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Abstract. Surface and river bank erosion are phenomena which are often addressed using erosion control systems. There is a large variety of geosynthetic erosion control products made of synthetic and natural materials for applications on steep slopes, flow channels, etc. The use of these products is still mainly dependent on the experience of the contractor since there are no generalized specifications to evaluate and choose appropriate products. It can be shown that there are different attempts to describe index parameters for geosynthetics in general and erosion control products in particular. However, no characteristic indices have been defined yet, addressing the basic function parameters of erosion control products, systems or techniques. Such characteristic indices are generally used to directly compare different products and therefore the indices need to be tested repeatedly for quality control both in the production plant and on the construction site. Thus, characteristic index tests need to be developed to determine the indices. In this paper, several approaches to establish such characteristic indices are defined and first results and conclusions are presented. Therefore, basic properties from already existing tests are combined and evaluated and the erosion control capability for erosion control products is defined. Initial steps of the research activities are based on empirical and numerical modeling to analyze the relations between the measurable parameters of an erosion control product and its erosion control capability.

KEY WORDS: 
erosion control, characteristic index parameter, erosion control capability.

1. INTRODUCTION
The erosion processes caused by wind and water are detachment, transport, and deposition of soil particles. The whole issue is both triggered by human actions and caused by natural processes. Geosynthetics can be used in earth constructions such as channels, embankments, dams and dykes to prevent erosion caused by water and wind. Also the development of vegetation, often taking several years, can be accelerated and prevented by geosynthetics (Saathoff 2002). Generally erosion control products and erosion control systems need to be distinguished. They have in common that they need to protect soils and earth constructions against the forces of erosive media like wind and water. 

Rolled erosion control products (RECP’s) are geosynthetics applied on or right beneath the surface in form of mats, grids or woven fabrics made out of natural or synthetic materials. These products can reduce or even prevent the detachment and transport of soil particles, but also promote their deposition. This is done independently of the existing soil and vegetation.

Erosion control systems (ECS) are composed of three components, the erosion control product, the soil, and the vegetation. Four standard systems can be distinguished: (1) Surface systems, vegetated; (2) Surface systems, unvegetated; (3) systems beneath the surface, vegetated and (4) systems beneath the surface, unvegetated (Olschewski et al. 2012). Such a system may be a PE-stabilization layer in which grass roots can cling into. This combination of erosion control product, soil and vegetation can prevent whole sods from erosion.

In order to test erosion control products and systems with regard to their possible protection against erosion, different test methods are needed. Traditionally, testing begins in bench-scale in the laboratory, followed by large-scaled performance-tests. Index tests are used to determine certain properties -so-called index parameters- of a product (e.g. thickness, mass per unit area, density, tensile strength, etc.). However, to describe the specific characteristics of a product or system also characteristic index parameters are needed. For example, a synthetic sealing layer has to be water tight, thus the tightness is a characteristic index to be tested. Index tests need to be 100 % reproducible and feasible in short term.

Despite several attempts initiated by the European Committee for Standardization (CEN) during the past 16 years to determine characteristic design parameters and characteristic indices and to develop test methods for rolled erosion control products on EU level, there are still no such standardized parameters nor tests.

This paper will contribute to the discussion about the development of index parameters for surface erosion control products, with particular focus on characteristic erosion control indices, considering that erosion control products should allow or even favor vegetation. The focus is mainly set to water erosion in the terrestrial and aquatic environment, whereas there are overlaps with the processes of erosion caused by wind.
2. STATE OF THE ART

There are different test procedures and index parameters related to erodibility of soils and in the field of rolled erosion control products. Briaud et al. (2001, 2006) developed an Erosion Function Apparatus (EFA) to determine the erodibility of soils. Initially, the erodibility was described as erosion rate z [mm h-1] as a function of the hydraulic shear stress τ [Nm-²]:
z = f(τ)








(1)

The erodibility may be considered as an index parameter for a soil. This characteristic parameter can be determined with an index test using the EFA. With the help of this apparatus soil samples can be exposed to different flow rates and shear stresses. The samples are pressed through a circular aperture in the bottom of a rectangular cross section of a pipe. Afterwards the time needed to erode 1 mm of soil is recorded. The range of the flow rates is 0.1 ms-1 up to 6.0 ms-1. For the systematic classification of tested soils and their erodibility a specific chart represents the erosion function, i.e. the erosion as a function of the flow rate. With the help of this chart soils can be classified into five stages from “Very High Erodibility (I)” to “Very Low Erodibility (V)”.

Hanson (1990a, 1990b, 2004) uses another approach to describe the erodibility as an index parameter for soils. He defines that the erosion rate is proportional to the effective shear stress and the critical shear stress:
εr = kd ∙ (τe ∙ τc)







(2)

where εr defines the erosion rate [ms-1], kd the erodibility coefficient [m³ (N∙s)-1], τe the effective shear stress [Nm-²] and τc the critical shear stress [Nm-²]. For in situ measurment of the soil erodibility both an apparatus and an index test procedure were developed.

In the U.S. different test methods were developed to test rolled erosion control products. The Erosion Control Technology Council (ECTC) recommends three different test procedures for the testing of erosion control products, mainly on bench-scale tests, which are proposed ASTM test methods:

"ECTC Test Method 2 - Rain Splash" is a standardized test method to determine the ability of unvegetated erosion control products to protect soil against erosion caused by rain and storm water induced runoff. In this bench-scaled test soil samples both with and without RECP are exposed to artificial rain. The eroded soil is collected and the amount is determined by weighing. With this test method protected and unprotected soil surfaces can be compared. The result of this test is a so-called soil loss ratio (SLR):
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(3)

where Mcontrol [g] is the mass of soil loss from bare soil and MRECP [g] is the mass of soil loss from protected soil (ECTC Test Method 2, 2003).

"ECTC Test Method 3 - Shear Stress Resistance" is a standardized bench-scale test method to determine the ability of rolled erosion control products to protect sand against water induced shear stresses. In this test method soil samples in a water tank are exposed to hydraulic shear stresses. Both protected and unprotected soil samples are flooded for 30 minutes respectively. The tests are repeated with rising overflow rates until soil erosion starts. The failure event is defined when an average of 13 mm of sand is removed from the ground. The result of this test method is the so-called average depth of soil loss (SLc):
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where SMi [g] is the initial submerged mass of the soil sample, SMf [g] is the final submerged mass of the soil sample and Cd [g mm-1] is the sample’s linear density (ECTC Test Method 3, 2004).

"ECTC Test Method 4 - Germination" is an index test method and is used to investigate the effect of erosion control products with respect to germination and plant growth (ECTC Test Method 4, 2004).
CEN published a lot of standards referred to geosynthetics in general. However, standards specifically developed for erosion control products are not defined yet.
The American Society for Testing and Measurement (ASTM) proposes several index and performance tests for geosynthetics in general and erosion control products in particular. Tests for specific indices, such as the determination of thickness, mass, resiliency, or the light penetration  are included. In addition ASTM published requirements for two large-scaled performance tests for erosion control blankets (ECB): The "Standard Test Method for Determination of […] Performance in Protecting Hill Slopes from Rainfall-Induced Erosion" (ASTM D6459-99) and the "Standard Test Method for Determination of […] Performance in Protecting Earthen Channels from Stormwater-Induced Erosion" (ASTM D6460-00). The results of the latter performance tests are the highest absorbable (maximum) shear stresses or flow velocities. Table 1 shows a compilation of the ASTM test procedures regarding erosion control products.
Table 1
Selection of ASTM test procedures regarding RECPs

	Reference No.
	Title
	Parameter

	D6525-00
	Standard Test Method for Measuring Nominal Thickness of Permanent Rolled Erosion Control Products
	Index-test

	D6454-99
	Standard Test Method for Determining the Short Term Compression Behavior of Turf Reinforcement Mats (TRMs)
	Index-test

	D6524-00
	Standard Test Method for Measuring the Resiliency of Turf Reinforcement Mats (TRMs)
	Index-test

	D6566-00
	Standard Test Method for Measuring Mass per Unit  Area of Turf Reinforcement Mats
	Index-test

	D6567-00
	Standard Test Method for Measuring Light Penetration of a Turf Reinforcement Mat (TRM)
	Index-test

	D6459-99
	Standard Test Method for Determination of Erosion Control Blanket (ECB) Performance in Protecting Hillslopes from Rainfall-Induced Erosion
	Performance-test

	D6460-00
	Standard Test Method for Determination of Erosion Control Blanket (ECB) Performance in Protecting Earthern Channels from Stormwater-Induced Erosion
	Performance-test

	D6475-00
	Standard Test Method for the Mass per Unit Area of Erosion Control Blankets
	Index-test


Within a recent German research and development project the „Süddeutsche Kunststoff-Zentrum (SKZ)” in cooperation with LWG Veitshöchheim examined national and international tests and developed own tests in order to determine indices and performance parameters for RECPs. Beyond that the SKZ refined specific tests recommended by ASTM and ECTC. A rainfall simulator was developed to conduct performance tests with erosion control products and systems resulting in a value called erosion-resistance, which describes how much an RECP reduces the amount of eroded soil. Table 2 shows a selection of the tests recommended by the SKZ for RECPs.

Table 2
Selection of tests recommended by the SKZ (Németh, Zanzinger 2011)
	Reference No.
	Title
	Parameter

	SKZ/LWG-Method EC 7
	Rainfall Simulator-Test
	Performance-test

	ASTM D6567
	Test Method for Measuring Light Penetration
	Index-test

	SKZ-Method EC 2
	Protection against Evaporation
	Index-test

	DIN EN 12224
	Method for Determination of the Resistance to Weathering
	Index-test

	DIN EN 12225
	Method for Determining the Microbiological Resistance by a Soil Burial Test
	Index-test

	ECTC TMG 5.14
	Method for Determination of the Smoldering Resistance
	Index-test

	DIN EN ISO 10319
	Geosynthetics - Wide-Width Tensile Test
	Index-test

	ASTM 1388
	Test Method for Stiffness of Fabrics
	Index-test

	SKZ-Method EC 3-2
	Water absorption capacity (overhead irrigation)
	Index-test

	SKZ-Method EC 3-1
	Water absorption capacity (dipping into water)
	Index-test

	DIN EN ISO 12958
	Determination of the water flow capacity in their plane
	Index-test

	DIN EN ISO 11058
	Determination of water permeability characteristics normal to the plane
	Index-test

	SKZ-Method EC 1
	Determination of Thickness
	Index test


Despite the large variety of proposed tests to determine indices and performance parameters for erosion control products and systems, a real characteristic index parameter, i.e. the parameter that describes the original function of the product or system, does still not exist.
3. First proposals for characteristic index parameters for erosion control poducts
In this paper, two methods are proposed to determine characteristic properties of erosion control products respectively to describe the erosion control capability of a product or a system.
The first proposal uses already known values such as stiffness, web height, and mesh size to be defined as characteristic index parameters. These physical properties are product specific qualities and can be determined with standard testing equipment. The corresponding influence on single erosion processes has to be analyzed to get individual statements for a certain product (type) and make different products comparable. The limitation of this approach is that the indices may well be defined as characteristic for an RECP to prevent erosion, but they are still no characteristic indices in the general sense.

The second proposal defines a characteristic index which is similar to the ECTC proposals to describe the soil loss ratio (SLR) and the average depth of soil loss (SLc), which are results of bench-scale rainfall tests. The difference here is that the focus is not set on the eroded amount of soil, but on the erosion control product and its capability to prevent erosion. The index parameter is applicable to both RECPs and erosion control systems.

The characteristic index of erosion control capability depends on two factors: The erosion rate and a corresponding rating scale. The capability of erosion control is represented as a ratio:
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where E defines the erosion control capability, ε0 [mm h-1] describes the erosion rate of a bare soil and εx [mm h-1] is defined as the rate of erosion of a soil with erosion control product. E describes the reduction of the soil’s specific erodibility using an erosion control product by a certain factor. For this characteristic index parameter index tests must be conducted to determine the erosion control capability depending on the used type of soil for each selected erosion control product. Here also index flume tests or overhead irrigation tests could be useful to determine the characteristic index E. With the help of a rating scale (Fig. 1), the erosion control capability of a product placed on a soil can be described and compared with other products (Olschewski et al. 2012).
4. Empirical and Numerical Approaches to determine the erosion control capacity
This chapter describes the options for determining the effects of erosion control products and techniques on erosion processes. The influence of single mechanical or geometrical parameters of erosion control products on these processes can be determined either empirically or by numerical modeling. With empirical methods a large number of experiments have to be performed for each characteristic parameter. During the experiments, increasing runoff rates or shear stresses and the variation of the relevant mechanical and geometrical parameters of the erosion control product must be considered. Nevertheless, it is very difficult to distinguish the effects of the three erosion processes in an empirical method exactly. Even the 100% reproducibility of the experimental procedure is hard to achieve. The numerical modeling offers the opportunity to perform a variety of tests under identical conditions. However, for the calibration of numerical models laboratory tests always have to be conducted. In general, this is absolutely necessary to create own test programs for each soil and characteristic index parameter used.
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Fig.1. Erosion control capability as a function of critical parameters and the possibility to compare several erosion control products
Initial studies show a possible comparability between experiments in a laboratory flume (Fig. 2 and Fig. 3) and numerical modeling using the computational fluid dynamics (cfd) package FLOW-3D (Fig. 4).
But the numerical modeling is no substitute for index test procedures, rather it is intended to carry out a large number of simulations to find suitable parameters or even to determine an appropriate characteristic index, for which a test method can be designed.
6. Discussion
For the different proposals for index parameters and tests U.S. American and German institutions include physical properties such as thickness, weight, tensile strength, etc., which are standard indices used for all kinds of geosynthetics. Specific index parameters for the description of the potential impact on the erosion processes have not been established. While a variety of bench-scale and performance test methods deal with the original function of RECPs or erosion control systems, they do neither relate to real characteristic index parameters nor can they be used as index tests.

As part of the U.S. National Transportation Product Evaluation Program (NTPEP 2012) since 2007 about 75 different erosion control products and techniques from different manufactures have been investigated extensively, including the determination of product specific index parameters such as thickness, tensile strength or light transmission. The focus of the test series was to determine the performance of each product, i.e. how effectively each product can prevent erosion. For this, both performance and bench scale tests were carried out. 
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Fig. 2: Flume for testing vegetated and unvegetated soil samples, University of Rostock
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Fig.3: Test with an unvegetated soil sample in the laboratory flume, formation of rills at the edges
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Fig. 4: Numerical modeling (FLOW-3D) of the flow over a soil sample in a flume, formation of rills at the edge
The standards ASTM D6459-99 (large scale rainfall simulator test), ASTM D6460-00 (large scale flume test), ECTC test methods 2 and 3 (bench scale rainfall simulator test and hydraulic induced shear stress test) were used. The analysis of the NTPEP tests showed that it is hard to find a correlation between the mechanical and/or geometrical parameters of a product and its performance with respect to its capability to reduce or prevent erosion (Fig. 5).
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Fig. 5: Example for low correlation (r ≈ 0.25) between an index parameter (light transmission) and the critical hydraulic shear stress (ECTC Testmethod 3)
The use of numerical models to simulate erosion processes and the erosion control capability of products could be a possibility for the design of erosion control products. In the used cfd-package only a simple erosion approach is implemented. Thus, for example only ten different sediment grain sizes in a homogeneous digital soil sample can be considered. Furthermore, all sediment particles are presumed to be spherical and with respect to this no cohesion can be assumed.
Briaud et al. (2006) focus on the soil erodibility. With the determination of the soil erodibility as a ratio of the erosion rate to the influencing shear stress ‑ thus the amount of the eroded soil in relation to the present runoff ‑ they have succeeded in defining an index parameter for soils regarding erosion. With the help of the EFA as a customized index test method and the index parameter "erodibility" of soil, the value “erosion control capability” for an erosion control product could be determined. This characteristic index parameter may allow the comparison of different products in terms of their erosion protectability and to find the optimum erosion control product for a specific soil and application. Furthermore, the erosion protectability of single RECPs can be classified with the help of the determined protective factor and a rating scale.
7. conclusion
It can be shown that there are several approaches to determine index parameters for erosion control products. However, there are still no characteristic indices for erosion control products while those parameters are essential to describe the product or system comprehensively. Various approaches have been defined, with which such characteristic indices could be defined. For this, properties that have been proposed to be tested as standard parameters by other authors are combined and evaluated and the erosion control capability for erosion control products was determined. Initial steps of the research activities are concerned with empirical and numerical modeling to determine and analyze the relations between the measurable parameters of an erosion control product and its erosion control capability.
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