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1. Introduction

1. Introduction

In 1953 and 1962 stormfloods flooded a wide area of the Netherlands and
Germany, where many people lost their lives. Gained experience of these events
has formed present construction methods of dikes.

Studies about damages on dike slopes have shown different mechanisms of
failure. One mechanism is the so called parallel sliding which is described by
Edelmann (1953), but now flatter inclinations are applied for slopes and this
causes a higher erosion risk. Erosion should be avoided with the help of the cover,
which consists of clay and sometimes vegetation. Many kinds of material to protect
soil are possible. Some dikes show asphalt as cover and others have concrete or
stone settings to protect the sandy core against erosion, but most dikes show
grass as cover. Every kind of cover has advantages and disadvantages, so it
could be discussed which possibility to protect dike slopes against erosion is the

best. Nevertheless this report is dealing with grass as cover.

Grass is a living organism, so it grows differently and due to growing habits, grass
structure distincts from plant to plant, as well as at surface and in underground.
But it is important to fulfill the main function of protection against erosion,

responded by loads of water.

The first load which appears on a dike is the wave impact on outer slope. The
content of hitting water runs up the slope and at temporally intervals down again.
In similar cases wave overtopping happens, so a content of water runs over the
crest of a dike and runs down at land side slope, which responses erosion

processes.

Erosion processes are divided in two parts, whereas first process is detachment
process and second process is transport of detached soil. The main function of
grass cover is to avoid detachment. Therefore certain strength is necessary to

execute this assignment.

Resistance of grass covers are affected by several parameters. The influencing
parameters are density of canopy cover, root depth as well as tensile and shear

strength of roots. Also the mentioned parameters are influenced by grassland
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1. Introduction

management which has no engineering background, but management changes

growing habit and determines strength of turf.

In the present, models to evaluate strength as well as loads are concerned with
the effecting parameters. Models of CIRIA (Construction Industry Research and
Information Association) deal with general slopes in landscapes and loads caused
by rainfall and running down of rainwater. Another model which is directly
concerned with dikes is VTV 2004 (Voorschrift Toetsen op Veiligheid). VTV 2004
has disposed concepts to evaluate strength of grass covers and loads caused by
waves. The most current model is EPM (Erosiegevoelige Plekken Model), which is
a graduation report. This report is custom-built at the TU Delft and deals with spots
susceptible to erosion on dike slopes. EPM describes those spots with help of
scouring models. All those models evaluate strength and load separate.

This report results from cooperation of TU Delft and University of Duisburg-Essen
with the aim to summarize knowledge of erosion processes on dike slopes of both

countries.

Due to this assignment, attributes and properties of vegetation are detected. In
addition it is checked, how canopy cover effects velocity of flow and determines
magnitude of load. By the way, signification of root density is analyzed and a first
model to describe the effect on roots on erosion resistance has been developed.
and interaction of clay and vegetation is described with the aid of an example
calculation. Finally this paper shows the lack of knowledge and gives a

perspective for subsequently research.
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2. Grass cover

2. What is a grass cover

A lot of sides along the coast of the northern sea show dikes and most of them
offer grass as a cover. This kind of revetment is a significant part of a dike surface,
so since mid eighties specified experiments and tests were taken to analyze grass

layers and function of it.

Vegetation grows in many different species. There are trees, bushes, grass and

many more. Inherently grass must be divided into different kinds and attributes.
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Figure 2.1: Examples of vegetation (Hewlett et al., 1987)

Range above soil has different attributes as range in soil. Range above soil is
called sward and it generally consists of a flower head, a stem and blades.
Appearance of sward is different from plant to plant. Figure 2.1 shows examples of
typical vegetation on dike slopes. Range of turf underground shows differences in
each root system. Some kinds have deep and dense root growth which is

influenced by content of nutrient and also pasturing the sward.

Also, figure 2.1 presents seeds of vegetation and it is well known, that a plant is a
living organism. This means, that vegetation needs time to develop from seed to a

complete plant which is called establishment period. First this is the time between
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2. Grass cover

sowing of seeds and stage of coming out of ground. Second part of establishment
period is the period of a young plant which has no complete developed function
and quality. Both periods create problems in case of flood and seasonal changing
like rain or wind, so plants have to be protected in establishment period by using

other materials of cover.

After vegetation is fully developed, plants have the wanted structure and can
develop their function. The combination of soil and vegetation is the so called

grass cover or sometimes called turf.

2.1 Structure of the grass cover

Thickness of grass cover varies from dike to dike, because every administrator of
a dike treads it different in case of clay thickness, management and clay
composition, which depends on individual as well natural development of soils.
Nevertheless, a commonness of every grass layer is the classification into top soil
and lower soil called subsoil (Figure 2.2). Top soil often consists of sandier and
more humus soil to benefit better plant growth which causes a more porous and

moister layer that is elastic.

stubble
(2 cm)

Figure 2.2: Structure of a grass covers (TAW, 1999)

The subsoil is composed of heavier clay which is stiff as well as plastic. Root
density in subsoil is less which causes a less porous soil and a less therefore

permeability.
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2. Grass cover

In contrast to subsoil the top soil is affected by climate (shrink and swell), root
growth and activity of soil fauna. Activity of soil fauna means that animals like
moles and voles dig in soil layers and leave holes or channels.

These effects lead to a changing structure of top soil. This report is mainly
concerned with root growth and its influence on changing soil structure. Roots are
growing in vertical and horizontal direction. Vertical growth can reach into subsoil
and protects the layer against sliding. Horizontal roots especially in top soil, the so
called Rhizomes, support formation of aggregates and clods which creates an
elastic layer. So, structure of soil shows different sized aggregates with cracks and

pores in-between (Figure 2.3).

sward

root

N\

aggregates of sail

Figure 2.3: Interaction of root density and soil aggregates

Another influence is climate condition which causes shrinkage and swell.
Extraction of moisture by plant roots causes cracks of shrinkage. Crack and finer
aggregates increases permeability and that also enhance infiltration. Depth of
cracks can be greater than 125mm and sometimes increase with depth below the

heavily rooted topsoil.

In contrast to the fact of deep cracks the single aggregates are bounded together
by system of roots. Sparely vegetated slopes with a lot of open spots show
extensive and deep cracks (Coppin/Richards, 1990), so permeability and

infiltration cause a meaningful load to cause inner erosion.

But at least it is important to tell that roots reinforce the sod and give the dike

cover a certain erosion resistance.
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2. Grass cover

2.2 Function of a grass cover

Literature describes covers with reinforcement types like for example concrete
stone layer, asphalt layer or geo grids and many more. Many kinds of
reinforcement of soil layer on dike slopes are possible, but this report especially is

concerned with grass cover.

Grass cover has different assignments and properties. The main function of the
turf is to raise resistance against erosion caused by rainfall, waves and flow.
Properties of a grass layer which are important for resistance are a dense and
regular growth (Hewlett et al., 1987, Coppin/Richards, 1990; Sprangers, 1999). It
is important to get no open spots in the layer, so seeds have to be protected
against washing out and a seed mixture for plants with a high growing velocity has
to be applied to get a complete sward. The assignment of the sward is to protect
soil layer of drying out and to control the draining by evapotranspiration (Hewlett.
et al.,, 1987, Coppin/Richards, 1990; Sprangers, 1999), while mechanical
properties of roots like tensile or shear strength are influenced by a dense deep
and regular root growth. A dense root growth connects soil particles to bigger
aggregates and clods, so local stability increases by the connection of the single

aggregates.

Different kinds of vegetation are applied to raise the erosion resistance on dike
slopes, so one part of a dike uses several mixtures of seeds, because of the
miscellaneous attributes of vegetation. EAK 2002 gives examples of vegetation

types which are seeded on German dike slopes (Table 2.1).

Quality of vegetation depends on attributes like for example persistence, fast
growing as well as a high degree of canopy cover (EAK, 2002). Vegetation applied
on German dikes like Kentucky Blue-Grass has deep and wide system of roots
that are good to shape a connection between soil and vegetation as well as other
vegetation. Perennial Rye-Grass (Lolium perenne) signalizes a fast growing and
high degree of canopy cover. Both sorts of grass are first-class pasture, so
pasturing by sheep is possible. Red fescue shows a good growth of roots, so deep
areas of soil in layers are connected by roots and this causes a good protection
against erosion. The problem of Red fescue compared to the other two kinds of

grass is that young plants are growing very slowly.
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2. Grass cover

Table 2.1 lists typical types of vegetation with attributes of grass which are

suggested by EAK 2002.

Type of vegetation Mixture of Attributes
(EAK 2002) seeds
Perennial Rye-Grass Persistent; first-class pasture; dense turf; resident
(Lolium perenne) 30 against tread; fast growing; high tensile strength of
roots
Kentucky-Bluegrass Persistent; first-class pasture; poor of blades; deep
(Poa pratensis) 30 and wide system of roots; with a lot of rhizome;
needs fertilization; low tolerance of salt
Red fescue with short Persistent; thick leaves; dense turf with good
tillers o5 protection of erosion; good resistance against salt;
(Festuca rubra younger plants are growing slowly
trichophylla)
Red fescue with long Persistent; large rhizome; thick leaves; dense turf
tillers 15 with good protection of erosion; good resistance

(Festuca rubra ssp.
Rubra)

against salt; younger plants are growing slowly

Table 2.1: Typical applied mixture of seeds on german sea dikes (EAK, 2002,

modified)

These are just a few kinds of plants which appear on dike slopes, but as shown

before, the attributes are important. Which vegetation will be used depends on

kind of dike, location of dike as well as climatic conditions, but these are only a few

examples of dependency.

Appendix A shows a list of used vegetation with scientific names and translations

in Dutch and English.
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3. Loads

3. Loads causing erosion

Erosion processes can be released by different loads. Those loads are water
running up and down, wave overtopping, flow forces as well as breaking waves.
Those loads never appear at the same time or at the same slope. Figure 3.1

shows the different zones where a load appears at the dike slope.
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Figure 3.1: Description of loading zones (EAK, 2002, modified)

The figure clearly indicates that loads like water running up and down as well as a
directly wave impact of a breaking wave just appear at outer slopes. Wave
overtopping affects dike crests and water running down influences inner slopes.

These loads are well known in literature and are defined as followed.

3.1 Water running up, wave overtopping and water running down

Simply said, dikes are loaded by water and this exactly means that a wave hits the
outer dike slope and splits into an amount of water which runs down the slope

again as well as a contingent that directly runs up to the dike crest. This content of
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3. Loads

water is described by height of water running up zgg in [m], which is the height that

is exceeded by 2% of every wave running up.
EAK (2002) defines the height of water running up on a slope as followed.
Zgg = 202 JHg T, -tana < 3,2-Hg 3.1
Where

Hs is the significant height of a wave at feed of a dike in [m]

Tpis the period of waves in [s]

a is the angle of an outer dike slope

The amount of water running up is a kinetic energy which EAK (2002) describes

as a velocity vp og and gives following definition.
Voos =L1-4/2- 0 2y 3.2

The plenty of water that runs down the outer slope has a velocity vo min in [M/s] and

is defined as
Vo min = 0,82-1/2- 0 - Z4g 3.3

Figure 3.2 and 3.3 show an evaluation of velocities on outer dike slopes which
applies a range of peak period from 3s up to 7s and is calculated with the before

mentioned definitions for a slope of 1:6.

running up velocities

Vo,es [m/s]

Figure 3.2: Velocity of water running up depending on periods of peak
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3. Loads

running down velocities

02 04 06 08 1 12 14 16 18 2

[—P 35 —P iode4s P 55 —P 65 — P iode 75 |

Figure 3.3: Velocity of water running down depending on periods of peak

These evaluations present that velocities of water running up are higher than the

velocities of water running down.

By the time water reaches the dike crest, overtopping happens. This overtopping
is defined by Schuttrumpf (2001) as overtopping rate q in [m3/(sm)] and can be

calculated as followed.
q:Qo-exp(—s,s-&j-\/z-g-HSS 3.4
Z98

Qo is a dimensionless overtopping parameter and depends on the coefficient of

breaking water &, which configures the type of wave.

Q, =0,038¢, , for £, <2,0 3.5
Q, = (0,096 — 0’?0) £, >2,0 3.6
d

As well as the coefficient of a breaking wave ¢, is defined as following:

fan o
Sa = "l 3.7

S

L,

in which Lo in [m] is the length of the wave in deep water and « is the angle of sea

side slope.
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3. Loads

An example (Schuttrumpf, 2001) with a 1:6 outer dike slope as well as wave
parameters Hs = 2,0m and Ts = 7,0s results a velocity of water running up Vo gs =

4,68m/s and connected to this velocity an overtopping rate g = 100l/(sm).

Generalplan Kistenschutz Schleswig-Holstein (2001) allows an overtopping rate
of 2 I/(sm), because former considerations are concerned with higher dikes, but
future plans will be to develop inner dike slopes which can take the load of water
and so higher overtopping rates are permitted.

Additionally Schattrumpf (2001) divides between velocities on dike crests vk and
velocities on inner slopes vg. Figure 3.4 shows zones of loads with definitions of

each symbol.

Velocity at dike crests is give as

Vi (X) = eXp(_ ;(Kl:lf j ’ VK(O) 3.8

Tk
Whereat f is a roughness coefficient and v, (0) is the velocity at the beginning of
the dike crest. Parameter xx defines a point, where velocity on the crest can be
calculated, because the velocity of flow is not constant on dike crests and even not
constant on inner slopes. Height of water decreases, so in combination with this

potential energy decreases, but to fulfill the conservation of energy kinetic energy
increases and this simply means that velocity of flow must become higher.

Velocity at land side slopes is

Vg (0)+-—1 -2 Ky Ng -tanh =% kit
V, = J 2 3.9
B — ’ .
1+ Vs (0) tanh( j
B™'1 2

in which v, (0) =v, (X, =B)

and
3
(=@ , | %O 2, 3.10
gsin g g°sin“ g gsing
k = M 3.11
hB

Page 13



3. Loads

are the time t when water reaches the location xx and k; is a coefficient for

velocity.

=3
B

Geometrie
- angle of sea side slope «
- angle of outer slope B

- free board Re
- crest lenght B

Waveparameter

- wave height Hs
-wave periode Tm
- wave depth d

Figure 3.4: Definition of symbols (Schuttrumpf, 2001, modified)

3.2 Wave impact

Wave impact happens on outer slopes and it is responded by a plunging breaker.
The energy which is created by the wave lasts just 1/100 seconds and loads the
pressure a few decimeters on the dike slope. Impact of wave is probabilistic and

the responded load is a lot higher than hydrostatic loads.

Fuhrboter (1966) presents a linear dependency between maximum of wave impact
Pmax IN [KN/m?] and height of wave Hs in [m]:

pmax = C(I)pw gHs 3.12

Where p,, in [g/cm3] is the density of water and g in [m/s?] is acceleration of
gravity. C(i) is a dimensionless coefficient. Following to Sparboom (1991), C(i) is
equal to 5 for irregular waves on a slope with an inclination of 1:6. Just one of
1000 waves should exceed this value. Due to the pressure at slope surface pore

water pressure will increase. Depending on permeability of soil overburn pressure
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3. Loads

will decrease in the soil. This is compared to a load which presses from the inner

side of the dike against the cover and lifts it up.

3.3 Infiltration

Penetration of water into the soil layer of slopes is called infiltration. Pores and
cracks of soil are filled with water which affects that content of water increases as
well as moisture of soil. Damming up of water depends duration. As long as
infiltration lasts, the soil will be saturated with an enhancing depth
(WeiBmann, 2003). The saturated water has the velocity of flow which is

characterized by law of Darcy:

v =-K(0)- 1 =-K(0)-grady 3.13
In which K(0)is the tensor of pervious ness and v is the Potential.

V=W, oWy 3.14
With sub potential:

v, = potential of gravity

v, = potential of matrix

v, = potential of pressure

Potential of gravity increases with depth of infiltration zs. Potential of pressure is
the medial highness of damming up. Potential of matrix depends on the content of
water at the beginning and reduces in the zone of moisture caused by tension of
vacuum as shown in Figure 3.5 (Weil3mann, 2003).
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3. Loads

surface of water

area of infiltration saturated

Figure 3.5: Infiltration (Weimann, 2003, modified)

Vertical velocity of infiltration in a soil containing a permeability of kg is:

f-Ay_ +h,z,
z

v, =K, - 3.15

S

With function of potential of matrix, highness of damming up h, and depth of

infiltration the velocity of infiltration spreads at the beginning v, like:

v oV K FAph 3.16
0,-0, 0,-0 Z,

In which 6, is the content of volumetric saturation and 6, is content at the

beginning. The volumetric content is connected to the general content of water w

which is defined as followed:

w=2w.g 3.17
Py

where p, and p, are the density of water and the density of dry soil.

Duration of infiltration is defined as:

tZHS—Ba_ zs+(Aw, +h,)-In _Aynth, 3.18
Ay 1+

The above deduced definitions are valid for a discontinuous damming up of the
slope and have been verified by Weildmann (2003).
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3. Loads

If flow of infiltration reaches the sand-core than the water will run down without any
influence of pressure, because sand core is more permeable as the cover of clay.
In fact of being dammed up till limit of soil cover than the cover layer can be lifted
up and fails. Normally, amount of water caused by infiltration is not as high to
create problems of lifting the canopy cover, but if pores between the aggregates
gets bigger and cracks appear by influence of shrinking or living soil fauna, than
the content of water increases and a failure of lifting is possible again.

Changing of moisture is influencing strength of soil layer, because strength of soil
depends on the content of water. Strength is high when soil is dry and gets lower
as moisture enhances (Weildmann, 2003). From this it follows that strength do not
depends directly on content of water, but rather on state of shape and consistency
and is defined as a actual content of water referenced to the limit of state.

_ 3.19

As w is the actual content of water and w. and w, are the amounts of water which
appear at the defined states of soil shape. So w, is crossing from fluid to muddy as

well as wy is crossing from stiff to semi-solid state.

Shear strength of soil is defined concerned with the content of water as followed.
c, (W) =c, (w))" 3.20

Shear strength c,(wp) has a range from 10kN/m?to 100kN/m? and figure 3.6 shows
width of shear strength of a soil which is saturated.

Figure 3.6 shows range of c, (w;) for saturated soils.
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3. Loads

Cu, wsat [kN/mz]

0 \

0 25 50 75 100
Cy, wp [kN/mZ]

Figure 3.6: Shear strength (Weillmann, 2003)
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4 Erosion

4. Erosion and forms of appearance

Erosion shows several forms of appearance. Forms of erosion like cascade or
channel erosion appear where some local failure happened before or open spots
exist. Local failure and open spots yield a benefiting point of attack to flow forces

and this response erosion (Figure 4.1)

Figure 4.1: Forms of erosion (Weildmann, 2003)

Internal erosion is another form of erosion. Flow carries sediments in a cover layer

and this invisible process can response a slope failure suddenly.

Nevertheless, erosion processes generally are divided in two parts. First part is
detachment process and second is transport process.

4.1 Detachment process

In the past many considerations have been made to describe the detachment of

particles. Results of this consideration show several models and descriptions.

Different numerical models and programs have been developed to describe
detachment processes for agricultural areas (Klisch, A, 2003), e.g.
EROSION 2D/3D, which deals of theoretical thoughts by Schmith (1996). Effect of
erosion is described by power pulse current caused by rainfall or water running

down a slope (p,, andp,). Resistance of this power pulse current is the shear

strength which is expressed by a critical power pulse current p_, . These values

are defining a dimensionless erosion rate E.
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4 Erosion

E — (PI’,(X + (pq
(pcrit

4.1

Where at p is the power pulse current in [N/m?]

In case of E>1, sediments are detached, because detaching power pulse current
is higher as resistance power pulse current. On the other hand case E<1

describes an erosion free condition.
The power pulse current p, , caused by rainfall is defined as:
Pr, =F-COSa-AX-Ay-p, -V, -sina-(1-C)) 4.2
With:  ris the rainfall intensity in [m/s]
a is angle of slope in [°]
p, is density of rainfall in [kg/m3]
v is the medial velocity of flow of rain drops in [m/s]

C. is the canopy cover of vegetation in [-]

Ay is the width of an element in [m]

The power pulse current p, by water running down a slope is defined as:

=q.pq.vq

4.3
AX

Pq

With: g is volume of flow by water running down a slope in [m3/(ms)]
p, 1s the density of fluid in kg/m3
Vq is medial velocity of flow in [m/s]
Ax is length of an element in [m]

The critical power pulse current p,,, is defined as:

_ qcrit 'pq 'Vq

crit — 4.4
AX

With: gt is the critical flow in [m3/(ms)] which is verified by tests (Schmitd, 1996)
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4 Erosion

Richwien/ Wang / WeilRmann (2000) have published another possibility to describe

detachment processes exemplary for ,Borghauser Hauptdeich®.
The detachment process is described as followed:
DF =0,276n(r —7,) 45
DF is the rate of soil particle detachment by flow in [kg/mZ]
n is the efficiency of bed load transport, for sand it is about 0,13
The shear stress of flow tis defined as:
r=p,95Q 4.6
In which
Py IS the density of water

g is the acceleration of gravity

The velocity of flow u in [m/s] and the overtopping rate Q in [m3/(sm)] are given as

followed:

oo S 4.7
n

Qszﬁgf 4.8
n

In which:

u is the velocity of flow in [m/s]
R is the hydraulic radius in [m]
S is the slope energy line in [m/m]
n is Manning's roughness coefficient for slope surface
This Manning's n is influenced by length of grass layer and it has a different range.

Hewlett et. al (1987) have analyzed influence of vegetation on roughness
coefficient n (compare Figure 4.2 and Table 4.1). For example, a grass with a
retardance C and a flow parameter of 0,02m?/s shows a roughness n=0,2 while a
retardance E displays a roughness around n=0,05-0,06.
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4 Erosion
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Figure 4.2: Evaluation of roughness (Hewlett et. Al, 1987)

Average of grass Retardance
length
150 to 250 mm C
50 to 150 mm D
Less than 50 mm E

Table 4.1: Average grass length to evaluate roughness (Hewlett et. al, 1987)

If this different grass covers will be compared to management category with range
good till poor than figure 4.3 will reveal that a good cover will resist a velocity of
about 4m/s for a short time and a poor one will resist just a velocity of 3m/s. This

clearly indicates that velocity of water running down depends on grass cover.
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4 Erosion

Limiting velocity (m/s)

1 2 5 10 20 50
Time ( hours)

Figure 4.3: Dependency of roughness (Hewlett et. al, 1987, modified)

The range of velocities which are presented in figure 4.3 seem to be in contrast to
velocities of running up as well as running down (figure 3.2, and 3.3), but it has to
be noticed that figure 3.2 and 3.3 deal with a load which remains a short while and
figure 4.3 deals with hours.

4.2 Transport process

Wang (2000) describes transport capacity with subject to the diameter of soil
particles and the roughness of slope surface. The detached soil particles which

are transported by flow can be estimated by:
Q, =0,0061Q"°S™*n*d -

Where:

Qs is the transport capacity in [m3/(sm)]

dss is the diameter at which 35% of the soil particles are finer in [mm]
These equations are valid for particles of non cohesive soils.

Hoffmans explains transport processes of soil particles by considering shear
stresses in similar ways and he has analysed numerical considerations of two

dimensional scouring (Hoffmans, 1992). Main objective of scour process studies
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has been computation of scour for non-cohesive material mathematically. A model
called DUCT-SUSTRA came to application. DUCT-SUSTRA is a combination of a
flow-(DUCT) and morphological part (SUSTRA) which also considers eddy
viscosity. Unknown parameters and calibration of parameters are obtained by

k —& model and flume experiments.

Generally movement of particles is caused by longitudinal velocity of flow whereat
a turbulent flow disrupts soil layer, sediment particles are detached and finally are
transported by flow.

Sediment transport is influenced by shear stress and the instantaneous shear
stress as well as density of soil material, diameter of particles and porosity of soil
as shown with power pulse current in EROSION2D/3D. Concentration, depth-
average suspend load are simulated by integration of concentration fields and
velocity fields as well as the mass balance equation. Also instantaneous shear
stress is computed on a stochastic approach with respect to van Rijn in 1986. The

applied parameters are calibrated and verified in several sensitivity analyses.

Hoffmans (1998) describes the critical shear stress and refers to Shields who has

defined critical shear stress in 1936.

7, = puZ, 4.10

In which p in [kg/m?] is density of flow and u.. in [m/s] is critical bed shear

velocity.

For uniform flow and a hydraulically rough bed the critical mean velocity Uc is:
uz.-C

U, =—=
Jo

C is the Chezy coefficient, which is a smoothness coefficient.

C o '”(li_Rj 4.12

K s

411

In which R is the hydraulic radius in [m], ks is the equivalent roughness of

Nikuradse and k = 0.4 constant of von Karman.
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Literature treats theories for particles of non cohesive soil exhaustively. By
seasonal conditions soil layer is marked by aggregates which are refined by
temporally developing of roots, thus forms smaller aggregates. Still those small
aggregates are bigger than soil particles, so the point is whether soil particles

theories can be applied directly to aggregated soils.

4.3 Erosion velocity

Grass covers have been analysed in several experiments to find information of a
good quality. Previous experiments like field observations in Flevoland or the two
laboratory studies Scheldebak (1994) and Deltagroot (1992) teaches a lot about
erosion (TAW, 1999). In Scheldebak tests lower waves are used as load, so
typical conditions were wave height of 0.3m with an interval of 2,5s and the
duration of loading up to 60 hours. Grass layer has been in spring condition which
is not fertilized and has a sandy soil. Figure 4.4 presents the test conditions.

Figure 4.4: Test conditions of Scheldebak test (TAW,1999)

Results of Scheldebak test have been that after many hours of loading a few
centimetres have been eroded of a good grass cover. A moderately grass cover
show spots which are more than 0,1m deep and a poor quality shows holes

deeper than 0,2m.
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In the Deltagoot tests the grass cover is loaded by waves of 0.75 to 1.35m, with
intervals of 3.4 and 4.7s and the duration of more than one day. Figure 4.5

presents that the applied loads leave deep holes in the moderately fertilized and

dense rooted turf.

Figure 4.5: Test conditions of Deltagoot tests (TAW,1999)
Results of both tests build an empirical comparison between wave attack Hs in [m]
and erosion velocity E in [mm/h] (Figure 4.6).
E=c.-H 4.13
By means of grass erosion coefficient cg a description of quality can be made
(Seijffert/ Verheij, 1998).

Grass erosion coefficient is classified by the quality of grass layer. The quality is
divided in three parts. These three parts, a good, an average and a poor quality,

are published by TAW and built the basis for VTV 2004 later.

Page 26



4 Erosion

4 Ce=3.0x10"° 20«10
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E=Cg* Hg2
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poor: Cg=25t0o3+10°€
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Figure 4.6: Grass erosion coefficient (Seiffert/Verheij, 1998)

Table 4.2 shows the different values of the grass erosion coefficient. This
coefficient should be based on parameters like percentage of coverage by
vegetation, root length and amount of fines, but Seiffert & Verheij (1998) are giving
no further information about the engineering parameters which where relevant for

a description of behavior of grass layers.

Quiality of grass cover ce[m?s?
Good 0.510°t01.510°
Average 1.510°t0 2.5 10°
Poor 2510°103.510°

Table 4.2: Values of cg (Seijffert/Verheij, 1998, modified)

Seijfert/Verheij (1998) accessed that waves with a height less than 0.5m do not
damage vegetation on slopes with a grad of 1:4. A good quality of the turf can
carry waves with a height from 0.5m till 1.5m without damaging the turf during
6 hours.

Also Seiffert and Verheij have shown that acceptable loads depend on the

duration of attack ( Figure 4.7).
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Figure 4.7: Permissible duration of wave attack (Seiffert/Verheij, 1998)

Use of the mentioned grass erosion coefficient cg builds the basis for

categorisation of grass layers (TAW, 1999).
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5. Biological structure

5. Biological structure of a grass layer

It can be mentioned that quality of grass cover depends on grassland
management and age of sod (Hewlett et al, 1987; TAW, 1999; Jittler, 2001),
additionally expansion of roots as well as growth of sward are influenced by

seasonal changing.

Literature gives some details about biological structure of the turf in sense of
engineering parameters. Biological structure as parameters and their

determination are further explained.

5.1 Aggregates and particle diameter

Structure of soil is described in detail as arrangement of different soil particles.
This structure can be divided into a micro and a macro structure. Macro structures
can be evaluated by soil mechanical properties while configuration of micro
structures depends on chemical observations which are not important in this

report.

Macro structures can be classified into a single particle,- coherent- and an
aggregated structure ( Richwien, 2004).

The single particle structures are mineral or organic particles without any
connection to each other. Shape and dimension of particles, and angle of inner

friction as well as the load influences the behavior of the single particles.

The coherent structure is a soil mass which is fixed together by cohesion forces.
This structure appears to cohesive soils like clay which have not been influenced

by weathering already.

The third group of structure is the aggregated structure. Drying out or biological
processes leave cracks that separate the soil in clods and aggregates.

That is the way the big group of aggregated soils is developed. The aggregates
depend on content of water and degree of weathering. They can be divided into
sub steps (Richwien, 2004).
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In the first step the soil layer gets divided by cracks into bigger aggregates
(diameter > 5¢cm). By the following steps horizontal and verticals cracks appear
which divide the soil layer and the bigger aggregates into smaller parts (diameter <
5cm) (Richwien, 2004).

Aggregated structures have an important influence on mechanical properties and
especially on the strength, because they create an elastic grass-soil layer
structure.

5.2 Tensile and Shear strength of roots

Hahne (1991) and Tobias (1991) separately have been concerned with
mechanical strength of root and refer to the interaction of living organism and
building material. Both describe the effect of roots in analogy to a reinforced soil.
Furthermore they have done field shear observations which have shown that
shear strength of soil with roots increases. This higher shear strength is called root

cohesion cy, because it rises without increasing of vertical stresses.

Hahne (1991) has done several field observations and developed a shear frame
with the measures of 500*500mm to qualify the root cohesion.

shear box

sensor of
displacement

| /o

| mmg--a:

vertical load N

sheared soil

depth of sheart
Shear strength $

50[] nm sensor of tensile stress

Figure 5.1: Shear box (Hahne, 1991, modified)

Shear box is divided into an inner box and an outer box with a height of 30 cm
respectively 60cm (Figure 2.1). Both boxes have been pushed into rooted soil and
additionally loaded with vertical stresses in form of soil dead load, while the frame

is pulled with a velocity of shear to 2,3mm/min.
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The results of Hahne and Tobias confirm that a well rooted soil has higher shear
strength as the same non rooted soil. Furthermore it should be mentioned that the
material behavior is changing. After the maximum of shear strength arrives in the

shear gap the roots absorb the rest of shear strength. The rooted soil acts like a
reinforcement.

Héhne established the term of cohesion to describe strength of roots and he put
the behavior of a rooted soil in to comparison with a non rooted soil which can be
described with Mohr Coulomb shear formula. The shear strength increases with

cohesion of roots and not with increasing of vertical stresses (Figure 5.2).

Rooted spoil

Shear stress T

Root-free soil

L
>

Maorrnal stress Oy

Figure 5.2: Cohesion of roots

According to Mohr-Coulombs shear formula and to the results of authors the shear
strength can be described as followed:

7, =C'+o’-tan¢’ +¢, 5.1
whereat:

7, = shear stress in shear gap in [kN/m?]

¢’ = cohesion of soil in [KN/m?]

o' = vertical stresses in [KN/m?]

@' = angle of inner friction
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H&ahne and Tobias have shown separately that roots are increasing shear strength
of a soil layer. The gain in shear strength ranges from 5 kN/m? to 15 kN/m?, but the

influence depends of density of roots and therefore on depth of the shear gap.

Figure 5.3 illustrates two results of the observations of Hahne (1991). In spite of an
increasing vertical load shear strength is lower in a higher depth which proves the

dependency of roots. Also the rest shear strength is increasing.

30

25 -

20

—depth 3,4 cm
— depth 15,1cm

15 4

N

O T T T T T T T T
0 2 4 6 8 10 12 14 16 18
horizontal displacement Ol [cm]

shear stregg[kN/m*

Figure 5.3: Shear strength diagram (Hahne, 1991)

In addition Hahne has shown that the angle of inner friction and also vertical

stresses are not influencing shear strength of rooted soil.

Both authors idealize a straight root with tensile of strength ty. After deformation

the root has moved with an angle of ® in the shear zone (Figure 5.4).
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intact root deformed root
0
[ N
.
shear zone
Q) L
77777777 N iy
i
|

Figure 5.4; Idealization of roots (Coppin/Richards, 1990, modified)

Where ¢y is:

T, =1, (COS®-tan ¢’ +sin®) 5.2

Also tensile strength of roots is described by Hahne. First the outer covering coat
fails by expansation. With more strain the outer covering coat lasts on the central

cylinder that reforms till it gets back in the starting position (Figure 5.5).

crack

aggregate of soil

central-cylinder primary root-bark

Figure 5.5: Scheme of a rooted soil (Hédhne, 1991, modified)
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Central cylinder has an ideal elastic behaviour. At small strains the root can slide
in the central cylinder with no contact to the aggregated soil. This supports the
elastic behaviour of rooted soil. Tensile strength can be calculated as:

t, =7y * (XA, /A 5.3
Hahne has determined strength of around 5kN/m? by a “Horstrot- und
Schafschwingel” on water saturated soil.

Also MSD (1998) applies the results of Hahne and claims that in case of a dense
grass cover the local stability can be proved with cohesion of roots cy in a depth to
0.2m.

Additionally Tobias (1991) describes strength against pulling out reinforcement

and gives a possibility to calculate it.

5.4

f "= coefficient of friction

7 =tensile strength

y = Weight of soil

h = height of soil above the reinforcement
But this formula is valid for reinforcement like soil nails.

Tobias (1991) informs about a special fact that shear strength of a dry soil after
evapotranspiration is higher as the root strength. So a wet soil has higher shear

strength.

5.3 Root depth and density

Another conclusion which was claimed by Hahne concerns about the depth of
roots. Shear tests analyzed several shear gaps in different depth. In lower depth a

bigger shear stress was measured and that shows the effects of roots.
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So Hahne defined a limit of root growth tg, where properties of roots meanly effect
the system of soil and root as a reinforcement. The limit of root growth tg is for an
intensive cultivated soil a value of 12,8cm coherent to a minimum of shear

strength with a value 10,1 kN/m?.

But the limit of root growth depends on the way of cultivation, too. An extensive
cultivated soil has a deeper root growth as an intensive cultivated solil. It comes up
to biological expectations that a plant has to build the roots as deep as they need
to get some nutrients. So the system of roots grows deeper with an extensive

cultivation which means a lower content of nutrient.

Additionally Hahne has analyzed density of roots, but the results he got depends
on the used sward, location and composition of soil, so no further information
could be excepted. Coppin/Richards (1990) claimed that biomass of root is around
60 — 80 % in upper 5¢cm of top layer. Also Hahne has shown this for the example

of “Horstschwingel” as modified shown in Figure 5.5.

number of roots per m2

0 20000 40000 60000 80000
0,00 ‘ ‘ ‘
0,05 -
0,10 -

£ 0,15 -
<

2 0,20

q) L

© 025 /
0,30 - /

0,35

Figure 5.6: Density of roots (Hahne, 1991, modified)

Figure 5.7 demonstrates how the influence of the depth of growth tg on the turf as
well as the hyperbolic process of shear and direct stress shows that the main

strength is in the near of the point of growth.
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Figure 5.7: Density of roots (Hahne, 1991)

Experiments have shown that an extensive cultivation is important, because it

leads to a better and deeper growth of roots.

5.4 Canopy cover

Canopy cover is another important parameter treated by literature. (Coppin/

Richards, 1990). Canopy cover means the degree of vegetation on a dike slope.

Resistance against erosion depends on dense of grass cover, Figure 5.9 reveals
connection between canopy cover and erosion. These results are taken from
water run off tests by CIRIA (Coppin/ Richards, 1990). Where degree of cover is
zero there will appear full rate of erosion. The other way around, a high

percentage of cover has a lower erosion rate.
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Figure 5.8: Canopy cover vs erosion (Coppin/Richards, 1990)

A cover with a low percentage shows a lot of open spots which are caused by

growing habit, local failure and living organisms.

5.5 Grassland management

Management means the control of vegetation to achieve a required growth habit or
to manipulate the plant community (Hewlett, et. al, 1987). Due to the fact that

vegetation is a living process, considerations of management are important.

Literature review shows an important dependency of management related to
strength of the turf. Jittler (2001) has analyzed vegetation and was concerned with
the strength of grass covers. She has done penetration tests on several areas of
dikes. Penetration tests have shown that resistance of penetration depends on
content of moisture. By means of resistance of penetration Jittler (2001) has
claimed categories of strength. Categories of strength last from “smooth” (0 —
1000 kN/m?) to “solid” (1000 — 2000 kN/m?2). These different values of penetration

are influenced by management.
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Also Dutch literature knows about consequences of management on quality of
grass cover. Technical Advisory Committee for Flood Defense in the Netherlands
(Technische Adviescommissie voor de Waterkeringen, TAW) has realized the

influence of management on quality of grass layers at an early stage.

TAW is a guide to flood defense based on the background of
Rijkswaterstaat (RWS) which publishes information concerned with stability of
dikes. Just for the record, TAW is a guide, but no rule at all. The use of this
information should be treated with respect to the users own risk (TAW, 1999).

Investigations and experiences have shown that a good management leaves a
good strength of the turf. Laboratory tests prove that the amount of sand in clay is
important, because according to the substance of sand the content of nutrients

can be controlled. A lower content amount of nutrients causes a good grass cover.

It needs time to get a good quality of a turf, which is in balance with vegetation
process and grassland management, so seedlings and younger plants must be
protected about 4 years. After 4 years the sward can be categorized into 4
categories and that builds the basis of VTV (2004). These 4 categories are a
satisfying way to find the quality of a turf. The conclusions of Jittler and TAW are
similar but both give no further information about hydro or soil mechanical

parameters.
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6. Models to describe erosion processes

Most investigations to vegetation and their strength against erosion were made
since the last twenty years, but erosion resistance depends on several factors.
Literature deals dissimilar with these factors, so different models were developed

in the last years to describe the function and at least the strength of grass covers.

Former literature and considerations unite in Technical Note 71 (Whitehead, et al:
1976) and are summarized in CIRIA (Hewlett et. al.; 1987) later. Technical Note 71
bases on several reports and guidelines which have been presented in earlier

years (Figure 6.1).

SCS (1954) analysed flow velocity and acceptable duration of flow with several
kinds of grass on a very shallow channel (1:20). Also report 93 (Cornish, et al;
1967) has analysed a channel with a gradient 1:4.5 and a grass sod in age of 5-30
weeks. By now the age of sods is important for density and depth of roots, but at
this time no information can be given about the dependency of age on the roots.
Report 95 (Yong, Stone; 1967) is concerned with the flow velocity in an open
channel and tested erosion resistance of grass sods with slope gradients from
1:10 to 1:2.6. Results of these tests cannot be used for a better understanding of
the vegetation, because the content of sand was too high, so damage was caused
by removal of sand particles. Roughness and Manning’s n firstly were mentioned
and analysed in Bulletin 16 (Eastgate, 1969). These four reports are basis of
Technical Note 71 and this report builds basis for CIRIA report 116 (Hewlett et
al.;1987).

[ Technical Note 71 (Whitehead, et al; 1976) |

[ (SCS; 1954) |
I

i (Comish, et al; 1967) |
|

i (Yong, Stone; 1967) |

I
i (Eastgate; 1969) |

Figure 6.1: Development of TN 71 (v.d. Bos, 2006, modified)
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CIRIA is concerned with degree of vegetation cover. In contrast VTV (2004) deals

with roots.

VTV (2004) bases on considerations of TAW. TAW deals with several categories
to qualify a sod. These four categories depend on management and build an

evaluation concept of strength in VTV (2004).

m in Germany comperable to
VTV EAK 2002

TAW

£

in Germany comparable
with "Deichverbaende™

CIRIA

Figure 6.2: State of the art in Netherlands and Germany

Figures 6.2 shows how actual models can be compared with each other as well as
it shows that after CIRIA two directions of development have taken place. Second
direction is a Dutch graduation report to evaluate erosion on dike slopes and is

based on scouring models.

It is important to tell that Dutch guidelines from TAW and German guidelines are
summarized as recommendations. In Dutch it is VTV 2004 which is comparable to
EAK 2002 in Germany.

6.1 CIRIA

CIRIA, the Construction Industry Research and Information Association, is a non-
profit distributed body which is concerned with water engineering and

environmental research and managing.

Similar to TAW in Dutch, members of CIRIA publish reports that give new
information and function as a technical guide to practice engineering. In contrast to
TAW, CIRIA is specialized on slopes in landscapes and not on dike slopes. This
difference will not lead to differences in strength, because CIRIA is concerned with

vegetation and canopy cover of vegetation on slopes. Strength of grass on
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landscape slopes is comparable to behavior on dike slopes, but loads on
landscapes slope are different. There appears no wave impact and no wave
overtopping, but rather CIRIA analyses loads like rainfall, water running off a slope

and infiltration.

By the way, CIRIA gives a lot of useful information about vegetation and about

function to stabilize slopes as well as to protect slopes against erosion.

6.1.1 Loads

Loads of CIRIA distinguishes from loads on dike slopes, because CIRIA is more
concerned with slopes at road or agriculture ways. So loads are rainfall, run off

volume and run off velocity as well as infiltration.

Vegetation can intercept rainfall. This interception ranges from 100% of light
rainfall to only 25% in high intensity storms. Table 6.1 presents degree of

interception by different vegetation types (Coppin/ Richards, 1990).

Forms of vegetation Interception [%]

Northern hardwood (Forest) 10-15
Temperate broad-leaved (Forest) 15-25
Temperate coniferous (Forest) 25-35
Tropical (Forest) 25-30
Grass 25-40

Maize 25
Cereals (wheat, oats, barley) 20-25

Table 6.1: Interception of rainfall (Coppin/Richards, 1990)

Also table 6.1 shows that grass has the highest value of interception, because

grass layer is dense and uniform, so blades and stems store rain drops.
Water which is not intercepted is running off the slope or is infiltrated.

Vegetation reposes a higher rate of infiltration by root growth and pipes or holes
where roots have decayed (figure 6.3).
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Figure 6.3: Infiltration in bare and rooted soil (Coppin/ Richards (1990)

So water runoff volume which typically is 10-20% of rainfall and rises to 30-40%

under cultivation. A higher runoff volume reposes a higher runoff velocity.

Runoff velocity is influenced by volume of water as well as roughness, but the
roughness of grass has to be divided in three parts. Firstly, blades and stems
stand straight and rigid which causes a high roughness that slows down runoff
velocity. Secondly, if the runoff volume and flow forces are increasing than grass
blades begin to oscillate. Due to turbulences which absorb kinetic energy,
oscillating blades have a higher roughness. At least blades and stems will be
pulled down by flow, so roughness reduces and gets similar to a bare soall
(Coppin/Richards, 1990).

6.1.2 Strength

First load to cause erosion is rain impact. Grass cover needs a good strength to
reduce potentially erosion. Leaves and blades store raindrops. This decreases
content of erosion by limiting rainfall. Interception changes shape and size of a

raindrop, e.g. reducing volume of water, which is connected to kinetic energy of a
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falling drop. A drop with a high energy can detach soil more easily than a drop with

low energy.
Cover Channel- Channel- Channel-
expected Gradient (%) Gradient (%) Gradient (%)
0.5 5-10 >10
Easily eroded soils(sands, sandy loams, silt loams, silts, loamy sands)
Very good
cover 1.8 15 1.2
Good cover 15 1.2 0.9
Moderate 08 i )
cover
Erosion resistant soils(clay loams, clays)
Very good
cover 2.4 2.1 1.8
Good cover 21 18 15
Moderate 11 i )
cover

Table 6.2 Maximum allowable velocities of flow (Coppin/Richards, 1990)

Secondly, vegetation protects soil layer by limiting runoff velocity, but when

roughness increases than velocity of flow is decreasing responsed by Manning's

n. On the other hand laid down blades are protecting the soil in another kind.

Blades lay on layer and build a cover upon soil which gives water no point to

attack and to detach particles from ground (Coppin/ Richards, 1990).

So canopy cover and also gradient of slope influences velocity of flow, but after all

velocity is limited. It does not matter if blades and stems protect soil layer,

because after a certain velocity soil ratio happens without any influence of

roughness. Table 6.2 shows the allowable velocity of run off.
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The last load which creates erosion is infiltration of water into the layer. Infiltration
can be influenced so easily like the velocity, but evapotranspiration removes

moisture of soil.

6.1.3 Conclusions

Both reports by CIRIA (Hewlett et al., 1987; Coppin/ Richards, 1990) teach a lot
about vegetation and the use of plants as revetment.

CIRIA is concerned with different loads which appear at road and landscape
slopes. This is rainfall which can be neglected, compared to overtopping rate or
water running off volume on dikes. Due to rainfall, a certain volume of water runs
down a slope and this volume is influenced by interception. CIRIA gives also

information about degree of infiltration and how roots influence infiltration.

Another important fact is that CIRIA has made tests about roughness and has

demonstrated that Manning's n has a remarkable influence on velocity of flow.

CIRIA gives a lot of information about strength of a grass cover. The influences of
canopy cover are described and it is shown that a dense cover will reduce erosion.
Coppin/ Richards (1990) give information about root. The tensile and the shear

strength are analyzed, but CIRIA gives no values for tensile or shear stresses.

6.2 VTV (2004)

Dikes are divided in several sections which are inspected and qualified as each
section for it's own by several surveyors. In the past, surveyors have published

criteria and experiences to evaluate dikes in several reports.

Comparable to EAK 2002, Directioraat — General Rijkswaterstaat have made an
approach to put all reports, preferences and technical guides in one rule. This rule,
VTV 2004 (Voorschrift Toetsen op Veiligheid), contains all considerations about
dikes, slope stability, load and much more. One chapter of VTV 2004 is the
,grasmat”, where some ways are shown to describe quality of a grass layer. First
strength of a grass cover can be judged by the kind of management and as
second by counting the numbers of roots, but separated models leading to the

categories of management.
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6.2.1 Loads
Velocity of flow and duration of load characterize reasons of erosion. In VTV 2004
value of velocity of crest and of inner slope are the same values of sea side slope.

Duration of load ts will be calculated with the wave run off at the sea side which is
measured at point of prove. The distance between water level and point of prove
will be measured and is a fictive distance between level of prove and a point
where the overtopping level is q=0,1l/m/s (Figure 6.4).

VTV 2004 suggests that duration of load is calculated as:

t, =1, 6.1
z

q
z = niveau of water at outer slopes
z4 = fictive height of crest

But loads are not only describable by duration of load, so velocity of flow on

landside slopes is:

Vv, =700*Hg /T, *(0,085-Hg /L, ) *(1-2/2,)*° *tana, 6.2

U
With:  tan a = average height of landside slopes
Hs = height of wave
Lo = length of a wave at period of peak

T, = period of peak
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level of
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Figure 6.4: Evaluation of duration by loads (VTV2004, modified)

After velocity and duration of load are calculated, figure 6.5 shows how to evaluate
quality of grass cover. Figure 6.5 contains three qualities. Qualities from good till

poor are available. The calculated velocity and duration will lead to the necessary
quality.

OOk waliteit goed
zodekwaliteit matig
zodakwaliteit slecht

tSI‘I'I ax

1 2 4 6 810 20 40 60
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Figure 6.5: Diagram of erosion resistance (VTV 2004, modified)
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6.2.2 Strength

VTV (2004) presents two principles to evaluate grass covers. First criteria are

objective criteria, because quality of a grass layer depends on grassland

management (figure 6.7) and will be judged by optical features.

Management Canopy cover Root penetration Quality of sod
Haying Many thick and thin
No fertilization >70% roots in layer 0-0.15m Good
(A)
Pasturing
Feritisation Many
< 7F)ng/ha od?r e >85% thin roots in layer 0- Average
times pasturing 0.18m
without fertilization
(B)
Pasturing and Few
eiilicatoy >85% thin roots in layer O- Poor
>70kgN/ha; 0.05m
Herbicide
©
Haying; Particular
Fertilization without <60% thick roots in layer O- Poor

removal

(D)

0.15m

Figure 6.6: Evaluation of strength by management (VTV, 2004, modified)

Figure 6.7 shows that quality is judged by management features like fertilization

haying or pasturing which are divided in classes from A to D. The other

characteristics are canopy cover with an approximate percentage from 85 to less

than 60 and thickness and length of roots, but VTV 2004 gives no practical values

to evaluate quality of grass cover.
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The second one depends on root density. At a rectangular place of 5-5m 4 spots,
which are placed individually, are penetrated and cut out. Diameter of spots is 3cm
and upper part is divided into parts of 2,5cm (figure 6.8, left side). The whole
length of this penetration is 20cm. After penetration roots are counted, but just
these with a length of 1cm or more. The roots which are shorter are not important
for this evaluation. Figure 6.7 shows categories linked to number of roots, so dike
surveyors can choose a category depending on root density (Figure 6.7).

Category Root density
0 No roots
1 1-5 roots
2 6-10 roots
3 11-20 roots
4 21-40 roots
5 > 40 roots

Figure 6.7: Density of roots and Categories (VTV, 2004, modified)

Also length of roots is important to find a categorization, because as told before,
penetration is divided into 2.5cm deep parts, so you can divide number of counted
roots could be divided to each depth in soil. Number of roots will be registered in a
table shown in figure 6.8 at the left side and will be transferred to a diagram. This

diagram is divided into parts from very poor (purple field) till good (green field).

As example VTV 2004 has chosen an average grass cover.
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Number of roots

1 3 10 20 40
Depth Evaluation @ @ @ €) @) () Category
i Pz
0-25 S5 o
e =
25=-5 § A
! !
5-75 b
75=-10 // (7%
-
10-12,5 i A A
il
12,5-15 & // -
15-17,5 7 /8
17,5-20 / // ‘ £
Very poor  poor average good
o ———e examole average sod

Figure 6.8: Evaluation of strength by roots (VTV, 2004, modified)

6.2.3 Conclusions

VTV 2004 recommendations about quality of grass cover and evaluating are
divided into two parts. First required quality will be calculated by using duration of
wave load and water run up velocity on sea side slopes, but makes simplifications

by using same water velocity on sea side slope as on inner slope.

As second part, the present quality of grass cover is evaluated, but VTV 2004
gives no exact information about the evaluation procedure. It shows tables about
thin or thick roots, but gives no details about diameter, but divides it in categories.
At this moment the categories and evaluation of categories is in discussion,

because the engineering background is missing.

6.3 EPM (Bos, 2006)

In reality the turf of a dike is never in full intact or has a complete dense cover.
There are local failures caused by soil fauna or open spots. Failures and open

spots support erosion by giving a point of attack to the flow forces.

Van den Bos (2006) developed a model which is concerned with spots without a
grass layer, the so called “spots susceptible to erosion” ( ,Erosiegevoelige Plekken
Model“). Indeed the slope offers no grass at an open spot, so van den Bos (2006)

idealized soil layer with a hole (Figure 6.9).
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Figure 6.9: Spot susceptible to erosion (Bos v. d. 2006)

He based his model on the theory of Breusers (1966) who divided the scouring

process of a hole or a spot susceptible to erosion into 4 phases (Figure 6.10) as

followed in the initial, development, stabilization and equilibrium phase.

Formula of Breusers taken from Hoffmans (1998) is valid for the development

phase. This means that the time at the first measurement of scouring depth t is

lower as the characteristic time at the moment of the second measurement t;.

So, the important phase is the developing phase and Breusers gives a formula for

scouring as followed:

y,, = depth of erosion
A, = characteristic length
t=time

7 = coefficient (0,4 - 0,8)

6.3
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Figure 6.10: Four phases of scouring (Bos, v. d. ,2006)

Breusers has defined the characteristic time t; as:

¢ _ Volume of scouring _ V' 6.4
' sediment transport s '

By calibration of Breusers formula and definig all parameters, the central equation

of EPM results to:

A CAY

m

Ym :((aUO_UC)z)t 6.5

C is constant

a is coefficient of turbulence

Uo is average velocity of flow

Uc is average critical velocity of flow
A is relative density

On basis of this calibration, the characteristic time will be:

2411
t, __ KA4AT 6.6

(aU,-U.)"™
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EPM makes possible to describe the depth of an open spot according to the time.

So, this is a good way to quantify spots which are in real danger of being eroded.

6.3.1 Loads

Loads causing erosion on a slope especially are shear stresses. Shear stresses
are related to velocity of flow. Slope beds tolerate a characteristic flow velocity
which describes the velocity that is necessary to cause scouring. In an overtopping
test, velocities on the inner slope are measured and described with a cosines

function (Figure 6.11):

2 2 1
U(t):Umaxocos(—”t) for 0<Z<=z 6.7
’ A A 2
=T — - = results of measurement
Eg — ¢osines function
: 5 -
i

3
2
1 a

15 20 t[s] 25

Figure 6.11: Characteristic velocities of flow (Bos, 2006)

The characteristic velocity is calculated as:

o, - 1(\/j(aU(t)—uC) dt)+U )

_T 6.8
a t ¢

Both equations combined lead to:

UK :l(\/(iaumaxo_UC)2+(\/§_i)aUmaXOUC +UC) 69
a \/E ' T ’
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C — rasults of measurement
E, & cosines function
= 5 _Ull:

4 [, -h\'\

3 b h\ L

2 \ \

1 \ \\

. \

5 0 10 15 20 t[s] 25

Figure 6.12: Presentation of characteristic velocity of flow (v.d.Bos, 2006)

A simplification is made for the case of U, >U., so characteristic velocities are

calculated as followed:

UK :iumax

V2

6.10

Characteristic velocity is equivalent to approximated values (Figure 6.12).

The velocity Uy will be calculated with formulas of Schattrumpf (2001). EPM uses

the velocity on an inner slope, which is calculated with half of the velocity of the

sea side slope.

6.3.2 Strength

EPM was calibrated and validated by the results of several tests like in Flevoland

(Jong, 1970). For a range of velocity, the scouring depth of an open spot was

measured and results are shown in Figure 6.13.

[m]

[=]

? failure

w ¥Ym

0,05 4

0,00

LA

—_—Uo=55
—Ug=5
uo=45

-U0=4
Uo=35

5 t[h]

Figure 6.13: Influence of flow velocity and moment of failure (Bos, v. d. ,2006)

Page 53



6. Models

Taking into account that the turf is only from 10 to 20 cm thick, a maximum of

scouring depth y»,=10cm is the failure condition of EPM.

Figure 6.14 shows the acceptable velocity in relation to duration of loading.

|
57 e
E 6 failure  (y,0.1)
=
4
Ty
3 / \
P
2 4— no failure ==
; _-""“--_______
0 + et } gttt
1 2 4 6 8 10 20 40 time [hour]

Figure 6.14. Moment of failure by EPM (Bos, v. d. ,2006)

6.3.3 Conclusions

In contrast to VTV 2004, EPM (2006) is concerned with the load on the landside
slope. Velocity of flow Up is calculated according to considerations of
Schuettrumpf. Velocity on inner slopes must be bigger than the critical velocity Uc,
because this interrelationship describes the transport of sediments in the

development phase.

As resistance offer EPM the scouring of an open spot. An open spot can be
scoured till a depth of 10 cm. After a depth of 10 cm a spot completely is eroded,
because a grass layer is just a few centimeters deeper, so the cohesive layer

would be without any protection against wave impact.

Summarizing, EPM physically is based and describes erosion, caused by over
topping realistically. As first step the behavior of grass blades and of roots, like
published in CIRIA reports and VTV, have been neglected. Unfortunately, EPM

gives no information about number of open spots nor size.
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6.4 Computer - aided approach and future perspectives

Additionally to numerical scour modeling, new numerical approaches have been
made according to loads and covers. These numerical approaches are

commissioned by Rijkswaterstaat.
There are programs in VTV (2004) mentioned as for example:
- ANAMOS: to design stone settings (by Delft Hydraulics)
- STEENTOETS: to prove stone settings (by Rijkswaterstaat, 2002)
- GOLFKLAP: to design asphalt covers concerning to wave impact (by
Rijkswaterstaat, 2004)
- GRASTOETS: to prove grass covers (by Rijkswaterstaat, 2004)

All this programs work on background and considerations of VTV 2004. First three
mentioned programs are concerned with other kind of revetments. ANAMOS is a
program to design stone setting, but it has no implementation to prove this setting,
so a second program have to be used for this verification (STEENTOETS).
GOLFKLAP is a program to design asphalt covers which are loaded by wave
impact.

VTV 2004 contains a program which especially is concerned with the grass layer.
This program is called GRASTOETS and is based on Microsoft EXCEL.
Background of GRASTOETS is the load, the counting of roots and the
management categorization which was introduced by VTV 2004, so this program
just transforms theories of VTV (2004).

Actually some projects concerned with dike stability and erosion are made by
communities like for example ComCoast (COMbined functions in COASTal
defense zones). ComCoast is an international project which is concerned with new
innovative solutions to protect coast against storm floods with participation in
Netherlands, Great Britain, Germany, Belgium as well as Denmark. Structure of
ComCoast projects is realized in cooperation of Rijkwaterstaat as project

manager.

Former projects have been a concrete flume field experiment where some

overtopping test have made based on considerations by van den Meer (2005).
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However these former tests have been concerned with influence of loads by
overtopping, so new tests will be made in near future to observe new methods of
grass reinforcement, called smart grass reinforcement. Those tests apply
reinforced grass with rolled grass layers. Concept of rolling up a grass layer can
be compared to a sports field turf. Layer on a dike slope near Groningen will be
rolled off, smart grass reinforcement (Geogrid) is putted in between and rolled
down again. Figure 6.15 presents how this principle should work.

lifting the
grass sod

placement of
the geogrid

Figure 6.15: Principle of constructing reinforcement with geogrid
(ComCoast, 2005)

Another principle is to press Geocells in the turf. Figure 6.16 gives an impression

of both geosystems.

Figure 6.16: Geogrids and Geocells (CoamCoast, 2005)
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So ComCoast make use of the overtopping machine which will be tested in
autumn 2006 and real tests will occur in spring 2007 and should give more
information about behavior of interaction between smart reinforcement and the
turf.

ComCoast has many more new and innovative ideas. One idea is to put a
drainage system at the dike crest which should take the contingent of overtopping
water. Another idea is to realize a thick sand cover on dike slopes which will be
eroded in case of flood, but the higher thickness will lead to the fact that there is
no risk for damage, because first the sand layer has to be taken away and works

as sacrification layer.

Nevertheless, final aim of these ideas should be to allow a higher overtopping rate

without being scared about damaging the inner slope.
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6.5 Comparison of models

Table 6.3 shows a summarized comparison between the models which were

discussed in this report.

CIRIA (1987) VTV (2004) EPM (2006)
Age of sod is 2 Age of sod 3-5 years Age of sod 4 years
Age of sod years
Loads on inner side Loads are calculated
Load slope are assumed for inner slopes on
as on sea side slope basis of Schuttrumpf
(2001)
No spots No spots susceptible Spots susceptible to
susceptible to to erosion erosion
Spots
erosion
Depends on Depends on quality of | Depends on resistance
Background canopy cover sod of erosion
Failure is unknown Failure expressed in a
Failure recess of the spot

Table 6.3: Comaprison of models

At first it is obvious that every model is concerned with different ages of sod. CIRIA
claims the youngest age of sod, so after two years a sod can develop strength and
VTV 2004 claims the oldest one. EPM specifies an age in the middle of both, but
in reality age of sod is not important to EPM, because it is concerned with open

spots and this means that there actually is no grass at the cover.

Adhere to statement that EPM uses no grass cover it can be said that resistance
of this open spot is depending on processes of scouring. EPM is based on a
scouring model and describes strength of a hole with help of the characteristic
velocity of flow as well as open spots expand in the developing phase of scouring.

The other ones are concerned with canopy cover and quality of grass. CIRIA
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published a relationship between canopy cover and soil loss ratio. Soil loss ratio

describes detachment of particles as a dimensionless value.

In contrast, VTV gives no information about roughness and canopy cover and
makes evaluation by management, content of nutrient and optical criteria. Only
parameter linked to management categories is velocity of erosion by Verheijj
(TAW, 1999), who divided categories of management with help of a erosion
coefficient cg, but in VTV (2004) any information about this coefficient is given.

Description of failure is another difference of models. Just EPM gives a failure
criterion and claims a scouring depth of y,, = 10cm, but at least van den Bos has
developed this value fictional by determining depth of the grass layer to 20 cm, so
a value of depth about 50% of it would be absolute limit of scouring. Unfortunately
CIRIA and VTV give no value of failure.

Finally application of loads must be compared. CIRIA is not concerned with dike
slopes, so several other loads appear and other are not mentioned. On land side
slopes loads like water running off are caused by rainfall and not by overtopping.
Due to this fact loads are completely different, but infiltration and influence of
roughness in combination with water running off are explained in detail. VTV 2004
calculates loads on sea side slope and transferred to inner slopes without
considering a changing in velocity or flow by overtopping at dike crests. EPM is
concerned with whole load spectra. It calculates velocity and water depth with

formula of Schittrumpf separately for every slope and for crests.
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7. Approach to a design concept

Former considerations deal with load and strength as two separated factors which
influence and response erosion. In an engineering consideration, it would make

more sense to evaluate both together, the strength and the load.

Figure 7.1 shows how influence of both will be combined and reveals, if strength
(A) is reduced, than a slope could just be loaded with lower forces (B). So the
other way round, if loads (B) decrease than logically a slope do not need such a
high revetment (A) as before. After considering both sides together, it can be

simply said, that if A is equal to B than no erosion occurs.

revetment A

wave reductor

T | e

load

strength

Figure 7.1 : Interaction of load and strength (Schiereck, 2001)

Both, A and B, are influenced by vegetation. Sward and blades of sward can be
compared to a wave- or flow reductor, because roughness of vegetation reduces
velocity and will cause a lower load. Additionally roots form a revetment with
certain strength of roots and strength of roots is depending on cohesion of roots.

So a higher cohesion of roots will cause an increasing strength.

If Aand B would be combined than a concept to judge erosion stability can be
given as followed:

T
Ty=T7g OF T—Bﬁl 7.1
A

1, and t; are resisting and acting shear stresses.
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7.1 Evaluation of strength

Erosion mechanisms of vegetated soil could be divided into three parts which
occur with a temporally dependency (Figure7.2). First mechanism of erosion
happens near surface at the borderline between water running down a slope and
the top soil of grass layer. Loose sediments and particles are scoured out of the
grass cover and leave a point of attack to response degradation. This appearing
damage can be easily described with scouring models, because in this moment
roots of grass layer are not yet active. Second mechanism could be that
aggregates are washed out of the top layer. In the beginning small aggregates are
carried out and in progress are bigger clods taken away. At this time roots activate
their strength. Roots of grass cover resist the load of water by their friction and
their tensile strength. At last the roots will fail by being pullout or tearing up and a

description of strength could be made by friction of roots again.

] ] racts not et
1. Erosion of loose material artivo

roots active

2. Erosion of embedded aggregates strength = friction
Ja. pullout 3b. tearing
of roots of roots

Figure 7.2: Scheme of strength

7.1.1 Erosion of loose material at surface

After loose sediments and particles are carried out than clods and aggregates
near surface are laying blank. It can be said that these aggregates are not yet
embedded in the system of roots responded to their position close to surface and
the fact that roots are not fully developed at the borderline.

Page 61



7. Approach

Considering figure 7.3, it can be concluded in this case the resistance t can be
described by soil cohesion c¢”. Force of flow S and weight of soil G can be

neglected, because direction of influence is positive to erosion.

Figure 7.3: Scheme of first detachment

Polygon of forces reduces to soil cohesion ¢ and this ¢’ is the resistance of soil t.
So, in this first step, strength against erosion can be simplified defined as followed:

T, =C' 7.2
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7.1.2 Erosion of root embedded aggregates

In this second case of erosion, aggregates must separate from the root-soil-
system. Acting like the principle of erosion at surface, erosion of root embedded

aggregates is descript by a mechanical model in figure 7.4.

Figure 7.4: Erosion of root embedded aggregates

In difference to erosion of loose material, slope parallel strength of root cohesion
cw is added in sum of all surrounded roots to cohesion of soil. If forces of flow as
well as weight of soil are neglected again than the simplification for the polygon of

forces can be given as:

’
T, =C'+Cy
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The sum of strength of every single root in the shear gap corresponds to the
cohesion of roots which is treated in analogy to soil cohesion as slope parallel.
Nevertheless, application of root cohesion must be taken with care as far as
tensile strength of a root is activated by high displacements, because a root has a
high elasticity. Due to the high displacements, the risk is given that aggregates

slide out of the root soil system without any influence of the root cohesion, so it is

safer to deal with a reduced cohesion of root c,, .
Due to this reduction, strength of roots are described as:

12 *
T, =C +Cy 7.3

7.1.3 Failure of roots

The last case of erosion can be seen as failure of roots at the time when soil is

eroded and roots are pulled out or teared.

Some mechanical considerations lead to a description of this state of erosion.
Figure 7.5 shows a mechanical consideration about friction and how it can be
modeled. A force F which wants to pullout an aggregate is in balance to a reaction

force F. This force F describes the strength that a root has against being pulled
out and can be calculated with the mechanical friction law F = pu-N with N as a

force rectangular to F~ and p as a friction coefficient. The force N is evaluated with
a mean stress in depth direction and leads to N = %y-b-Lz. So, if F is 4*F is valid

than the tensile force F that an aggregate can take, will be calculated as:

F:u-%-y-b-Lz 7.4

If this force exceeds than roots will be carried out.
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Figure 7.5: Pullout of roots

Roots will not only fail by being pulled out, but as well by tearing, so strength of
roots can be described with help of tensile strength of roots t,; per area, so

strength is defined as:

T, =2t .. —L 7.5
) " AtOt

Where at A; is the rooted area and A the whole regarded area.

7.2 Evaluation of load

Calculating a load caused by flowing water is difficult, especially at the slope
surface, because water shows in bed area a non uniform behavior. Flow of water
shows turbulences as well as eddies which influence the energy line and
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connected to this, it is hard to describe velocity of flow, so some simplifications are

necessary to calculate bed shear stress.

First mechanical formulation is a static approximation. The weight of a single water
particle presses on bed with pgh as vertical component to slope bed. Second
component will exist parallel to the slope bed and is pghS, where S is the gradient

of slope which is calculated as the sine of slope angle.

Figure 7.6: Definition of shear stress caused by flow

Figure 7.6 shows a definition of shear stress caused by flow and critical bed shear

stress can be calculated as followed:

7 = pghS 7.6

With help of equation 7.6 and some fictional depth of water from 0,05 to 5m the
shear stresses on slope surface will be calculated. Table 7.1 shows the results of
shear stress which are quite low. For example a depth of water h=10cm creates a

shear stress 1; = 0,1702 kN/m? and such a little shear stress will never response

erosion on a dike slope. So, this approach does not lead to a usable shear stress.
Nevertheless the critical shear stress can be evaluated with help of velocity of

flow, because shear stress mainly depends on velocity of flow.

But another problem will be that flow velocity is not constant with depth of water h
so the velocity at bed is approximate zero, what is a simplification, because at a

bed exists turbulences and eddies which makes a realistic mechanical description
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complicated. Due to this fact another simplification is that a uniform flow is
postulated.
shear stress
depth [m] [KN/m2]
0,05 0,085087607
0,1 0,170175214
0,15 0,255262821
0,2 0,340350428
0,5 0,850876071

Table 7.1.: Results of shear stress depending of depth

The simplification to define S as sin o is just valid for an ideal smooth
underground, but a rough slope has a high loss of energy, so concerning this the

before mentioned formulation is transferred to:
T = pOl 7.7

Where at | is slope of energy and is defined by Manning-Strickler as followed:

l=——— 7.8
B
n) "

Concerning the slope of energy, the shear stress of water can be given as:

2

Tg = pghl\;—, where ryy is the hydraulic radius is defined as followed:
Sk
A bh h

7.9

rhy:—: =
U b+2h , ,h

Additionally a wide of slope, b will be infinite, so it can be simply said that rny=h.

Due to the simplification of the hydraulic radius and some mathematical

changing’s than the shear stress can be calculated as:

2
r:pvz% 7.10

Dealing with roughness n of grass cover than Chezy coefficient C and roughness f

have to be compared as followed:
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(:=1Rl’6 7.11
n
f:% 7.12

respectively the relation of n and f follows to:

f=N9 7.13

= ht/3

Compared to the equation of roughness than the shear stress can be formulated
by Shields (Hoffmans, 1998):

T =pVf 7.14

With help of equation 7.13, roughness f can be transformed into Manning’s n and

Table 7.2 gives some examples for a depth of water h=0,2m.

Due to equation 7.14 shear stresses are calculated for different n and several
running off velocities. Results of these calculations are presented in figure 7.7 and
7.8.

The relation of Manning’s n and shear stress seems to be obvious. A high
roughness slows down the flow of water, but it delivers high values of shear
stresses. So, a dense grass with a coefficient n=0,25 presents with a velocity
v=4 m/s as well as a water depth h=0,1m a shear stress of around 21 kN/m2.
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Figure 7.7: Shear stresses with h=0,1m for several velocities and Manning’s n
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Figure 7.8: Shear stresses with h=0,20m for several velocities and

Manning’s n
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n f
Bare clay loam 0,02 0,0067
Short grass 0,15 0,38
Dense grass 0,24 0,97

Table 7.2: Transformation of n into f with a depth of water h=0,2m

7.3 Approach to design concept

In contemplation of van Rijn (1993) a stochastic approach to define initiation of

motion has been made. A standard distributed stress z, describes bed shear

stress caused by flow. On the other hand, z, is shear stress of the turf which can

be, according to a bed shear stress, allthough denifined as standard deviation.

probability
»

Figure 7.9: Stochastic approach to a design concept (van Rijn, 1993)
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incipient transport

»

incipient transport

Considering Figure 7.1 and connection of r, and r, as called general A and B

before, Figure 7.9 describes the same thesis on basis of a stochastic approach.

If 7z, is less than z, will occur no motion of particle. At the time as both overlap

than motion of particle appears and associated to increasing z, also erosion

increases.
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Contemplation of this stochastic approach can be concerned that shear stresses
of water as well as strength of the grass cover are not constant on a slope.
Considering that a grass cover consists of mixed seed and has several growing
attributes this will lead to a grass cover which is different at every part of a dike. So

it makes sense to look at this approach in stochastic ways.

To evaluate this concept an example is calculated, but the standard deviation is
not yet attached.

Figure 7.10 presents how the concept should work. First the shear stresses of flow

will be calculated.

15 = fpv?2

NO Erosion Erosion

Figure 7.10: scheme of erosion

As shown before the shear stress is effected by Manning’s n, so in this application
a roughness of a dense grass (n=0,24) till a short grass (n=0,15) is used. Figure
7.11 shows the results of shear stress in dependency of roughness as well as

velocity which is the running down and has a variety from 1 to 4 m/s. In the second
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step the reduced cohesion of roots cy* is given with a range from 2 to 5kN/mz.

Strength of soil has been neglected for this example.

In the third step the cohesion of roots is compared with the calculated loads and

finally can be chosen if erosion or no erosion occurs.

Also, figure 7.11 presents the results of three grass layers with several roughness
coefficients. The layer with n=0,24 can take a velocity around 1 to 1,3 m/s with
support of a root cohesion and in this case no erosion occurs. Higher velocities

lead to higher shear stresses, so an increasing cohesion is needed.

The turf with n=0,15 can take higher velocities, but in dependency of roughness
the shear stresses are lower. So at an inner slope and with velocities around 2 m/s
it can be said that cohesion of roots with 2kN/m? can resist erosion. Nevertheless

increasing velocities lead to higher shear stresses.
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Figure 7.11: results of the scheme of erosion (h=0,2m)

The before mentioned probabilistic approach is not installed in this simplified
concept to evaluate erosion. Advanced efforts must be to attach a standard

deviation into this concept.
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8. Summary and conclusions

Studies concerned with erosion on dike slopes and function of grass cover as

resistance against erosion have shown some technical expertise.

Grass cover can be divided in two zones. First zone is underground which consists
of the topsoil and subsoil. Topsoil exists of clay with a content of sand and humus
where the main part of roots grows. Subsoil has, in contrast to the elastic topsoil,
heavy and plastic clay with a lower density of roots. Nevertheless roots of both soil
layers connect aggregates and construct reinforcement. Second zone of grass
cover is the sward at surface. Grass at surface has a significant influence on water
running down velocity, because length of grass has an effect on roughness of the

turf on a large scale.

Water running up and running down velocity has been described with present
models of EAK 2002 and is quantified with example calculations. Calculations
present a higher overtopping rate as supposed before, and this is important to

keep in mind, because overtopping water releases erosion processes.

It is well known that erosion processes can be divided in two parts. Transport
processes are well described in literature and well known, but about detachment
process in combination with roots still exists a lack of information. Certainly tests
about erosion in combination with roots have been made, but no experience about

interaction of roots and soil in an engineering sense could be made.

On the other hand observations concerned with shear strength of grass cover
have been made, which results, that cohesion of roots can be concluded from
tensile strength of roots. Supported by cohesion of roots strength of grass cover
could be calculated.

Nevertheless diverse models to describe erosion on dike slopes have been
created, but most of them show weak spots. CIRIA is occupied with slopes on
landscapes, so loads on landscape slopes are caused by rainfall and can not be
compared with loads responded by waves. Model of VTV 2004 is concerned with
dike slopes, but loads on inner slopes will be equated with loads on the sea side

slope and this leads to an inexact magnitude of load. Also EPM is concerned with
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dike slopes and describes loads exactly by application of present models, but in
EPM the grass cover is neglected. So no model exits which is concerned with all

parameters.

In this report a new model is developed which characterize s detachment
processes on a large scale. Detachment of loose material can be evaluated by
present scouring models, but application of soil cohesion is an alternative which is
suggested by this new concept. Evaluation supported by cohesion of soil makes
sense, because cohesion of roots can be added and strength of roots is included
in this way. Additionally pulling out or tearing into pieces of roots can be quantified
with considerations of technical mechanics. At the moment this new model
specifies interaction of soil and roots simplified and must be extended by
probabilistic considerations due to the irregular growing habit of grass cover. So

this model is just a first step and must be enhanced.

Advantages of this model are that consequents of grass on the load can be
evaluated as well as loads and grass can be combined. Due to climatic changing
and the rising water level as a result of this changing climate, it must be higher
overtopping rates allowed. So it becomes important to develop a concept which
can describe grass cover exactly and realistic. The concept that has been
developed in this report gives a good basis for subsequent considerations, but it
must be verified in tests and a concept of safety must be included.

Finally it has to be gratefully mentioned that without help and support of the TU
Delft it would never been possible to gain in such a short period of time so many

experience on such a large scale about grass cover and loads.
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Dutch name

[ ¥ ] 1
{8oientific nams
-

H .
iEnglish name

Akkerdists] | Cirsium arvenae | Creepning Thistle
Akkerhoombloem | Cerastium arvense {Fiald Mouse-sar Chickwead
| Beemdlangbloem {Festuca pratensis i Meadow Fescus

Brunel | Prun=lla vulgaris | Salf.heal

Echte kruisdistel | Ervngium campestris Fiald Frvnen

Engels raaigras Lolium perenne Perennial Rye-grass
Fluitenkruid Inthriscus svlwestris | Cow Parsley

Geel| walstro

{Galium verum

E‘feil-&w Bedstraw

Gewone berenklauw

| Heracleum gphondv] ium

LCow Parspip

Gewone zandmuur

:Arenaria gerpvllifolia

i Thymeleaf Sandwart

Gewoon herderstasje

Capegella bursa-pastoris

{Sheperd’s Purse

Gewoon_reukqgras

Enthoxanthum odeoratum

i Sweet Vernal Grass

Glad walstro

Galium mollugo

Hedeos Bedstraw

Grote brandnets|

Urtica dicica

Stinging Meitle

Crepis biennis

Bough Hawk's-keard

Grote tijm EThvmus pulegicides | Broad-leaved Thyme
Grote vossenstaart {Alopecurus pratensis | Meadow Foxiall
Heogewikke {Vicia sepium | Bush Vetch
Heksenmelk | BEuphorkia =sula || eafy Spyroe
Hondsdraf {Glechoma hederacea | Ground-ivy

| Jakobskruiskruid |8senecio jacobaea Bagwort

Kamgras Cynosurus oristatus Crested Dog's-tail
Kleefkruid Galium aparine Goosesrass

Kleine bevernel

i Pimpinella saxifraga

EBurnet Saxifrage

Kleine leeuwentand

-
| Leontodon saxatilis

{Lesser Hawkhif

Knolboterblosm

i Fanunculus bulkosus

EF!IHh-‘Il."?\. Buttercup

Kruisbladwalstro iCruciata laevipes | Crozawnrt

| IMadeliefia iBellis perennis i Daiswy

Muizenoor Hieracium pilcosella Mouse-ear hawlkwaad
| Rapunzelklokje Campanula rapunculus Bampion
Ridderzuring | Fumex ochtusifolius | Roud-leaved Dock
Rood zwenkaras | Festuca rubra | Red Fescye

Scherpe boterbloem E Ranunculus acris E WMaadow bu'[tnrc-‘_]p
Slikkelklaver iMedicago falcata i Sickle Madick
Straatgras {Foa annua {Annual Meadow-grass
Timoteegras i Fhleum pratensis i Timathy

Trilgras |Briza media | Quaking-grass
Veldsalie Salvia pratensis | Meadow ¢lary
Vifvingerkruid ! Potentilla reptans ECEanEf.:,”

Viltig kruiskruid ESenecio erucifolius i Hoary groundsel
Vogelmuur iStellaria media EChgckweed

Wilde marjolein | Origanum vulgare {Wild Marioram

| Zachte haver

| Avenula pubescens

i Hairy Qat-grass

Zachte coievaarsbek

{ Geranium molle

1 Dove's-foot Crans’s-bill

Appendix A: This table shows translations of Dutch names into scientific

meanings and the English names
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'IHDEOT_ Management icancpy . density of  Quality of
vegetation COVer roots 504

P: Pioniervegetatie | < 4 jaar) D average- poor poo
Seortenarme picnisrgemesnschap op pas ingezaaide r 25 E
dijkan. PO0

Eenmetkende scorten:

Foweeke, Emgsfs maFigras, Straatgras, Hﬂ'dﬂ'!t:u:jq.
Abkerdiseed, Echte Karnille, Kradzuring, Voge muur,
Witte klaver, Klein kruisbraid

Weiland

W1: Beemdgras-raaigrasweide Dic goeoed poor poor
Scortenarm productieweiland, bemest en intensisf

beweid, gebraikvan herbiciden

Eenmetkende soorten:

Engels ranigras, Kropaar, Eweds, Fioringraz, Kruipertie,
Ristowenkgras, Zachte dravik, Paardebloem, Gewone
hoornbloem, Voged muur, Herderstaz e

W2: Soortenarme kamgrasweide B good average average
Relatief soortenarm, onbemest tot licht bemest,

periodick weiden met schapen, el Bloten. Ol

gazanbeheer,

Eesnmerkende searten:

Engels raaigras, Rood swenkgras, Fioringras, Kaewgres,

Fachte dmvile Geowoen duizendblad, Madeliz fe,

Lachte acievaarsbek, Gevwone hoarmblorns, Kleine

Haver, Wiree Rlaver

W Soortenrijke kamgrasweide A regular good good
Relatiel seortentijk, cnbemest, periedick weiden met
schapen, incl, Haten
et
Racd awenlgras, Floringras, Kamgras, Bagels rawigras,
e l|‘|1pi|5|u5, Fachire dmnwk, Gowdfarver, Gowaan
dwizenabind, Madelichie, Kleine lecuwetand, Hopbiower,
Smalle weeghree, Kleine klaver, Wime Klaves,
Enalbaterblacm, em vele andere kraiden

Hoolland

Very poor, I

I: Ruig hooiland D o o poor
Verruigd, soonenarm glanshaver-hoodand, many open heterogen

Ienaaid
ﬁ:rhpml: Aesarien! 3 pﬂts
(G et a:uulrri ruiwﬁmi.h.—n]
Kwede, Krapaar, Glanssier, sorms Grote Visseatmart,
Mebeerelistel, Bereklauw, Hondsdraf, Veonwortsl, Grote
bmndnatel

H1: Soartenarm hoolland (B8] poor [roOr poor
Bemest heailand

Kenmerkende scarten:

Kweek, Glanshaver, Rietrwenkgms, Kropaar, Fagels

revvigras, Ruw bes mdgras, Madsliehe, Kruipends

boterbloem, Paardeblosm, Witte laver

H2: Minder soortenarm hooiland B average average average
Minder seortenanm, mindsr nig, cnbemest

Ornregelmatig gehonid hooiland, of regelmatig gehooid

therstelbehesri

Kenmerkende seorten:

Glanshaver, Krepaar, Ruw beemdgras, Ristzwenkgras,

Eweek, Bood swenkgras, Gestreepte withal, Fluitefruid,

Akkardistel, Paan, Geviete rupskiaver, Smallewild e,

Witte Haver, Squp-e baterbloem, Somails uw;g'!lms.

Dniizendblad

H3: Soortenrijk hooiland A regular good good
I._.!.ngd.u.rig cnbemest hocien

Gevarieerd grassenbestand, veel kruiden: Glanshawver,
Rocd mwenkgras, Veldbeemadgras, Fioringras, Gestrespte
witbal, Reukgms Goudhaver, Kamgras, Veldgess,
Dizendblad, Peess, Kncopkruid, Echie kruisdistel,
Geviedte rnipshlaver, Vihingerknidd, Knolboterbloam,
‘r"ilﬁ.g,]:m.i:Ju'u.id, Rode Haver, Soaalle wikhe, Margist.
Echt walstro fe.a.)

Appendix B: Evaluation of grass covers by VTV 2004 (VTV, 2004)
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