i) in-situ soil characteristics
ii) drainage system characteristics
iii) precipitation and runoff measurements
iv) infiltration characteristics
v) occurrence of rills and gullies or other non-uniform erosion at

or near the site
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vi) rates of growth of rills and gullies
vii) stability of base level of drainage outlet
viii)rates of soil loss
ix) settlement and deformation of the site
x) vegetation cover
xi) effects of freeze/thaw cycles on erodability of soil cover
xii) effects of animal activity (burrowing or browsing)

This program will probably require several years and its continuation
should be reviewed from time to time, based on the monitoring results and
the results of other research activities.

3) Set-up a laboratory experimental facility to test the gully initia-
tion thresholds for selected reclamation designs. This facility would be
composed of a layered soil bed with a rainfall simulator and it should be
capable of varying slopes and surface contouring. Using the simulator,
experiments should be designed to investigate deterministic relationships
between the measurable physical properties of various designs, erosion
rates and gully erosion thresholds.

4) Since erosion experiments in the lab or the field are relatively
difficult to conduct, a preliminary screening of a wide range of reclama-
tion designs could be undertaken prior to designing the lab experiments.
This screening would consider, but not necessarily be limited to, exist-
ing designs. A computer model should be developed from existing programs
to simulate the processes of infiltration, runoff, and flow through the
various soil layers to predict the potential for gully formation. This
could be done for a wide range of soil types and layering methods to
identify the gullying potential of each configuration. The results of
these simulations would be used to select a reasonable number of experi-
mental designs to be tested in the lab.

5) Based on the field monitoring, develop relationships for the rate of
gully growth and advance in disposal areas.

6) Devise and test methods of stabilizing and rehabilitating existing
gullies in the field.

7) Develop procedures to estimate the design life of a facility with
respect to the risk of gully erosion. This would entail the considera-
tion of the stability of the entire land form in the vicinity of the site
and downstream watercourses.

8) Develop criteria regarding site selection, reclamation methods,
site disturbance, slopes, site inspection, measurements, regional
geologic and geomorphic data, construction and quality control.

9) Investigate the need for and methods of periodic inspection of
decommissioned sites, including site inspection and remote sensing
(photogrammetry). The use of stereo aerial photographs should be
investigated as a means of monitoring overall site stability and
performance. This should be done in conjunction with the comcrehensive
field program to provide detailed verification of the photo
interpretations.
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