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Abstract
An elaboration on how to construct a spillway for closure for a large tailings pond
completely enclosed by embankments, leading to a situation where construction in
bedrock is not possible is presented with the following conclusion. A stepped spillway
arrangement constructed with granite blocks will require of large blocks for being
stable, and will require of filters that are not always considered functional in long-term
perspective. It is presented an analysis of the overall stability of the structure proposed
and of the stability of its individual blocks. In addition, it will be impossible to design
a vegetated channel that remains stable, without silting and without erosion, over
thousand years without maintenance.
Keywords:
Spillway, erosion, filters, long-term stability, vegetation covers.
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Resumen
Se presenta un estudio de cómo construir un aliviadero para el cierre de un gran
estanque de relaves completamente rodeado por terraplenes, y donde no es posible
excavar directamente en roca. Las conclusiones muestran que diseñar un vertedero
escalonado con roca granítica requerirá de grandes bloques para ser estable y de filtros,
los cuales no siempre son considerados funcionales a largo plazo. Se ha presentado un
análisis de la estabilidad global de la estructura propuesta y de los bloques individuales
que la componen. Por otro lado, también será imposible diseñar un canal protegido
únicamente por vegetación que permanezca estable durante mil años sin
mantenimiento.
Palabras clave:
Aliviadero, erosión, filtros, estabilidad a largo plazo, cobertura vegetal.
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Introduction
1.1 General background
According to SGU (Sveriges geologiska undersökning), there are 17 mines in
production in Sweden. Some of them have great importance around the World and
Europe (SGU, 2017). For instance, Kiruna mine is the largest underground iron ore
mine in the world. In addition, Aitik is currently the largest European copper mine and
is Sweden’s largest gold and silver producer. Moreover, according to the data from the
SGU, the number of metal mines in operation in Sweden will increase in the next years
(Swedish Ministry of Enterprise, Energy and Communications, 2013).
Sweden disposes more than 190 dams with more than 15 m of height (large dams) and
10 of them are tailing dams. About two thirds of them are embankment dams (Bergh,
2016). A dam failure can occur because of an inadequacy in the construction, an
unexpected external factor or due to both causes. For instance, in Sweden, two
important failures have marked the history.
On April 25, 1998, a mine dam managed by a Swedish company failed in the south of
Spain. The dam failure that occurred in the city of Aznalcóllar and caused one of the
extensive environmental crises in the history of Spain, especially because of the
important discharge of toxic waste that affected more than 4000 hectares of the
national and the natural park of Doñana (Ullberg, 2001).
Shortly after, in September of 2000 the internal tailings dams of a copper mine in Aitik
mine, in the north of Sweden, failed. Approximately, 1.6Mm3 of water with copper
dissolved flowed and contaminated Leipojoki and Vassara River.
Since occurrences like those, many conservative changes in legislations were done,
especially in order to intensify the monitoring of the dams and to try to prevent events
like this from occurring again (Länsstyrelsen i Norrbottens Iän, 2001).
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1.2 Aim and scope
Nowadays, the most important environmental aspects of mines are linked to the
engineering management of the mine waste storage facilities. It shall not cause any risk
to the community health or the environment for thousands of years.
Tailings in Sweden are produced in voluminous quantities annually. It is necessary to
deposit eternally the tailings produced in an environmentally safe. It is of great interest
to study the reliability of these facilities in a long-term perspective and with the
intention that no maintenance shall be required after closure. In general, the facility is
seen to be in a suitable state to be left, if may be shown that the goals of the closure
plan is met, where experience shows that 30 years is a suitable time to determine if the
goals with the closure plan are being achieved (SveMin, 2015).
Furthermore, over the last years the requirements regarding economic security from
the companies, to cover future closure costs, have increased significantly in Sweden
(from introduction of Miljöbalken 1999 to compulsory economic security 2002 to
regulation on the extraction of waste in 2013), which have put more focus on
presenting details for closure design already in an early stage (to obtain an
environmental permit for the operations).
Parallel to this development several Swedish facilities have also increased production
rates and extended plans for their tailings storage facilities, which in the future may
lead to several facilities where the tailings ponds are completely enclosed by
embankments. This would in turn lead to a situation where long-term spillways may
not be constructed in bedrock (and instead requires diversion of water over or through
the embankments themselves).
The scope of this study is to elaborate on the difficulty situation of spillway design for
a long-term stable spillway that may not be constructed in bedrock. Long-term
stability in Sweden is usually referred to as stability of a period of at least some 1.000
years (or “until the next ice age”). This means that the presented solution must be
designed to resist extreme static, dynamic and hydraulic loads caused by floods,
rainfalls and earthquakes, which may occur in the future, and without introducing
materials that may erode or in other ways lose the capacity to fulfil intended functions.

1.3 Methodology
In the first place, an exhaustive literature review is carried out. The starting points for
the work are the existing results from earth dam and river engineering. The study is
focused on the relationship between the various methods for erosion protection and
erosion reduction of the load and reliability.
The core part of this work consists of studying a proposal of spillway and the influence
of different parameters in canals stability. For studying the validity of the structure, it
has mainly been done a stability analysis. For determining the canal stability, the
procedure selected has been to analyse the possible covers of the channel and the
critical velocities that this one can withstand.
2
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1.4 Limitations
The scope is limited to a situation where a long-term stable spillway needs to be
constructed and where bedrock is not available (due to the facility being completely
enclosed by embankments). Furthermore, there are different views available on what
materials are suitable for long-term applications (especially regarding granular filters).
This is discussed in general, but the main scope of the study is limited to a situation
where filters are seen as unreliable in the long-term perspective (which is interpreted as
the most common view in Sweden). This is further discussed in section 4.

3
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Discharge of water from the reservoir
2.1 Spillways in general
The water flows from the tailings storage facility in spillway. Spillways may have
different forms and are conventionally classified based on their most prominent feature.
Spillways are built in order to guarantee safe release of water around the embankments
of the storage.
The seven most common types of spillways in use are the following:
-

-

-

-

-

-

Free Over-fall Spillway: In the free over-fall spillway, the water freely drops
down from the crest. Flows are discharged over a narrow section of the crest.
Overflow Spillway: This type of spillway has an appearance of S-shape or of an
ogee. This shape is designed so that the overflow is adhering to the face of the
profile by preventing access of air to the base of the sheet of flowing water. This
type of spillway is very efficient for the design flood, but when it increases,
negative pressures may appear between the sheet of the water and the spillway
surface.
Chute Spillway: A chute spillway, also called open channel or trough spillway, is
a spillway where discharge is transported from the reservoir to the downstream
river level through an open channel.
Side Channel Spillway: In this type of spillway, a control weir is placed almost
parallel to the upper portion of the discharge channel. The flow over the crest
falls into a narrow trough opposite to the weir, turns more or less right angle,
and then carries on into the main discharge channel.
Shaft Spillway: A shaft spillway is one where water enters over a horizontally
positioned edge, drops through a vertical shaft, and then streams to the
downstream river channel trough a conduit.
Tunnel Spillway: In this kind of spillway, a closed channel is used to convey the
discharge around a dam through the adjacent hillsides. The closed channel may
take the form of a vertical or inclined shaft, a horizontal conduit through earth
or rock, or constructed in open cut and backfill with earth materials.
Siphon Spillway: A siphon spillway is a closed tunnel system formed with the
appearance of an inverted U, positioned so that the inside of the arch of the
5
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upper alley is a normal reservoir storage level. Continuous flow is maintained by
the suction effect because of that the gravity pull of the water in the lower limb
of the siphon.

2.1.1 Aspects on long-term design
Some considerations for the choice of appropriate spillway are safety considerations
consistent with economy, hydrological and site conditions, type of dam, purpose of the
dam and operating conditions, conditions downstream of a dam, natural terrain and
available materials
The type of dam is one of the main factors that influent the decision. For instance, for
earth and rock fill dams, ogee spillways and chute are commonly provided.
Finally, the nature and amount of solid materials affect greatly in the election. For
instance, if trees come as floating materials (debris), or there is a lot of material in
suspension, the chute or overflow spillway is the most suitable choice.
In a long-term perspective, trees and vegetation is going to appear as debris. For this
reason, it seems reasonable to focus the study to open spillways such as the chute or
overflow spillway.
The overflow spillway is most commonly used with gravity dams. Nevertheless, it is
also used with earth and rock fill dams with a separate gravity structure. The main
advantage of this kind of spillway is that it has a high discharging efficiency.
On the other hand, chute spillways have the advantage that can be provided on any
type of foundation; they are commonly used with the earth and rock fill dams; and
they become economical if earth received from spillway excavation is used in dam
construction. However, some factors limit its adaption such as it should normally be
avoided on embankments, it is needed space (the spillway basins has to be away from
the dam paving); and its hydraulic performance can be affected if it is necessary to
provide too many bends in the spillway due to the topography (ITT).
Consequentially, most appropriate for the application in this study would be the
construction of an overflow spillway that continues in an open channel (that works like
a chute spillway).

2.2 Open channels
In the long-term design of an open channel, the most important feature to keep into
account is that the design must be resistant to the erosion processes. Water erosion is
the natural phenomena that most affect long-term stability of an open channel (U.S.
Nuclear Regulatory Commission, 2002).
The channel design requires the proper selection of the channel alignment, size, shape,
and bottom slope and whether the channel should be lined or not.
6
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2.2.1 Lined channels
A lined channel is perfect in order to reduce the seepage and prevent the erosion.
However, even in some cases a lined channel also cut down on costs, special
considerations have to be done in this case study. For instance, artificial materials for
the lining are not allowed ( may not be proven to resist for the intended durability)
and the use of resistant natural materials will increase the costs.
Moreover, each site requires special considerations. The channel alignment is usually
selected so that the channel length is as short as possible considering other site
restrictions and requirements such as balancing of cut and fill amounts. The channel
size and shape considers the flow discharge, the ease of construction and the hydraulic
efficiency of the cross section. Finally, the bottom slope usually depends on the
topography (Chaudhry, 2008).

2.2.2 Channels in erodible soil
A precise design of non-erodible channels is not possible since flow conditions are
influenced by variable and complex field conditions most of which cannot be accurately
quantified.
To determine a rational design, it is required to determine the forces that cause scour.
Scour occurs when the particles of the perimeter are subjected to forces of enough
magnitude to cause its movement. The particles are subjected to the flow forces acting
in the perimeter of the channel and in a gravitational component, which try to make
the particle slide down, by the slope.
Many attempts have been developed to determine the distribution of the tractive force
on a channel perimeter due to this force is not uniformly distributed. However, they
have not been successful (Chow, 1959). Commonly, the semi-empirical method of
design of an erodible channel used is based on the permissible tractive force approach.
This force is the maximum one that will not cause a serious erosion of the material
forming the channel bed.
With the tractive force method, the stability of the erodible channels is also depending
in the hydraulic proprieties of the flow. However, the uniform flow formula for
determining the velocity or the flow can just be used after design a stable section.
At the design, uniform flow is normally assumed, which means that the channel
dimensions can be determined by the Manning equation 2.1 (French, 1986).

(2.1)

n is the roughness coefficient of Manning, A is the area of the cross section, R h
the hydraulic radius and S the channel longitudinal slope.

7
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2.2.3 Freeboard
The uniform flow formula is used after designing a stable cross section with the tractive
force approach. Once the flow depth is determined, the freeboard is added in the
channel cross section. It is just an extra vertical distance between the top of the
channel banks and the design water surface. A suitable amount of freeboard has to
prevent the water surface disturbances and waves (Chaudhry, 2008).
U.S. Bureau of Reclamation suggests the next formula 2.2.
(2.2)

√

Where y is the flow depth in meters (m), Fb is the freeboard in m and k is the
coefficient varying according to table 2.1.
Table 2.1: Suggested Freeboard by Ranga Raju (1983).
Discharge
(m3/s)

<0.75

0.75 to 1.5

1.5 to 85

> 85

Freeboard
(m)

0.45

0.60

0.75

0.90
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Sediment transport
3.1 Introduction
The main objective is the prediction of whether a long- term equilibrium condition
between the erosion and deposition will occur. In general, it is required to determine
the quantity of the transported sediments and the prediction of the long-term
transport patterns.
Most of the knowledge is empirical and it is not fully known the interaction of the
turbulent flow and sediment. Most of the equations presented in this chapter have
good accuracy in the experimental range where have been determined. Nevertheless,
the equations lose their accuracy when the conditions are diverted.

3.2 Equilibrium single particle. Stokes’ law.
One of the main parameters in sedimentation and suspension of sediments studies is
the fall velocity. The fall velocity is determined in the analysis of the equilibrium forces
acting in a particle, i.e. by equilibrium between flow resistance and gravity forces. It
depends on the diameter of the sediment, and as Alberston in 1953 showed in his
studies, it depends on the shape factor of the sediments.
The equilibrium of a single particle is determined with high accuracy by the Stokes’
law of 1851, figure 3.1. Stokes’ law is an expression that analyse the friction force in
spherical objects with very small Reynold numbers in a viscous fluid.

9
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Figure 3.1: Forces on and streamlines around a sphere in Stokes flow (Source:
Wikipedia, Image by Kraaiennest).
Stokes law define the velocity (v) where the excess force (Fg) is equal to the drag or
frictional force (Fd). The gravity forces cause the excess force; it is the difference
between the weight and buoyancy of the sphere.
(3.1)
(

)

(3.2)

is the mass density of the sphere in kg/m3,
the mass density of the fluid in kg/m3,
is the dynamic velocity in m/s, r is the radius of the spherical particle in m and g is
the gravity acceleration in m/s2.
According to Stokes law, the settling velocity (v) is
(

)

(3.3)

3.3 Critical condition
The initiation of the movement of the bed is called the critical condition. There are
several ways of determining the critical condition: with the critical velocity equations,
the critical shear stress equations or with the uplift force.
The critical velocity equations analyse the action of the water on the particles. Some of
the most important criteria are made by Jarochi (1963), Neill (1967) or the U.S.
Bureau of Reclamation.
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For instance, the U.S Bureau of Reclamation defines the critical velocity with the
following formula:
̅

(3.4)

In equation 3.4, D50 is the characteristic diameter of a particle in m; g is the
acceleration of the gravity in m/s2; ̅ is the critical velocity in m/s; is the relative
density (equation 3.5); and,
is a coefficient that goes from 0.2 in case of minor
turbulence of the flow to 1.4 in the case of major turbulence.

(3.5)
is the water density in kg/m3.

is the sediment density and

The critical tractive force concept was developed from the critical shear stress theories.
Where, Shields diagram in Figure 3.2. is undoubtedly the tool most used to determine
the dimensionless critical shear stress or Shields parameter ( ) at a horizontal bed
knowing the Reynolds number (
).

(
Where the
(m/s).

)

(

)

critical shear stress (Pa) and the

11

(

)

(3.6)

is the shear or friction velocity
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Figure 3.2:
The bed shear stress is

Shields diagram (Shields, 1936).
.

There are many factors affecting the critical shear stress. For example, the particle
shapes, the bed and slope, and the pore water-flow and sediment gradation.
The side slopes have a reduced critical stress (
) in comparison with the particles
on the streambed (
). The reduction depends on the angle of the side slopes ( )
and the reponse or friction angle of a material ( ) according to

√
An example of the unit tractive force distribution is shown in figure 3.3.

Figure 3.3: Distribution of the unit tractive force (Chow, 1959).
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(3.7)

3.3. CRITICAL CONDITION

Figure 3.4: Maximum unit tractive force in terms of

(Chow, 1959).

According to figure 3.4, in practice, the maximum unit tractive force can be estimated
as:
(3.8)
(3.9)
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Design of long term stable erosion
protection
4.1 Introduction
There are several ways to protect an open channel against erosion with artificial
materials. Even though some materials are very effective, the durability of the channel
would be determined by the life span of these.
It is quite common to use natural rocks as protection, but the especial requirements
that need are neither suitable for the entire period request. For that reason, if the
channel needs a protection, the only known way adequate is a long-term vegetation
cover.

4.2 Current assumption regarding filter function
Filters (material layers to avoided transport of finer grains into coarser material) is of
great importance in most earth fill hydraulic structures. The view on reliability of
filters in a long-term perspective differs widely. Although there are few detailed
guidelines regarding long term stability design to use as reference, it may still be said
that the confidence in the use of filters in the long term perspective are comparatively
high in for example the US, and comparatively low in for example Sweden. The
Swedish view is generally that filters may not function in the long term perspective
(however exactly which function that is considered may vary from case to case).
Before clarifying the above, it is stated that for the current study, filters are regarded
as generally unreliable in the long term perspective – the herein suggested design for a
long term stable spillway shall not rely on the function of filters.

15
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4.3 Filter. Theory and current state of research
The most important contribution of Terzaghi in the field of soil mechanics was that a
filter protects against internal erosion or seepage and, he defined empirically criteria
for its grain size distribution (Fannin, 2008). In addition, Kenney and Lau’s criterion is
commonly used in design specifications to evaluate the stability of granular filters in
embankment dams (see Appendix A.2).
Regarding long-term behavior of the filters it is complex to predict what will happen in
the soil voids. Some argue that there will be clogging of the riprap voids and that will
not cause stability problems, others believe that long-term internal erosion will be the
main concern.
Even for the more optimistic approach, there is a consent that riprap failures are quite
common. Despite that, most of the times, they argue that are due to an under sizing.
Because an under sizing riprap design may result in scour or fluidization of the
protective layer, what brings severe erosion of the bed and the embankment, and
potential failure. Oversizing stone size increases the factor of safety, but has a great
impact in the project costs.
Even there is not proof that in long term riprap will work, there are some studies that
indicate that if the voids in the riprap layers are filled with soil the stability
characteristics do not change significantly. This was especially tested by Abt et al.
(1987).
The riprap design depends of the hydraulic characteristics and embankment/bed slope
and stone characteristics. Taking into account that the voids will be filled in a long
period, it is suggested do not consider the flow through them in the design.
Furthermore, some discussions by Abt. et al. (1987) and Abt and Johnson (1991) were
made about the oversizing of the rounded rocks. This increase of size in long timeframe
is required because rounded rocks have less stability than angular rocks.
Following this line of argumentation, it is believed that the reliability of the proper
functioning of the riprap layers depends just on the capability of the rocks to survive
for a long-term. Even though, very little information is available to determine which
minimum quality of the rock is required to survive for a long period. The only little
knowledge includes avoiding smectites and expansive clay minerals, and rocks that
break easily with weathering (U.S. Nuclear Regulatory Commission, 2002).
Another approach, completely different from the approach above, is more prominent in
Sweden. Erosion is unpredictable and it will cause long-term stability problems.
Internal erosion is not totally understood. It is known that depends on the seepage
rate, the hydraulic gradient, internal structure, particle size dimensions…Moreover, it
is strictly correct that unintended changes appear in the construction process. There
are settlements, separation of the soil, weathering, and variation of the quality of the
material, among others; and even if a good sizing has done before, that changes can
cause a deviation from the filter criteria. Then, the risk of smaller grain size of the

16
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underlying sediments to erode the pore channels in the riprap layer exist and it has to
be taken into account in long-term perspective of the channel.
Some recommendations have been done in order to increase the expected life of the
channel, however, it will not guarantee the indefinite duration. For instance, a
recommendation is to include a small proportion of a coarse grain size fraction or finer
filter material in the riprap filter layer because it might decrease the bed degradation.
However, one should be also aware that has a risk of failure (Wörman A., Xu S. ,2001).
Another discussion could be that a sufficient high hydraulic load is required to cause
erosion. Nevertheless, at the same time, some studies have shown there is not an exact
hydraulic load value that makes erosion begin.
In summary, there are different views on the reliability on the filter function in the
long-term perspective, and it is important to separate the different functions of the
filter:
1. The capacity to act as drainage (which will not function if clogged).
2. The capacity to act as filter and prevent material transport.
3. The capacity of the crushed grains (in case of produced filters) to withstand
erosion on a grain size scale.
In this study, all three functions are regarded as unreliable.

4.4 Design of channels with vegetation covers
When discussing the vegetation covers, some degree of maintenance or postconstruction refinement is necessary until the cover system reaches a state of
equilibrium with its surrounding environment.
Vegetation slope interactions are hard to model, quantify and design. Its study
involves an interdisciplinary approach involving among other engineers and geologists.
Covers with vegetation reduce the erosion potential because they protect the surface
from the rain and increase the roughness. In addition, the plant roots limit the
movement of the soil (U.S. Nuclear Regulatory Commission, 2002).
The different elements of the plants contribute to the channel side slope in the
following way:
-

Roots absorb water and nutrients from the land and provide anchorage.
Stems support the above ground parts and capture eroding soil.
Leaves intercept precipitation and decreases soil moisture levels.

The best long-term cover performance will be provided using different types of
vegetation that replicates the native vegetation communities in the surrounding areas.
In addition, biological diversity is important. This way the cover system is more
resilient to natural and man-induced catastrophes and fluctuations in environments.

17
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Bare patches can not appear because if it happens the structure will be vulnerable to
erosion (Norris et al., 2008).
In some cases, the compacted cohesive soil needed for the stability of the channel may
not be favourable for growing plants. Thus, sufficient top soil should be placed on top
of it. Furthermore, studies to determine if the vegetation can survive over long periods
would have to be carried out (U.S. Nuclear Regulatory Commission, 2002).
Vegetated channels are complicated to design due to the number of uncertainties. A
major concern is how to determine the roughness coefficient. For vegetation-lined
channels, a constant value of Manning’s roughness coefficient (n) is not suitable due to
the variation for the submergence of the vegetation with changes in flow and the
resulting shear stress.
For instance, some theories define that the channel shape is usually determined
assuming short vegetation (low resistance) and the channel depth is determined
assuming tall vegetation (high resistance) (French, 1986).
There are a number of empirical models for estimation of the Manning coefficient as a
function of the flow velocity (v) and hydraulic radius rather than a constant.
-

Gwinn and Ree, 1980. It is used for grassed waterways.

(

(4.1)

)

Where the value of x depend on the maturity of grass chosen.
The Soil Conservation Service (SCS) classified various types of vegetation into five
categories depending on the retardance class of them.
Table 4.1: The parameter x as a function of the retardance class.

-

Retardance class

x

A (high resistance)
B
C
D
E (low resistance)

-0.5
2
5
7
11

Temple at al. 1987. It is also used for grassed waterways. It is more appropriate
for higher n values.
[ (

(

)

(
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4.4. DESIGN OF CHANNELS WITH VEGETATION COVERS
Table 4.2: The parameter y as a function of the retardance class.

-

Retardance class

y

A (high resistance)
B
C
D
E (low resistance)

10
7.64
5.60
4.44
2.88

Chen and Cotton (1988). Equation for grass-lined channels as function of
hydraulic radius and the longitudinal slope of the canal.

(

)
[(

(4.3)
)

]

Where, C is a dimensionless factor that depends on the type of cover (Chaudhry,2008).
Table 4.3: Empirical Coefficients for Resistance Equations (Chen and Cotton, 1988).
Retardance Cover
class

A

B

C

D

E

Weeping lovegrass

Condition

C

Excellent stand, tall (average 700 mm)

15.8

Yellow Bluestem ischaemum
Kudzu
Bermuda Grass
Native Grass Mixture
Weeping lovegrass
Lespedeza sericea
Alfalfa
Weeping lovegrass
Kudzu
Blue Gamma

Excellent stand, tall (average 910 mm)
23
Very dense growth, uncut
Good stand, tall (average 300mm)
Good stand, unmowed
Good stand, tall (average 610 mm)
Good stand, not woody, tall (average
480mm)
Good sand, uncut (average 280)
Good stand, unmowed (average 330mm)
Dense growth, uncut
Good stand, uncut (average 280mm)
Fair stand, uncut 250 to 1200mm
30.2
Good stand, mowed (average 150mm)
Good stand, uncut (average 280mm)
mixture- Good stand, uncut (150 to 200mm)
Very dense cover (average 150mm)
Good stand, headed (150 to 300mm)

Crabgrass
Bermuda grass
Common Lespedeza
GrassLegume
summer
Centipedegrass
Kentucky Bluegrass
Bermuda grass
Common Lespedeza
Buffalo grass
Grass-legume
mixture-fall,
spring
Lespedeza sericea
Bermuda grass
Burned stubble

Good stand, cut to 60 mm height
Excellent stand, uncut (average 110mm)
Good stand, uncut (80 to 150 mm)
Good sand, uncut (100 to 130 mm)
After cutting to 50 mm height
Very good stand before cutting
Good stand, cut to height 40-mm
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It would also be acceptable to estimate the roughness in situ of the vegetation that
surrounds the study site since it is better to use local vegetation. Even though, it is not
a 100% reliable value, because the roughness coefficient will change along the canal and
along the time.
Velocities in the channel should be within a recommendable range. The minimum
velocity is determined in such a way that silting on the channel will not result. The
maximum velocity will depend on the grass resistance.
According (French, 1986), sedimentation will be prevented if velocities are higher than
0.61-0.91m/s, if the silt load of the flow is low.
The vegetation in the channel could be of different kinds, from flexible low glass blades
to dense firm trees. The vegetation changes the velocity distribution and consequently,
the resistance. The resistance depends on the dimensions of the vegetation, its relative
submergence, its density and its flexibility. Important studies and many experiments
have been done, and thus, consensuses have been reached that vegetation increase flow
resistance, modifies sediment transport and deposition, and disturbs the water profile.
Among others, Ree and Palmer (1949), Chen (1976), Phelps (1970), Kouwen and Li
(1980) have done typical investigations on resistances of vegetated channels (Yen,
2002).
In addition, considerations regarding the critical velocities that the vegetation can
withstand are required. The critical velocity value does not really exist because there
are variations in grass quality, erosion or damage along the channel. Tests show how
erosion takes place at bare spots and around objects emerging like trees (Hai Le, Jan
Verhagen, 2014). In perfect conditions and with a good vegetation cover, the
permissible velocity for different types of vegetation and slopes, depending on the soil
quality is shown in table 4.4 (Schwab, Barnes and Frevert, 1950).
Table 4.4: Permissible velocities for channel grass lined.
Cover
Bermuda grass

Slope
range (%)
0-5
5-10
Over-10
0-5
5-10
Over-10

Permissible velocity in erosion- Permissible velocity in easily
resistant soils (m/s)
eroded soils (m/s)
2.44
1.83
2.13
1.52
1.83
1.22
2.13
1.52
1.83
1.22
1.52
0.91

Bahia
Buffalo grass
Kentucky bluegrass
Smooth brome
Blue grama
Tall fescue
1
Grass mixture
0-5
1.52
1.22
Red canary grass
5-10
1.22
0.91
2
Lespedeza sericea
0-5
1.07
0.76
Weeping lovegrass
Yellow bluestem
Redtop
Alfalfa
Red fescue
Common Lespedeza
0-5
1.07
0.76
Sudan grass
1
Do not use on slopes steeper than 10% except for vegetated side slopes in combination with protective
materials (stone, concrete or highly resistant vegetative centre section)
21
Do not use on slopes steeper than 5% except for vegetated side slopes in combination with protective
materials (stone, concrete or highly resistant vegetative centre section)
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4.5 Cover system performance in cold regions
Mainly five factors affect the cover system performance in cold regions: the frost
action, the slope, the water availability, the vegetation and material of the cover. All of
these factors will affect the reliability of the cover.
It is usually more challenging establishing vegetation in cold climates than in warm,
due to the short periods without frost, the rate of vegetation establishment, and the
variety of species able to colonizing and persists on the colder sites.
In addition to climatic factors that reduce the growing-season length, many native
species that can be used in cold regions have not a rapid establishment. Thus, the
positive effects of the vegetation may not be established until some years later.
Depending of the materials in the cover and the type of vegetation, the establishing of
it may require from one to five or more growing seasons. Some surface erosion control
measures such as mulch can be used until vegetation is established.
Furthermore, it has to be analysed how the vegetation will interact with the system.
For instance, dense vegetation with well-established roots can modify the water
balance due to transpiration, and can enhance infiltration. Dense vegetation can affect
positively reducing the velocity of the surface runoff and wind, however, can adversely
contribute in senescence, burning or crushing, for example.
Evaporation from the soil surface is influenced by the soil’s ability to store and
transmit water. In non-vegetable soils, only the moisture of the upper layers of soil is
available for evaporation, when there is vegetation, this one promote the movement of
the water from deeper zones to the upper layers. Meanwhile, the plant morphology and
physiology control the transpiration (MEND, 2012).
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Design of a long term stable channelexample
5.1 Introduction
As it has been already commented in chapter 2, a stable design channel without
vegetation can be determined with the critical velocity approach or by the critical
shear concept. For very flat slopes, the method of the critical velocity gives us the
safest results. Firstly, following this methods, it will be seen if the natural soil is
resistant enough.
Calculations show that an extra cover material is required. For that reason, further
discussions of vegetate covered channels are done. Minimum and maximum permissive
slopes are determined comparing critical velocities and Manning’s formula to
determine the velocity of a channel.
Manning’s equation is defined as:

√

(5.1)

5.2 Channel cross section
The discharge of the channel is not constant over the time. During the mining
production, the discharge is uninterrupted. However, once this period is over, the
discharge is depending on the snow that is melting on spring periods or on the storm
water.
The proposed channel cross section consists of two parts. In the middle, there is a small
brook for the design production flows and there is a higher-level design for the extreme
flows.
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The design flow has to be calculated according the Swedish design flood for Dam
guidance. Design flood determination is based on a classification into two categories.
Flood Design Category I is used when the failure of the dam can cause loss of life or
personal injury, serious damage to infrastructure, property or the environment, or
large economic damage. It is based on hydrological modelling techniques that assume
all the most unfavourable hydrological conditions.
The return period is not estimated with this method. Nevertheless, in comparisons
with frequency analysis indicate that such floods, on average, have return periods
exceeding 10.000 years (Bergström et Al, 2008).
As the frequency of water is different in the two levels of the channel the type and
quantity of vegetation developed will be also different.
From the point of view of the discharge characteristic seems reasonable to design a
composite channel with two different sections. For example, the lower part is designed
for flow discharges (Q) on production phase of 1m3/s and the upper part for discharges
of 10m3/s.
A channel cross section as shown in figure 5.1 is suggested.

(2)
(1)

Figure 5.1:

Suggested cross section. Normal flow(1) and extreme flow(2) for 1000
years return period.

A freeboard shall be added to the calculated depths. This has been neglected in figure
5.1.
The hydraulic radius for the whole cross-section calculated as the total area divided by
wet perimeter gives erroneous results for shallow depths of flow in the over-banks
sections. Thus, at estimation of the roughness coefficient, the cross section is usually
divided into different parts, as shown in the figure 5.2.

Figure 5.2:

Division of a compound section into subsections.
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Since the roughness vary along the perimeter it is necessary to calculate an equivalent
roughness coefficient (ne). Several methods are suggested in literature to estimate the
value of n, and it is not clear which one has more accuracy and which is more
appropriate in the different situations. In general, the idea is the same in all of them, to
divide the section in different subsections and estimate the roughness value and the
area or the wet perimeter in all of these subsections.
Cox (1973) suggests:
(5.2)

∑

Where Ai is the area of the i subsections, ni its corresponding roughness value and A is
the total area.
Other methods of estimating the equivalent roughness parameters are presented in
(French, 1986).

5.3 Channels in erodible soils
With the criterion presented by the U.S Bureau of Reclamation (equation 3.1), next
figure is obtained:

Figure 5.3:

Soil diameters required for satisfy different critical velocities.

According to the literature (French, 1986), the minimum velocity that prevents
sedimentation problems is around 0.8m/s. According to the figure 5.3, the required
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diameter should be as minimum 0.035m for the cases of major turbulence. For
instance, it will be major turbulence situation after the spillway.
In the most favourable situation, the flow will have minor turbulence. However, even
assuming that the maximum velocity is 1 m/s, the minimum mean diameter required is
almost 6mm and it is not what is expected to have in the natural soil.

5.4 Vegetated channels
As it has been discussed with the results above, under the hypothesis that granular
filters can not be used, it is not possible to design a stable natural channel excavated in
the natural soil without erosion protection of gravel or crushed rock. For this reason, it
has been analysed permissible slopes and channel sizes for vegetated channels.
However, it would be of economic interest to cover the main channel (low discharge)
with riprap protection and let the upper part be covered just by vegetation (see
Appendix B).

Figure 5.4: Cross section parameters.
Some simplifications have been done in our researches that have to be discussed:
-

-

The assumed cross section of the channel for the normal production flow is
probably not going to be resistant. However, for simplifications this has been
assumed. The results will not change significantly (see Appendix B).
The width of the normal flow channel (b1) has been fixed. It might not be the
optimal width.
Minimum velocity (vmin) to avoid silting is taken as 0.91m/s.
A maximum the critical velocity (vmax) of 1.54 m/s has been chosen because it is
recommended to use higher velocities just where good covers and proper
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-

maintenance is done (French, 1986). Obviously, it has to be checked that the
available grass can resist erosion (table 4.3).
Manning’s n coefficient has been considered constant. However, also, as it has been
discussed, in a design situation it is required compute according section 4.3.1.

5.4.1 Normal production discharge
The initial values that have been taken in the analysis have been:
Table 5.1: Initial conditions.
Parameters

Value

Units

Q
b1
y1
Fb1
n1

1
1.5
variable
0.6
Variable

m3/s
m
m
m

The minimal velocity allowed determines the minimal slope. The maximum velocity
depends of the critical velocity that the vegetation can resist.
An accurate Manning value is around 0.025 for a grass-lined channel. In lined channels,
the initial coefficient of Manning may have an increment of 0.005-0.01 along the times.
For that reason, its effects have been analysed.

Figure 5.5:

Velocity of the channel for different values of n and channel slopes.

In order to proceed in the designing of the upper part of the channel, the height of the
main part has to be chosen. It is selected 1.2m. The depth values that can be seen in
the following figure 5.6 are a bit lower due to a freeboard has been added. Despite the
fact, that is not totally needed.
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Figure 5.6:

Flow depth for different n and channel slopes.

5.4.2 Extreme production discharge
The initial values that in the second part of the analysis have been taken are:
Table 5.2: Initial conditions.
Parameters

Value

Units

Q
10
m3/s
b1
1.5
m
b3max
30
m
b2 max
28.5
m
y1
0.6
m
Fb1
0.6
m
y2
variable
m
Fb2
0.75
m
n1
0.025
n2
variable
m
variable
The base of the slope has a decisive effect. It has been studied different slopes and it
consequences. Results are shown in the figure 5.7. It shows that the slope of the side
channel does not really affect the minimum slope required of the canal. However, it is
interesting to see how choosing m=8 (or consequently superior values of m) may lead
to problems. A design with m=8 requires as minimum 0.35% as longitudinal slope in
the channel in order not to exceed the 30 m limit of width selected. Moreover, if we
continue decreasing the side slope, the limiting factor will be the available space
instead of the minimum velocity.
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Figure 5.7:

Velocities for different channel and side sections slopes.

Despite that, the main problem that the vegetated solution opens is the fact that
Manning coefficient changes easily. In the figure 5.8, it has been taken as initial
Manning coefficient in the upper part 0.025. However, in this part of the channel, it is
expected to have in long-term perspective a forest. In forestlands, Manning’s
coefficient might change up to 0.1 what might present important sedimentation
problems for flat slopes (see figure 5.8).
The figure n shows the different velocities of the discharge flow depending on the canal
slope. Three cases have been considered, where the roughness coefficient of the upper
part has been changed. The equivalent n has been computed with the equation 5.2.
The considered cases have been:
Table 5.3: Manning’s coefficients showed in the figure 5.8.
Parameters

N1 (central
part)

Case 0
Case 1
Case 2
Case 3

0.025
0.025
0.025
0.025

29

N2 (upper
part)

0.025
0.04
0.06
0.1
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Figure 5.8:

Velocities for different slope channel and equivalent roughness
coefficients (m=6 and Q=10m3/s).

5.4.1 Results
The influence of Manning’s roughness coefficient increases with the slope. It is
appreciable in figure 5.5, 5.7 and 5.8.
For the prefixed conditions of the normal discharge and assuming n=0.025, the slope of
the channel is recommended to be between 0.2% and 0.85%, according figure 5.5. If a
conservative approach is done, and it is considered that the roughness value can
change in long-term, the minimum slope should be increased up to 0.4%.
Making these assumptions and looking at figure 5.5, the flow depth will be between 0.7
to 0.2m (from 0.6 to 0.2 m if minimum slope is considered 0.4%).
Furthermore, as it is shown in figure 5.7, the side slopes have not an important effect
in flow velocities and consequently, have not a significant influence in the analysis of
minimum and maximum slopes. According to figure 5.8, longitudinal channel slopes
should be up to 0.1%.
Figure 5.8 shows that the results are really varied for the different Manning roughness
coefficients. Initially it may not be recommendable to have a channel with a grass with
really low roughness coefficient, because with the years and with the progressive
increase of roughness, the initial design will not be valid.
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5.5 Infiltration along the channels
It might be reasonable to analyse the infiltration along the channel. Generally, it is not
a problem to have less superficial water. However, one may be worried about a market
declined of the flow velocity in the channel that may cause sedimentation problems.
The losses of flow by infiltration (L) may be analysing with Moritz formula (Rojas,
2017):
(5.3)

√
C is depending of the soil characteristics. It varies from 0.1 to 0.67 m/day.
Considering C as 0.37, next table shows some examples:
Table 5.4: Example of Moritz results.
Q

V

L

L/Q (%)

1
1
10
10

1
1.5
1
1.5

0.014
0.0113
0.0439
0.0358

1.39
1.13
0.44
0.34

According to the Moritz equation 5.3, the resultant infiltration losses are very small
and can be neglected.
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Design of a long term stable spillwayExample
6.1 Introduction
The best alternative of designing a stable spillway would be to excavate it in the
bedrock around the reservoir. However, this idea must be discarded because it is not
always possible to have resistant bedrock next to the reservoir, see section 1.4.
Therefore, an alternative way is proposed.
On the other hand, the outlet channel could have been designed directly to emerge
from the reservoir. However, this solution entails potential risks of erosion in the early
part. One must be aware that the area where the water spills from the reservoir is
subjected to erosive hazards like waves, frost impact… Thus, a resistant structure in
the channel entrance is suggested because it is a suitable solution even the highly costs
that it represents.
Finally, it is also important to emphasize that the idea covers the long-term
requirement. However, the design does not require of any other special consideration
more than the material used.

6.2 Proposal
The proposed design simulates a stepped spillway excavated in bedrock, is regarded to
be internally stable, keeping in mind that it has been stable over thousands of years. It
is suggested to use manufactured blocks of granite to make the required
macrostructure, see figure 6.2.
For instance, an example of a stepped excavated spillway is the known as “The giant’s
staircase” located in Robert-Bourassa Reservoir in northern Quebec, in Canada
(Figure 6.1). It has a discharge capacity of 16280m3/s and it is designed for a return
period of 10.000 years.
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Figure 6.1:

The giant’s staircase in Robert- Bourassa Reservoir, in Canada.
(Source: Panoramio. Image by Rudy)

6.2.1 Materials
It is a requirement to have rock that is stable, durable, dense, and free from cracks,
sutures or other imperfections that would facilitate the deterioration caused by
weathering, freeze and thaw, or other agents that can affect in a long-term projection.
These qualities are satisfied with the granite prisms. Since old times, granite has been
used in construction due to its toughness, hardness and its resistance to erosion.
Moreover, granite is nearly always massive i.e. lacking of internal structure. It is
impervious what makes it excellent for constructions in contact with water. The rate at
which rock erodes depends on the type of rock. In general, igneous and metamorphic
rocks erode 0.5-7.0 mm every 1000 years. Leakage through the granite rock is also
negligible.
Furthermore, there is granite bedrock in most of the north of Sweden. The use of
bedrock available close to the reservoir will be always better in order to reduce cost of
transportation.
The design shape of the prisms will depend on the case study. The needed
considerations in the election have to be the required cross section that controls the
water flow and the possibilities of manufacturing. It is better to choose the prism as big
as possible, without overestimate, because it will be fewer joints.
Moreover, even there is an increment of the production costs; the friction resistance
may be increased if the blocks are designed with joints similar to puzzle pieces, as can
be seen in figure 6.2.
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Figure 6.2:

Desired structure and detailed granite prism intersections.

6.2.2 Stepped spillways. Hydraulic design.
Stepped spillways have been developed because of the energy dissipation along the
chute allows a reduction in the length of the stilling basin. The use of this type of
structure is limited for discharges below 30m3/s.
In stepped spillways, there is a succession of falling jets impinging on the steps and
followed by a fully or partially developed hydraulic jump as it is shown in figure 6.3.
For large discharges, the jump does not occur and the nappe hits the step directly and
falls on to the next.

Figure 6.3:

Flow behaviour in stepped spillways.

The flow conditions on a stepped chute are governed by the step height (h), step length
(l), horizontal inclination of the chute, and the unit discharge.
Some results have been presented concerning the geometry in order to get a fully
developed hydraulic jump. For instance, Chanson (1994-a) proposed the following
conditions in order to get a fully developed hydraulic jump.
( )

It is deduced for the interval 0.2 h/l 0.6.
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The energy dissipated is expressed as:
(6.2)
is the maximum head and Hr is the residual head.
Chanson (1994-b) developed the following expression valid for free flow spillways and
nappe flow with a fully developed hydraulic jump:
(6.3)
(

)

(
(

)

)

Hd is the dam height from the toe up to the spillway crest (Khatsuria, 2005).

6.3 Stability
The study of loads affecting to the spillway would be the same if dams were studied. In
addition, it is going to be analysed the stability in the same way as if it was a dam.
Some loads affecting can be determined with good accuracy, such as the water
pressures and the weight of the structure; however, other external forces affecting such
as the effects of the snow load are based on assumptions.

6.3.1 Loads acting in the spillway
Schematically, the acting forces are shown in the figure 6.4.

Figure 6.4:

Forces acting in the structure.
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Principally, the most important forces acting are:
-

Hydrostatic water pressure (pw)
(6.4)

h is the water depth upstream the spillway.
-

Tailing loads

The waste in the reservoir exerts an active earth pressure (pt) towards the upstream
face of the spillway for a total depth z, giving a linear pressure distribution to be added
to the water pressure. The load is affected by the coefficient of active earth pressure
(Ka).
(
)
(6.5)
Actually, tailing’s density ( ) is not constant along the depth. Therefore, the
distribution will not be linear. It will depend of particles grain size, the quantity of
water, saturation condition…
-

Uplift pressure

The uplift pressure is assumed to vary linearly from the pressure on the upstream side
to the pressure at the downstream side. This assumption is based in the assumption
that the material of the foundation and the spillway is homogenous i.e. the material
has the same hydraulic conductivity in all directions in every point.
-

Self-weight

The density of granite is assumed 2.65-2.75g/cm3.
-

Ice load

It is assumed as a design force acting upstream of the spillway. It has a magnitude of
100-200kN/m in Sweden.
-

Snow load

In north Sweden, the snow load is assumed to between 3-3.5kN/m2. It is difficult to
know what would happen in the future due to the Earth has had important changes of
temperature and precipitations in the last 1000 years and consequently, important
changes will occur in the future. The snow load can be neglected.
-

Seismic load

North Europe and therefore Sweden is not an area that normally experiences powerful
seismic activity, in a long-time perspective it should be considered. Conventional dams
are not designed considering it. However, for long-term stability the slope of the dam is
flattened for closure.
Earthquakes can occasion vertical or horizontal accelerations. The most dangerous are
the horizontal accelerations, especially if the acceleration is in the upstream direction.
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On the one hand, inertial forces (
gravity of the structure.

) have to be considered acting in the centre of
(6.6)

Where Ws is the weight of the structure and

is a coefficient between 0.1-0.2.

On the other hand, there is an increase of the water pressure. The resulting force ( )
is accepted to be located on a distance of 4h/3𝞹 above the bed. Using the von Karman
method, this force is calculated as
(6.7)
-

Extra stresses due to settlements in the foundation

The magnitude of these stresses is impossible to estimate. Nevertheless, settlements are
taken into account when choosing the safety factor. In the most favourable cases, there
will be bedrock under the structure and those settlements would be not important.

6.3.2 Stability requirements of the spillway
The procedure described is the usual follow in gravity structures, such as a concrete
dam.
The acting forces are the ones cited above. Some of them are destabilizing forces such
as the pressure forces on the upstream face and the uplift force of the water, and some
other are stabilizing forces such as the structure weight.
The failure modes that have to be considered are sliding, overturning, ground
compression (contact stress) and erosion of the material under the spillway.
Sliding
(6.8)
T are the friction forces acting on the foundation section of the structure; RH and Rv
are respectively the resultant force acting in horizontal and vertical direction; f is taken
as 0.75 in rock of good quality or f is equal to tan( ) for cohesiveless materials; and,
where failure the safety factor (SF) is considered 1.3.
Overturning
Two principles are generally accepted. With the first one, the tilting stability can be
checked if the moment of overturning forces around the spillway toe (MR) is larger
than the momentum of the stabilizing forces (MS).
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(6.9)
SF is taken between 1,2-1,5. In the case study, it will be useful to check that it
condition works also in the joints.
The other stability-overturning test consists on check where is the resultant force
projected in the spillway base. If he base is divided in three equal parts and the
resultant force is acting in the third of the middle, then, there is stability. The force
should be acting in the range d, see figure 6.5. The resultant force can not be between
CD because the structure can overturn, but neither between AB to avoid tensile
stresses in A.

Figure 6.5:

Location of the resultant force in order to avoid failure by overturning,
and tensile stresses in A.

Ground compression
The ground compression ( ) can be calculated as analysis of concrete gravity dams.
(6.10)

Where N is the sum of the vertical forces; A is the area of the section of the foundation;
Mo is the algebraic sum of all the moments about the centre of mass of the section; and,
W is the section modulus about the axis through the centre of gravity of the base area.
The ground compression must be smaller than the maxim permissible load that
depends on the soil material.
Piping
The structure will resist piping against any internal erosion if:

Where L is the length of the flow path under the spillway and
is the difference
between the water height upstream and downstream of the spillway, see figure 6.6. The
creeping factor allowed depends on the material under the spillway, Table 6.1.
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Table 6.1:

Creeping factors proposed by Lane (1935) for various foundation
materials. (Sedghi-Asl M. et Al., 2015).

There are some remedies to increase the length of the flow path in the soil and
consequently to reduce the creep ratio. For instance, a common technique is to install
in A or B a steel sheet piling or by grouting, Figure 6.6.

B

A

Figure 6.6:

Common technique to reduce piping risk.

6.3.1 Stability of the individual blocks
The stability of the individual blocks will determine the required size of these blocks.
Each individual block is exposed to the pressure forces caused by the water, the weight
of the block and of the material above the block and the friction forces.
For stability, the uplift can not be higher than the sum of the weight of the block, the
weight of the blocks above the studied block and the friction forces. If this condition is
not fulfilled the block will be lifted and carried away by the water. It will be analysed
the less stable block, figure 6.7.
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Figure 6.7:

Block with least stability.

In a simplified stability analysis, two different situations are analysed: static and
dynamic conditions. In both cases, for simplifications, the friction caused by the puzzle
effect is not assumed. However, that represents the safer situation.

Static condition
Static condition corresponds to the situation when there is not discharge through the
spillway. It is also assumed that the joints between blocks are clogged. Considering a
block of thickness t and length a, located on a level h (m) below the reservoir water
level; the force distribution is the shown in the figure 6.8.

t

a

Figure 6.8:

Force distribution in a static analysis of an individual block.

No stabilizing friction forces on the sides of the block are acting because it is assumed
that the hydrostatic forces on the block sides have the same magnitude. Per unit width
of the block, considering the length a and the thickness t, the weight and the uplift
force are, respectively:
(6.11)
(6.12)
Thus, in order to get a stable situation, the weight must be higher than the uplift.
(6.13)
(6.14)
If the density of the granite is considered 2.65 t/m3 and the density of the water is
1t/m3, the minimum thickness is equal to 0.377*h .
Furthermore, the hydrostatic pressures in both sides of the prism may not be equal.
For instance, this fact happens when the joint of one side of the block is totally clogged
and the other side is a free surface, see figure 6.9.
41

CHAPTER 6. DIVERSION OF WATER FROM A TAILING DAM

Figure 6.9:

Force distribution in a static analysis of an individual block (with one
free surface).

In this case, the sliding resistance in this particular individual block requires of special
analysis.
(6.15)
(6.16)
(

)

(6.17)

Equation (6.17) shows how the structure will have sliding problems in the downstream
block of the structure, if measures are not taken.

Dynamic condition
The dynamic condition corresponds to the situation when there is discharge through
the spillway and water flow with a velocity U(m/s). If it is assumed that a block is
relatively displaced to the adjacent blocks and the joints between the blocks are open,
then, the following water propagates into the joint. This flowing water causes a full
dynamic pressure on the upper side of the block of value U 2/2g. In addition, on the
sides only a fraction c of the pressure is developed, figure 6.10.
The turbulent flow around the roughness elements of an uneven surface and the
displacement causes force fluctuations, figure 6.10. These forces may be relatively high.
According to the classical empirical theories of Hinze (1975), an average value in
turbulent boundary can be estimated as:
(6.18)
Where is the mean wall shear stress that is estimated as
factor in Darcy-Weisbach equation.

where f is the friction

Thus, the wall pressure fluctuation caused by turbulence is:
(6.19)
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6.4. EROSION ALONG THE JOINTS
Per width of the block, the effective weight of the block (
( ) are
(
(

) and the friction forces

)
)

(6.20)
(6.21)

For the stability, the resulting dynamic uplift force has to be balanced with the
effective weight and the friction forces.

Figure 6.10:

Force distribution in a dynamic analysis of an individual block

This fluctuations described may cause the displacement of the blocks composing the
structure, see figure 6.11.

Figure 6.11:

Relative displacement of the blocks.

All the concepts described above refer to a situation when the water is flowing
horizontally. However, it is not applicable in areas where nappe impinges the bed and
there is a hydraulic jump. Thus, it is not possible to determine the dynamic pressure
distributions with theoretical methods. For instance, it is suggested to be determined
with a hydraulic model study (Bergh, 2017).

6.4 Erosion along the joints
As the assumption of high quality rock, there will not be problems of external erosion.
However, there could be erosion due to infiltration into the voids or in the joints
between the manufactured prisms. Moreover, infiltrations into the voids of the prism
are neglected, due to the low permeability of the granite. Therefore, the infiltration
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that more problems will cause and consequently requires a discussion it is the one
between the joints of the different prisms.
Depending on the flow condition that is shifting inside the joints, two situations can be
identified. On the top of the waste reservoir, there will be some water flowing after
periods of rain or when the snow is melting. Consequently, on the upper part of the
spillway, it is possible that the flow will be mainly clear water, and the movement of
the flow inside the joints is laminar. However, in the lower parts, the flow will have a
high content of sediments; consequently, especial considerations have to be done.
In the laminar flow, the particles follow parallel directions or almost parallel without
mixing. The flow in the joints is computed by:
(6.22)
Where
(

)
( )

( )
( )
( )

Figure 6.12:

Thickness (b) between the joints.

The equation 6.22, it is seen that the flux is highly dependent on the thickness of the
joints, and it is susceptible to variation. The value is difficult to determine with
exactitude because it is depending of manufacturing processes.
However, it is not exactly the situation studied because the design spillway is located
next to a reservoir with tailings, and mine waste is in general highly permeable.
Therefore, the flow that tends to move inside the joints will be a mix of the water with
this waste. The behaviour of that type of flow is more difficult to determine.
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6.5. CONNECTIONS
The purpose is to keep a thickness of the joints as small as possible. With that
suggestion, the particles will have difficulties to migrate along the joints and will be
retained in the small irregularities of the prisms.
In conclusion, it can be affirmed that, stability problems will not be a concern in the
long-term due to this infiltration.

6.5 Connections
The weak point of the proposal is in the connections part. The connections between the
spillway structure and the embankments, and the connection between the structure
and the channel have to be studied.
On one side, borderlines come to be potential sources of cracking and piping failure in
embankment dams. It comes to recommendations to use filters if the dam does not
have in order to avoid that a gap is formed between the spillways and the dam if there
is an undesirable settlement (Fell et Al, 2014).
Downstream of a conventional spillway, the velocity of the flow is very high. It is
important to reduce the flow velocity as soon as possible and it is done with a
hydraulic jump. If this energy is not reduced, there is danger of scour to the riverbed,
which may threaten the neighbouring river valley slopes.
With the hydraulic jump, the major part of the kinetic energy of the water is
dissipated and the flow is transferred from supercritical to subcritical i.e. from rapid to
slow regime.

Figure 6.13:

Hydraulic jump.

It is important to determine where the hydraulic jump is produced because the channel
has to be protected in this length. A protection of the channel could just be done with
the granite prisms manufactured for the spillway structure.
The change of depth of water is calculated applying the momentum equation between
the section just ahead of the hydraulic jump and the section just after the hydraulic
jump.

∑
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(

(6.24)

)

Where the external forces (Fext) considered are the pressure forces acting upstream (F1)
and downstream (F2) of a control volume composed by the hydraulic jump.
In the case of the rectangular section, the formula (6.25) is applied.
(√

)

(6.25)

Where Froude number (Fr) is
(6.26)

√
The energy loses are

(6.27)
When the discharge is the design flow or smaller to the design flow, the section of the
channel is rectangular, equation 6.25 and equation 6.27 can be combined and it gives:
(

)

(6.28)

Determine the length is not immediate and depends on the bottom shape of the canal
protected. The channel bottom could be flat with walls on the sides site and once the
hydraulic jump is done, there is a change of shape to the successive natural channel,
see figure 6.13. Alternatively, the second option could be construct directly the shape
of the future natural bottom channel with the granite prisms.
It is of interest reduce the total length to be protected as much as possible. In order to
get that one may use standards to design a stilling basin or alternately change the level
of the channel in the last part of the protective area. Increase the level or decrease it to
move the hydraulic jump to the toe of the spillway when the design discharges. It is in
this change of level where the change of section will be done.

Figure 6.14:

Cross sections in the hydraulic jump.
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The soil just after the end sill is usually subjected to erosion until an equilibrium
situation is reached. For that reason, it will be increased the depth of the structure in
that part. Nowadays, after a conventional concrete stilling basin is built, this critical
area requires of maintenance with the time. On this basis, it is better if the
recommended value is increased.

6.6 Example
An example of a spillway design following the steps described above is presented in this
chapter. Some assumptions and comments have been previously defined for the entire
example:
-

The required width is large due to long-term recommendations. For instance, a
large tree is easier to be transported and cause less erosion in a large width.
h/l is the maximum that the methods applied are valid, in order to optimize the
design. This way the required volume of granite blocks will be the minimum.
The shaded values on the tables below have been selected arbitrarily. The
proper selection of these values has to be done according to the side location.

The first step is checking if there is any special requirement derived of the static
stability study of the individual blocks. It should have been defined as a requirement
also that the blocks have to fulfil the requirements of the dynamic stability study.
According to the described method in section 6.3 the minimal thickness in the different
blocks is shown in figure 6.15.

Figure 6.15: Minimal thickness required in the individual blocks.
In order to be more precise, it should have been analysed the required dimensions in
order to avoid the sliding of the most in the most downstream block. However, it has
been neglected.
On the other case, under some decisions made, it has been used equation 6.1, 6.2 and
6.3 in order to obtain the table 6.2.
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Table 6.2:

Stepped spillway values.

Parameter

Value

Units

10
m3/s
0.5
30
m
h/l
0.6
m
h
1.3
m
l
2.20
m
yupstream
0.37
m
Ycritic
0.22
m
Yc,max
0.23
m
N steps
4
Hd
5.20
m
Hmax
5.57
m
Hr
1.09
m
∆H
4.48
m
Conditions downstream the spillway, have been obtained with the energy conservation
equation:
Q

(6.29)
In addition, assuming that a hydraulic jump is created just after the structure,
equations 6.25, 6.26 are used.
Table 6.3:

Parameters related to the hydraulic jump, see figure 6.13.
Parameter

Value

Units

Y1
0.08
m
V1
4.44
m/s
Fr.1
5.18
Y2
0.51
m
Lr
2.58
m
The length (Lr) of the hydraulic jump after the spillway to be cover is
(

)

(6.30)

On the other side, it is of interest to move or the hydraulic jump to the toe of the
spillway, and this is easy increasing the depth of the channel downstream the hydraulic
jump. However, the proposed designed channel has not a rectangular shape as the
spillway and a transition between the two sections should be done. With numerical
methods and following standards, it is possible to define a safe transition, but it is not
of our interest in this project.
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As it can be seen, the h chosen in table 6.2 is smaller than the required thickness of 1.9
m (Figure 6.14). In the case of the blue block more in the right of the figure 6.2, the
difference of thickness is important, so it has been changed he size before the stability
analysis of just this block. The effect of this change in the previous calculus has been
neglected.
Assuming that a unit width is analysed sliding, overturning, ground compression and
piping stability of the structure has been checked. For the sliding stability (Table 6.5)
equation 6.8 have been applied, for the overturning stability (Table 6.6) equations 6.9,
for the ground compression (Table 6.7) equation (6.10), and for piping analysis (Table
6.8) the creeping factor proposed is taken from table 6.1.
Table 6.4:

Design forces acting on the spillway, see figure 6.4.
Parameter

Value

Units

Pw, total
Pt, total
Ice load
Snow load
Ws
U

132.63
17.51
150
30.80
807.17
224.45

kN
kN
kN
kN
kN
kN

Table 6.5:

Sliding stability.

Parameter

Value

Units

RV
RH
f
SF
f*RV/RH

613.51
300
0.75
1.3
1.53

kN
kN

Table 6.6:

Overturning stability, see figure 6.5.

Parameter

Value

Units

RH
RV
Valid range(d)
d

300
613.51
2.93-5.87
5.5

kN
kN
m
m

Ms
Md
SF
Ms/ Md

5475.3
2104.3
1.3
2.60

kNm
kNm
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Table 6.7:

Ground compression analysis.

Parameter

xcm
ycm
Mo
W
N

Table 6.8:

Value

Units

2000
kN/m2
8.8
m2
3.49
m
1.93
m
-696.373 KNm
12.91
m3
-613.51
kN
-123.67 kN/m2

Piping analysis, see figure 6.6.

Parameter

Value

Units

7

L

Extra length

5.50
8.80
1.60

m
m

90
7.06

m

For example, an upstream apron of clay and sill could be useful to provide this extra
length required.

Stability of the individual blocks
The minimal thickness required in each block has been checked above, figure 6.15.
Table 6.9:

Sliding analysis of an individual block in static condition, equation 6.17.
Parameter

Value

Units

66.31
35.07

kN
kN

1.89

The result in Table 6.9 shows that there will be sliding problems under the statements
analysed. For this reason, this example presented will cause problems. One solution
could be optimizing the structure. For instance, it may be not necessary to construct a
structure as depth or the width a of the dangerous blocks could be increased.
50

6.7. AUXILIARY EARTH SPILLWAYS

6.7 Auxiliary earth spillways
In fact, nowadays, earth spillways are sometimes used as emergency ones (see figure
6.16).

Figure 6.16:

Plan, profile and cross section of an earth spillway.

However, earth spillways may be used where soils and topography allow the peak flow
to be discharged without cause appreciable erosion in the spillway or beyond its outlet.
In addition, loose sands and other highly erodible soils have to be avoided.
The auxiliary spillway has to be protected against erosion with rock riprap and an
effective plant cover. Thus, the design relies on riprap protection what is not allowed
for the long-term prerequisite.
Nevertheless, the steps to follow in the design of the cover are: selection of the
vegetation, determine the degree of retardance, determine the discharge and velocities
of the flow for the type of vegetation and the natural ground slopes, and finally, check
that velocity does not exceed the maximum permissible resistance of the vegetation
(see Appendix C) (USDA,1997).
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7.1. TECHNICAL ASPECTS OF THE PROPOSED DESIGN

Chapter 7
Summary and conclusions
Long-term stability is defined as 1000 years period or to the next ice age without
maintenance. The conclusions are presented from two perspectives:
Conclusions regarding suitability of the recommended long-term stable solution, as
well as, the present hydraulic limitations.
Conclusions regarding the initial condition of long-term without maintenance.

7.1 Technical aspects of the proposed design
The spillway arrangement consists of a structure composted by granite blocks. The
spillway structure must be designed for overall stability, in principle as a gravity
structure, and stability for the individual blocks.
The weak point of the spillway design is instead that filters are recommended for the
connection between the embankment dams and in the base of the structure.
In addition, the presented solution requires material of size, quality and refines
characteristics not easy to get. If a proper study is not done, the solution will have
stability problems in the individual blocks.
The channel is suggested to be designed with grass and vegetation covering because
conventional riprap can not be used because of the assumed loss of filters function.
Thus, the tractive force method is not applicable.
Vegetation cover must be climatically resistant and it is recommendable to have
biodiversity to be more resilient to the unexpected changes.
A safe range of permissible slopes that prevent silting and not exceed the critical
velocity that the vegetation can withstand has been determined.
The longitudinal slope required is mostly lower than 1% and very susceptible to
changes on the Manning’s roughness coefficient. Literature shows that it easily changes
over the time.
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The side slope of the channel can be chosen as flat as possible depending on the
available space in the determined location. The increase of the side slopes implies a
decrease of the capacity of the vegetation to withstand.
Some of the uncertainties accepted in the hydraulic engineering structures designs may
even decrease their reliability with the long-term condition like the discharge and the
roughness coefficient.

7.2 Is there a solution available?
In a case where bedrock was available for construction of the spillway, the design
would have been “easy”.
In a case where filters and riprap protection could be regarded as acceptable in the
long-term perspective, a solution to the problem at hand would have been “easier”.
On the other hand, given the studied conditions…
-

A situation where long term spillways may not be constructed in bedrock (and
instead requires diversion of water over or through the embankments
themselves).

-

Filters may not be regarded as functional in the long-term perspective.

… the conclusion is that it might even be impossible to find a good solution.
The contradiction between the erodibility of the embankment material and the need to
release water over (or through) the embankment will be very difficult to circumvent.
Furthermore, under the assumption that there are not environmental or external
changes, the structure would probably be relatively easy to design for operation
without maintenance during 30 years, if the vegetation cover is invariable. However,
for a structure such as the proposed spillway, the 30 years requirement becomes a lot
more complicate.
Chang remarked in his work at 1988, it will not be possible to determine factors such as
the climate, the type and density of vegetation, the water discharge or the inflow of
sediment rate. In addition, for the spillway, it is not only the external loads that will be
changing, but also for the structure itself (partly consisting of vegetation cover) will
change over time.
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8.1. COMMENTS REGARDING THE PROPOSED DESIGN AND FURTHER STUDIES

Chapter 8
Comments
8.1 Comments regarding the proposed design and
further studies
The design discharge is selected in a very conservative way. Thus, this will not cause
any problem in the structure next to the tailing storage, neither in the selection of the
recommendable slopes of the channel.
The election of the Manning roughness coefficient is not easy. The initial values are not
reliable in long-term if there is vegetation, and the study presented show how the
recommendable range is very susceptible to this coefficient. Important increases of it
will cause silting.
There are several problems that need to be solved to achieve a long-term stable
spillway system:
-

Connection between the spillway structure and the tailing dam; and, connection
between the spillway and the channel: risk for erosion
Stability of the most downstream block of the structure that it is exposed to a
large horizontal force.

In addition, further studies answering next questions should be done
-

Will the grass be established as expected?
How will the vegetation and trees grow? Extra turbulence and local scour
caused by presence of trees.
How does the strength of the channel covered by vegetation change along the
years?
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8.2 Is this a limiting factor for tailings ponds in
Sweden?
The conclusions imply that either:
-

The function of filters, riprap or an equivalent solution must be accepted for the
long-term design.

-

The closure design of the facility needs to account for the difficulty of
constructing spillways, in such a way that spillways are not required (no
accumulation of water in such a way that a concentrated flow needs to be
discharged).

Or else the difficulty of constructing a long-term stable spillway may limit the
maximum capacity of Swedish tailings ponds (since it puts a limitation on the
possibility to completely enclose the ponds with embankments).
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A.1. INTRODUCTION

Appendix A
Design of filters
A.1

Introduction

In several countries, the long-term validity of filters is accepted. In this section of the
appendix, the main objective is to analyse which changes this will imply.
With the validation of the filters, as it is been commented, it would be valid used the
earth design spillway presented and channels could be totally designed with the
tractive force approach. Despite that, vegetated channels are cheaper than lined with
riprap, thus thinking in a solution where the central part is protected with riprap and
the upper part of the channel just with vegetation will bring a more economical
solution.

A.2

Filters requirements

A transition of layers is needed between the soil protection and the natural soil. Some
requirement must be fulfilled in the design of these transition layers.
The hydraulic conductivity of the filter has to be higher than the hydraulic
conductivity of the base material. It is of interest that the seepage through the filters of
diameter D does not cause a high pore pressures in the base material of diameter d.
That is fulfilled if:
(

)

(A.1)

A recommendation suggested by Terzaghi to prevent piping is:
(

)
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(A.2)
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In widely graded material, like the glacial till of Sweden, it is more common to use the
criterion of Sherard:
(A.3)
The grain distribution curves of the base material and the filter have to be
approximately parallel. It is achieved with:
(A.4)
The maximum stone size is limited to 60mm for preventing the separation of the large
stones (Bergh, 2016).
Furthermore, Kenney and Lau (1985) defined that a soil is classified as internally
stable if:
(A.5)
Where F is the mass fraction of particles finer than grain size d and H is the mass
fraction of the particles ranging from d to 4d. H and F is obtained from the grain- size
distribution curve over a portion of its finer fraction given by F 20% if the undrained
cohesion (Cu) of the soils is higher than 3 or F 30% if Cu 3 (Chang and Zhang, 2013).

A.3 Manning’s coefficient selection
Manning’s coefficient depends on the boundary roughness, the shape of the channel
cross section and the Reynolds number of the flow. When the flow is fully rough flow
i.e when the perimeter roughness elements project through the laminar sublayer and
dominate the flow behaviour.
(

)

(A.6)

The n factor is found analogy to the Darcy-Weisbach friction factor f used in pipe flow.
is the equivalent sand roughness. As it is not constant, it is determined with the size
grain distribution. It is taken d50.
The values of the friction factor f are determined depending of the type of turbulent
flow. The turbulent flow can be smooth, transitional and fully rough. The difference
between them comes in the behaviour, but also it is possible to differentiate one from
another by Reynolds number. For natural roughness in a wide channel, it is proposed:

√

(
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)

(A.7)

A.4. CHANGES IN SLOPE RANGES
It is possible to know the roughness parameter with:
√

A.4

(A.8)

Changes in slope ranges

According to (Chow, 1959), Manning’s coefficient for protected riprap channels is
usually around 0.033. This value is not very different to the coefficient when the
channel is lined with vegetation. Thus, the change of Manning’s roughness coefficient is
not going to change drastically the conditions found with the study case where all the
cover was vegetation.
On the other hand, what is going to be considerably influenced is the maximum critical
velocity in the protected part. As seen with the U.S. Bureau of Reclamation criteria
(eq. 3.1), the critical velocity will be depending on the grain size of the particles used.
This fact is clearer pictured in the figure 5.3. For instance, from this, it can be seen
that in situations of minor turbulences (expected situation because the flow is so
shallow) the critical velocity is higher than 2.5m/s. This velocity is more than 1.5 times
the maximum velocity allowed in vegetated covers.

Figure A.1:

Velocities for different slopes with n=0.033.

The permissible slope range increases considerably. This fact drives us to analyse the
case for maximum discharges, where the critical velocity will not be as high due to the
vegetation presence.
Finally, results with riprap in the middle are not as different as in the case where the
entire channel is vegetated. The only thing that one may concern is if it is needed to be
as conservative with the critical velocity chosen. It is known that the Bermuda grass
can support up to 1.83m/s for the studied slopes and in a resistant soil. Selecting this
value as new critical, the permissible range is considerably expanded.
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Figure A.2:

A.5

Velocities for the maximum design discharge with n1=0.033
and n2=0.04.

Freeze- thaw weathering

Freeze-thaw weathering is the main form of mechanical weathering in climates where
the temperature is always changing below and above the freezing point. Weathering is
the process that breaks the rocks in sediments.
In the proposed design is important to protect the central channel of the effects of that
mechanical weathering. In Sweden the ice can arrive to be 2.5-3m high. The main
problem is when soil thaws, the water inside becomes ice and it produces an excess of
pore water pressure. Then, the effective stress will be attenuated and the soil will be
softer when it melts.
In order to avoid that this phenomenal is happening, an appropriate weathering
resistance rock has to be selected. Especially intrusive igneous rocks are very resistance
to the weathering because it is hard for the water penetrate them. An example of an
intrusive igneous rock is the granite. Even having a resistance rock, the effects of
weathering may be important if plants roofs go through the rock.
The minerals that the rock might have also affect the resistance of the rock. Some
minerals completely dissolve in water that consequently will cause pours in the rock
(Open geography Education, 2017).
In Sweden, fine-grained till is one of the most common soils. The structure of the till is
complex because of the grain size fraction ranges from clay to boulder.
It is known that the void ratio has an important effect in soils when it exposed to
cycles of freeze and thaw because how the soil settles depends on it. The behaviour in
settlement of dense soils and low soils is different. Furthermore, it is interesting to
consider that a critical void ratio can cause not settlement.
The void radio in a soil changes after freezing and thawing cycles. However, a residual
void ratio, independent of the initial one, is identified to appear in the soil after 1-3
numbers of cycles. After that number of cycles, there is not additional increase of
volume.
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Some other conclusions are known regarding to soils. For instance, if they are stones in
the soil, the type of that seems to be of minor importance. On the other hand, the
shape of the stone has a clear influence in the uplifting behaviour. For instance, stones
which are formed as spheres, wedge shaped upward or elongated parallel to the land
cover are resistant to the lifting (Viklander, 1997).
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Appendix B
Selection channel shape
B.1 Introduction
The assumption that the central part is considered rectangular in the calculus of the
Chapter 5 is not realistic. Most of the studies describing the ideal slope depend on the
grain size of the cover soil. In this case, those theories cannot be applied. However, it is
believed that slopes of 2:1 or 3:1 could be valid.

Figure B.1:

Studied cross sections of the central part of the channel.

B.2 Results
In order to check the validity of the assumption taken, it has been analysed the case of
the central channel for a discharge of 1m3/s. The hypotheses taken are shown in table
B.1 and the results are shown in figure B.2.
Table B.1:

Initial conditions.

Parameters

Value

Units

Q
b1
b’1
y1
n1

1
1.5
0. 75
variable
0.025

m3/s
m
m
m
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Figure B.2:

Velocities for different slopes and different side slope
channels.

Considering that the side slope is 2:1, the hypothesis is very valid for all the range of
velocities allowed. Nevertheless, when it is imposed 3:1 the difference of slope allowed
becomes higher. Especially, the difference can be seen for the highest flow velocities.
However, it gives a range of slopes allowed a bit larger what may have positive effects.
It has been analysed as well the case where the side slope is 1:1, however the range
allowed is smaller and the stability is not clear neither.
Note than b’1 could have been chosen different for the different cases, but it has been
checked that the effect is almost null. Thus, it has been just chosen the value that is
shown in the table.
Furthermore, the height of water would be different depend on the shape and the
selected bottom width of the channel. Two different bottom widths have been selected
for the trapezoidal channels, 0.75 and 0.35m. The rectangular channel has a width of
1.5m. In both cases, results are similar for the different shapes as shown in Figure B.3,
but also are similar between them. This fact shows that even if the shape of the
channel changes with time, the flow conditions will be similar.

Figure B.3:
Flow depth for different longitudinal and side slope channels.
The left side figure corresponds to a channel with a width of 0.75m and the right
side figure corresponds to a channel with a width of 0.35m.
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Appendix C
Tables for designing auxiliary earth
spillways
In principle, the design is not valid for the long-term preconditions. However, the next
tables presented may be useful where the requirements allow filters to be use.

C.1

Requirements

Recommendations drawn from USDA, 1997.
Table C.1: Degree of retardance.
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Table C.2: Hp, Q and V for natural vegetated spillways with 3:1 and natural ground
slope.

Table C.3: Permissible velocity for vegetated spillways.
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