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Executive Summary

Erosion control is an important aspect of any Georgia Department of
Transportation (GDOT) construction project, with the extreme negative impacts of high
sediment loads in natural waterways having been well documented. A variety of erosion
control products are available to reduce the transport of solids to receiving streams. For
example, geotextiles made from natural or synthetic fibers, concrete, seed and sod, wood
mulch, and soil binders are frequently used for erosion control. Currently the Department
has only one category of slope matting material. Within this one category, all slope-
matting materials are presumed to perform equally well, and this presumption may cause
a contractor to select a slope mat material that may be inappropriate for the intended
application. Misapplication can result in inadequate grass growth, excessive soil erosion,
and exposure to violations of the NPDES permits. The focus of this investigation was
examining the factors that distinguish different materials used in slope protection in order
to categorize the materials for guidance in applications.

The work performed in this research project includes a literature review of current
practices in erosion control on slopes and erodibility of coarse-grained soil particles.
Selection of a proper erosion control mat for protection of slopes on GDOT rights-of-way
should be made with primary emphasis on the steepness of slope, which will govern the
hydraulic stress to which the soil and vegetation are subject. Additional considerations to
selection of erosion control matting include time to establish vegetation: are growing
conditions excellent (< 12 months to vegetation), good (1-2 years to vegetation), fair (1-3
years to vegetation), or poor (>3 years to vegetation). Finally, erosion control material is

also important, with selection of a product made out of synthetic or natural fibers. The

vii



RECP can be UV degradable, with a short field life (~1 year) or UV stabilized (long-term
applications). GDOT has 79 approved products, produced by 19 manufacturers listed in
QPL-62 dated May 29, 2015. Due to the high number of products which a designer can
specify, a spreadsheet-based selection tool was developed to specify which QPL listed
erosion control products are appropriate for given conditions.

A laboratory-based investigation of the erodibility of coarse grained soils was
performed. The behavior of coarse grained soils under the erosive forces of raindrop
impact is primarily a function of raindrop size, drop velocity, porosity, sand particle size,
and particle shape. Consequently, five different sand particles were studied in a
laboratory-scaled experimental investigation to quantify the influence of drop
characteristics and soil particle characteristics on the detachment and transport of soil
particles. The evidence shows that mean particle size is the primary variable in
determining the raindrop splash displacement of sands. An increase in sand particle size
resulted in an increase in the force resisting raindrop splash and a decrease in splash
driving force. The effect of particle shape and void ratio on raindrop splash was minimal.
Experimental results demonstrated that the threshold value between splash displacement

and no displacement due to splash was observed at approximately 1 mm.
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Part I: Erosion Control on Slopes

Introduction

Erosion control is an important aspect of any Georgia Department of Transportation
(GDOT) construction project, with the extreme negative impacts of high sediment loads
in natural waterways having been well documented. A variety of erosion control products
are available to reduce the transport of solids to receiving streams. For example,
geotextiles made from natural or synthetic fibers, concrete, seed and sod, wood mulch,
and soil binders are frequently used for erosion control. Currently the GDOT has only
one category of slope matting material. Within this one category, all slope matting
materials are presumed to perform equally well, and this presumption may cause a
contractor to select a slope mat material that may be inappropriate for the intended
application. Misapplication can result in inadequate grass growth, excessive soil erosion,
and exposure to violations of the NPDES permits. The focus of this investigation was
examining the factors that distinguish different materials used in slope protection in order
to categorize the materials for guidance in applications.

A past research project at GDOT was focused on researching the behavior,
classification, and performance of rolled erosion control products (RECPs) used in
permanent or semi-permanent applications for erosion control in channels. The types of
channel protection studied includes turf reinforcement mat (TRM), riprap, and concrete
linings (Burns, 2011). This project is a follow-up to the channel-lining investigation and
was focused on erosion control measures applied to slopes, including application of

short-term erosion control products in slope applications.



Background and Literature Review

The erosion control industry is highly competitive, with a wide variety of products
frequently entering, and leaving the market, which leads to some discrepancies in
terminology. For the purposes of this work, the following terminology will be used, as
defined by the Erosion Control Technology Council (www.ectc.org):

1) Rolled Erosion Control Products (RECPs): Temporary degradable or long-term
non-degradable material manufactured or fabricated into rolls designed to reduce
soil erosion and assist in the growth, establishment and protection of vegetation.

2) Erosion Control Net (ECNs): Flat woven natural fiber or synthetic mesh used
either as a component in RECPs or as a temporary RECP to anchor loose fiber
mulches.

3) Erosion Control Blankets (ECBs): Temporary degradable RECPs with matrices
composed of processed natural or polymer fibers bound together.

4) Turf Reinforcement Mats (TRMs): Long-term nondegradable synthetic RECP
with 3-dimensional matrices designed for applications where discharges exceed
the shear strength of natural vegetation.

Erosion control is an area of intense research with significant summary work on
erosion control technologies being conducted in Iowa (Stevens, 2006) and Texas
(McFalls, 2006). Work on RECPs has been focused on natural and geosynthetic matting,
most commonly in combined performance with seed and sod (e.g., Rickson, 2006; Gyasi-
Agyei, 2004). Active research is focused on the use of erosion control products and

compost to achieve rapid growth of vegetation to facilitate the stabilization of steep



slopes and reduce earthwork (e.g., Montana Department of Transportation, 2008;
Nebraska Department of Roads, 2006).

In contrast to TRMs, the erosion control products installed on slopes are often short-
term applications, intended to provide protection only until vegetation is established. The
primary consideration in choice of a TRM is the shear stress observed at the soil/water
interface within the channel, while slope protection relies much more heavily on the soil
type, as well as on the steepness of the slope. Relevant factors to consider in the erosion
potential for any soil include the impact of rainfall, with either a direct or deflected strike
on the soil surface, where the important considerations include the relative rain drop size
versus particle size and depth of overland flow. Additionally, the impact of overland flow
in the form of surface water are also important considerations, and will have a different
impact if the soil is saturated or unsaturated. Relevant factors include
infiltration/hydraulic conductivity, interparticle forces, and flow velocity.

The establishment of vegetation or grass cover is known to be the most efficient
way to reduce the erosion of soil in tilled or bare land (Gyasi-Agyei 2004; Morgan and
Rickson 2004; Pimentel and Kounang 1998). The advantages of vegetative cover include
the reduction of raindrop splash displacement of soil particles, slowed rates of water
runoff, and filtration of sediment during transport. Unfortunately, construction processes
typically include the removal of vegetative cover and the alteration of slope, as well as
the removal of top soil, all of which will result in a significant increase in the erosion
potential of soils on a slope. Previous studies have cited erosion rates at construction

areas ranging from 20 to 500 ton of soil/ha/yr, which can result in deterioration of aquatic



ecosystems, oxidation of biomass carbon from the soil, and landslide in the most extreme
cases (Phillips et al. 1993; Pimentel and Kounang 1998).

Geosynthetic materials can be used as cover on bare soil to decrease the erosion
rate of soils in construction areas and to allow time for the establishment of grass cover or
other vegetation. Generally, geotextiles for erosion control can be separated into natural
and synthetic materials based on their composition, and can be divided into three
categories based on their shape: 3-dimensional erosion meshes, erosion blanket (or mat),
and honeycomb-shaped webs. Erosion control blankets are considered the most cost-
effective temporary material (Theisen 1992), and are commonly implemented as
biodegradable blankets to minimize erosion of soils on slopes until permanent vegetation
can be established (Gyasi-Agyei 2004; Rickson 2006). In contrast, non-degradable
synthetic mats (or blankets), such as turf reinforcement mats, can act as a permanent
composite structure of mat and vegetation allowing a mutually reinforcing, additional
resistance against erosion (GMA 2002; Morgan and Rickson 2004; Theisen 1992).
Carroll et al. (1991) reported that this synergistic method can provide twice the erosion
resistance when compared to methods with vegetation only. Consequently, synthetic
geosynthetic materials are used for applications where the required erosion resistance is
very high, while degradable erosion blankets are more suitable for the cases of moderate
to low erosion resistance.

Many previous studies have compared the erosion control performance of bare
soils to soils that are covered with a RECP only, without any established vegetation;
consequently, the boundaries indicating high, moderate, and low resistances are

quantitatively unclear. This leads to difficulties in the selection of proper methods: the



required level of erosion protection will be a function of many variables, such as soil
type, slope angle, and climate. As a result, the selection of materials has been relatively
subjective. Generally, the application of a turf reinforcement mat provides the most
resistance to erosion, and will be the conservative method for ensuring the minimization
of the adverse effects of erosion. However, TRMs are approximately ten times more
expensive than natural products (Ingold 1996; Rickson 2006), and many applications
cannot justify their use due to the increased cost of construction. In contrast, the selection
of a natural material erosion blanket will lower the construction cost; however, this
method cannot guarantee performance at extreme conditions (i.e., shear stress induced by
water flow which is greater than the strength of vegetation). In addition, the most
important factor determining the performance of erosion control materials is the
development of good contact between the blanket (or mat) and the soil (Morgan and
Rickson 2004). It is important to note that there are a number of different types of soils
and RECPs, which means that coupling (or contact) between the RECP and the soil will
vary with the conditions of application.

In addition to the use of RECPs for erosion control, other hydraulic erosion
control products, known as hydromulching or hydroseeding, are frequently used. The
hydroseeding method involves spraying a slurry containing seed, fertilizer, agricultural
lime, wood fiber (or paper fiber or mulch), tackifier, and green pigment onto the slope to
establish the vegetation (Faucette et al. 2006; GASWCC 2000; Morgan and Rickson
2004). The hydroseed method is a mature technology, and is a listed practice in the
Manual for Erosion and Sediment Control in Georgia (GASWCC, 2000). Additionally,

GDOT also has a specification for hydroseeding in their grassing specification (GDOT



Standard Specification Section 700 Grassing); however, there is no specific description in
terms of application of the method in slope erosion control (Section 218). The hydroseed
method may not be applicable in all cases because the loss of seed during installation is
high (more than 60%); however, the application method is relatively easy, and the
estimated cost is less expensive than the installation of RECPs; consequently, it is one of
the most common erosion control methods applied on engineered slopes (Morgan 2005;
Morgan and Rickson 2004). There have been several studies on the performance of the
hydroseed method; however, as was the case for RECPs, these previous studies simply
compared the results of modified soils with those of unmodified soils, and did not
provide any specified guidelines for the proper selection of this method in a variety of

operational conditions.

Study Objectives

The eight research tasks within this study are the following:

1) Review of literature on current erosion control measures used by state DOTs for
slope stabilization

2) Examination of the specifications currently used for selection of slope protection
materials, and development of updated specifications, if necessary, including
resistance to hydraulic loading (peak flow, duration of flow, length of preceding
dry days, etc.)

3) Development of a calculator that categorizes the optimum level of erosion
protection needed for a given slope configuration

4) Development of guidelines for quantitative comparison and evaluation of RECP

material properties and durability, including performance aspects like resistance



to shear, interaction with a variety of Georgia soil types, stability when exposed to
UV light

5) Evaluation of RECP test methods using ASTM test methods to quantitatively
compare performance; these tests allow standard categorization of a wide variety
of RECPs (lab based). Preference will be given to methods that can be performed
by commercial labs.

6) Revision of GDOT Standard Specification Section 218, Blanket for Fill Slopes, as
a special provision to be incorporated into the GDOT Standard Specifications.

7) Development of an erosion index for Georgia soils that is fundamentally based,
reflects geochemical effects in addition to gravitational (particle size) effects, but
that is still easily implemented on a field scale; continued work from TRM
investigation.

8) Development of an implementation plan to describe how erosion control
technologies can best be applied in construction applications.

The eight research tasks were sorted into the following comprehensive categories:
(1) Perform background and literature review (Research Task 1)
(2) Review of Specifications and Test Methods Governing Erosion Control. This
category will evaluate tests that will allow categorization of ECBs by level of
required erosion protection, longevity with respect to UV radiation, length of time
required for establishment of vegetation, and erosion control material properties.

(Research Task 2, 4, and 5).



(3) Revision of GDOT Standard Specification Section 218, Blanket for Fill
Slopes. This task was completed by GDOT staff, and is not detailed in this report.
(Research Task 6).

(4) Development of a selection tool to specify which QPL listed erosion control
products are appropriate for given conditions. (Research Task 3 and 8).

(5) Test the erodibility of soils in a laboratory environment to better understand
the detachment and transport mechanisms that are important in the movement of
soil particles in the field. (Research Task 7).

Part I of this report covers the first four tasks listed above, while Part II of the report
details the experimental investigation into erosion of sands. These laboratory experiments
were performed with a specially designed rainfall simulator, used for the performance of
controlled tests. Tests were performed in three major categories:

(1) Tests on soil particle detachment (to test the effect of raindrop splash), which is

known as the most critical factor in soil detachment (Morgan 2005).

(2) Tests on sediment transport (to test the effect of runoff velocity and runoff depth),
which is known as the most critical factor determining the amount of sediment
transport (Morgan 2005). Runoff depth may also have some minor effect on
sediment transport it was tested, too.

(3) Tests on combined effect of particle detachment and sediment transport were also

performed.



GDOT Specifications Governing Erosion Control Measures
GDOT Standard Specifications for Construction of Transportation Systems were
updated and approved by the State Transportation Board on April 13, 2013. The sections

relevant to erosion control on slopes include:

Section 218 — Blanket Fill for Slopes

* Section 711 — Turf Reinforcement Matting

* Section 712 — Fiberglass Blanket

* Section 713 - Organic and Synthetic Material Fiber Blanket
* Section 714 — Jute Mesh Erosion Control

¢ Section 716 — Erosion Control Mats (Slopes)

Currently, for applications on slopes, Section 716 recommends the application of
fiberglass blankets (Section 712), organic and synthetic material fiber blankets (Section
713), and jute mesh (Section 714). Section 713 utilizes the following definition for a
synthetic material fiber blanket: a machine produced uniform blanket of ultraviolet
degradable polypropylene staple fibers reinforced with ultraviolet degradable

polypropylene netting.

Erosion control products for slope applications

Within the last decade, the erosion control industry has grown rapidly and
expanded to include a wide variety of RECPs designed to meet more demanding slope
applications. These new products are stronger, more durable, and more resilient than the
products currently described in Section 713 for synthetic fiber blankets. Most

significantly, a variety of products are now available to provide mechanical



reinforcement for applications on steep slopes (up to 1H:1V), or in applications where the
time to establish vegetation is exceedingly long. These products are known as Turf
Reinforcement Mats (TRMs), which are long-term nondegradable synthetic RECPs with
3-dimensional matrices designed for applications where discharges exceed the shear

strength of natural vegetation.

Recommended Characteristics for Products Used in Slope Applications

Applicable ASTM Tests
Multiple ASTM standards are used to quantify the material properties of RECPs,

as well as bench top and field scale engineering behavior of these geosynthetics:

* D 570 - Standard Test Methods for Water Absorption of Plastics.

* D 4354 - Practice for Sampling of Geosynthetics for Testing.

* D 4355 - Test Method for Deterioration of Geotextiles from Exposure to
Ultraviolet Light and Water (Xenon-Arc Type Apparatus).

* D 4439 - Terminology for Geotextiles.

* D 4595 - Test Method for Tensile Properties of Geotextiles by the Wide-Width
Strip Method.

* D 4759 - Practice for Determining the Specification Conformance of
Geosynthetics.

* D 4873 - Guide for Identification, Storage, and Handling of Geotextiles.

* D 5035 - Standard Test Method for Breaking Force and Elongation of Textile

Fabrics (Strip Force).
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* D 6475 - Test Method for Measuring Mass Per Unit Area of Erosion Control
Blankets.

* D 6524 — Standard Test Method for Measuring the Resiliency of Turf
Reinforcement Mats (TRM’s)

* D 6525 - Standard Test Method for Measuring Nominal Thickness of Permanent
Erosion Control Products.

* D 6566 - Standard Test Method for Measuring Mass per Unit Area of Turf
Reinforcement Mats.

* D 6567 — Standard Test Method for Measuring Light Penetration of Turf
Reinforcement Mats.

* D 6575 — Test Method for Stiffness of Geosynthetics Used as Turf Reinforcement
Mats.

* D 6818 - Test Method for Ultimate Tensile Properties of Turf Reinforcement

Mats.

Of these recommended ASTM specifications, the following are the most critical tests for

detailing the properties of erosion control products in the field:

* D 4355 - Test Method for Deterioration of Geotextiles from Exposure to
Ultraviolet Light and Water (Xenon-Arc Type Apparatus).

* D 6475 - Test Method for Measuring Mass Per Unit Area of Erosion Control
Blankets.

* D 6525 - Standard Test Method for Measuring Nominal Thickness of Permanent

Erosion Control Products.
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* D 6566 - Standard Test Method for Measuring Mass per Unit Area of Turf
Reinforcement Mats.
* D 6818 - Test Method for Ultimate Tensile Properties of Turf Reinforcement

Mats.

These five specifications focus on material properties including mass and thickness
(ASTM D6475, D6525, and D6566), and the ability of the erosion control product to
withstand exposure to UV light (ASTM D4355). The product tensile strength and

elongation until tensile stress are covered in ASTM D6818.

Application to Slopes

Selection of the proper erosion control product depends on the slope of the
surface to be protected. Selection of a TRM for channel lining is made based on the
maximum shear stress generated by the design flow at the interface between the soil and
the erosion control product. However, the choice of which RECP to apply to a roadside
slope does not include a shear stress calculation but is simply based on slope steepness

and the length of time required to establish a good stand of vegetation. For example:

* Steepness of slope (typically 3H:1V or 2H:1V; but also 1.5H:1V or as high as
1H:1V in extreme cases)
* Length of time required to establish full, permanent vegetation (short-term < 12
months; medium-term = 1-2 years; long-term > 2 years
o Short term applications can use photodegradable RECPs
o Long term typically represent applications with difficult growing

conditions, such as clay soils

12



Product Descriptions
A summary of the relevant material components to be included in RECPs used in

slope applications is given in Table 1.

Table 1. Recommended Material Attributes for RECPs in Slope Applications

Slope Product Materials Time to UV
vegetate Degradable
Shallow *  Geosynthetic net <12 months | Yes

*  Organic fill

Shallow Geosynthetic net 1-2 years Short term stabilized
Organic fill

Moderate Geosynthetic net 1-3 years Short term stabilized
Organic fill

Steep Geosynthetic >3 years Stabilized

Steep 3D geosynthetic >3 years Stabilized

Steep, high strength/ * 3D geosynthetic > 3 years Stabilized

durability

RECP Selection Tool

The GDOT separates erosion control products into the following categories on the

Qualified Products List (QPL):

QPL-24 Bituminous Treated Roving

QPL-25 Fiber Mulch

QPL-49 Turf Reinforcement Matting

QPL-62 Organic and Synthetic Material Fiber Blanket

Of these materials, the erosion control items in QPL-49 and QPL-62 are the most difficult
to specify due to the large number of approved products within those categories. Previous

research (Burns, 2011) developed a web-based application designed to calculate the

13



hydraulic shear stress exerted on the lining of a channel, and return the level of protection

that is required for the channel lining (http://liningdesign.ce.gatech.edu/), with
specification for products on QPL-49 Turf Reinforcement Matting. The current project
focuses on the selection of the products listed in QPL-62 Organic and Synthetic Material

Fiber Blanket.

Seventy-nine (79) approved products manufactured by nineteen companies are
shown on the Qualified Products List (QPL-62 (Table 2)) dated May 29, 2015. Erosion
control for slope applications are differentiated based on location of application (slope,
shoulders, or waterways) and material type (natural or synthetic fiber). In addition to
these parameters, the steepness of the slope and UV degradability are also important
parameters for selection. (Note that turf reinforcement matting is strictly specified for

channel lining, with conditions that range from low to high shear stress (QPL-49)).

Table 2. QPL-62:0rganic and Synthetic Material Fiber Blanket, May 29, 2015

American Excelsior Company

AEC Premier Straw — single net Straw blanket Slopes only
AEC Premier Straw Double Net Straw blanket Slopes only
Curlex Il Natural aspen Excelsior blanket Slopes only
Curlex Il QuickGRASS green Excelsior blanket Waterways Only
Curlex Il Natural aspen Excelsior blanket Waterways Only
Curlex | QuickGRASS green Excelsior blanket Slopes Only
Curlex Enforcer | Wood fiber Slopes and Shoulders
blanket
Curlex Net Free Excelsior blanket Slopes Only
. Il Wood fiber
Bindex BFM Slopes and Shoulders
blanket
Central Fiber Corporation
Enviro Gold Wood Plus with Tackifier Il Slopes & Shoulders
Second Nature Wood Plus with Tackifier Il Slopes & Shoulders
Il Wood fiber

Spraymatt Bonded Fiber Matrix Slopes & Shoulders

blanket

East Coast Erosion Blankets
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HY-C2

Il Wood Fiber

Slopes & Shoulders

Blanket
HY-C3 : V\écl)ao:k;ber Slopes & Shoulders
HY-C4 : V\écl)ao:k;ber Slopes & Shoulders
ECS-1 single net Straw blanket Slopes only
ECS-2 double net Straw blanket Slopes only
ECSC-2 double net Straw blanket Slopes only
ECX-1 single net Excelsior blanket Slopes only
ECX-2 double net Excelsior blanket Waterways and
Slopes
ECC-3 Coconut blanket Waterways and
Slopes
ECS-2D Straw Slopes only
ECS-1D Straw Slopes only
ECC-2 Coconut Slopes only
Ero-Guard
EG-1S Straw blanket Slopes only
EG-2S Straw blanket Slopes only
Erosion Tech
ET-RS1 Single Net Straw blanket Slopes only
ET-RS2 Double Net Straw blanket Slopes only

ETC-100

Coconut Blanket

Waterways only

ETX-2

Excelsior blanket

Waterways and
Slopes

Greenfix America

CF072 B Coconut blanket Waterways only
CFO72 RR Coconut blanket Waterways only
GREENSOLUTIONS
GREENSOLUTIONS SINGLE NET STRAW
Straw Blanket Slopes only
(SNS-1)
GREENSOLUTIONS DOUBLE NET STRAW
Straw Blanket Slopes only
(DNS-2)
Mat Inc.
I Wood fib
Soil Guard Bonded fiber matrix cod Tiber Slopes and Shoulders
blanket
Flex Guard Il Wood fiber Slopes and Shoulders
blanket
Il Wood fiber
Spray Guard blanket Slopes and Shoulders

Mid America Erosion Control Products,
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Inc.

MA-S1 Straw blanket Slopes only
MA-S2 Straw blanket Slopes only
Tensar Corp. /North American Green
S-75 Straw blanket Slopes only
S-150 Straw blanket Slopes only
C125 Coconut blanket Waterways only
Il Wood fiber
HydraCM blanket Slopes and Shoulders
. Il Wood Fiber
HydraGT (GeoSkin XT) Blanket Slopes and Shoulders
Il Wood Fiber
HydraCX Blanket Slopes and Shoulders
Profile Products
Futterra Green | Wood fiber Slopes and Shoulders
blanket
Futterra Natural | Wood fiber Slopes and Shoulders
blanket
Flexterra FGM Il Wood fiber Slopes and Shoulders
blanket
Hydro-Blanket M-BFM Il Wood fiber Slopes and Shoulders
blanket
Terra-Matrix SM Il Wood fiber Slopes and Shoulders
blanket
EcoAegis BFM Il Wood fiber Slopes and Shoulders
blanket
. Il Wood fibre
EcoMatrix blanket Slopes only
EcoFibre plus Tackifier Il Wood fibre Slopes and Shoulders
blanket
ProMatrix Il Wood fiber Slopes and Shoulders
blanket
Eco Blend Wood Fiber Il Wood fiber Slopes and Shoulders
blanket
Propex Operating Company, LLC
Synthetic fiber
Landlok SuperGro blanket Slopes only
Landloc S-1 Straw blanket Slopes only
Landloc S-2 Straw blanket Slopes only
Robex LLC
Robex Shield RS-1 Straw blanket Slopes only
Robex Shield RS-2 Straw blanket Slopes only
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Rolanka International, Inc.

StrawMat 1 Straw blanket Slopes only
ExcelsiorMat 1 Excelsior blanket Slopes only
ExcelsiorMat 2 Excelsior blanket Waterways and

Slopes
Southern Environmental Conservation
SEC-S1 Straw blanket Slopes only
SEC-S2 Straw blanket Slopes only
C2 Coconut blanket Waterways only
Verdyol Alabama, Inc.
Verdyol Ero-Mat Standard Straw blanket Slopes only
Verdyol Ero-Mat High Velocity Straw blanket Slopes only
Verdyol Excelsior Green EX-1 Excelsior blanket Slopes only
Verdyol Excelsior High Velocity Excelsior blanket Watesrl\(;v;;/ss and

Western Excelsior Corporation

Waterways and

EXCEL S-2 Excelsior Blanket
Slopes
EXCEL SR-1 Straw Blanket Slopes only
EXCEL SS-2 Straw Blanket Slopes only
EXCEL SD-3 Excelsior blanket Waterways and
Slopes
Winters Excelsior Company
WinterStraw Straw blanket Slopes only
WinterStrawHV Straw blanket Slopes only
WintersChoice Straw blanket Slopes only
WintersFiber Excelsior blanket Slopes only
WintersFiberHV Excelsior blanket Waterways and
Slopes
Winters Coir Coconut blanket Waterways only
US Erosion Control Products
us- 1S Straw blanket Slopes only
us- 2S Straw blanket Slopes Only
usS - 1X Excelsior blanket Slopes only
us - 2X Excelsior blanket Waterways and
Slopes

Due to the high number of products from which to select, a spreadsheet-based

selection tool was developed in this work to provide an ability to sort on the basis of five
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input parameters. The Excel spreadsheet selection tool was developed to provide

guidance on the products from QPL-62 that meets the job specifications on the basis of

the following criteria: Product, Material, Application, Maximum Slope, and Functional

Longevity. Screenshots from the Excel tool are given in Figure 1 and Figure 2.

eoe
CPEOH® LD

[™ Slope spreadsheet Test Multi criteria sort.xism

T4 B ] dh [150% % @)

# Home | Layout | Tables | Charts | SmartArt | Formulas ata | Review | Developer
&t Font Algnmen Number Format Cels Themes
=, [®]F - [cabi@ody |v[12 [+]|As A~ abc | 5 Wrap Text v |General - o Normal Bad Good Neutra i, B, m, -
e D cew- (B Y| - (S A e+ (1 %] > | (%8| 3] ot (G we]) O B, L, o e A2
A1 B x| QPL-62 Revision May 29, 2015
_ N - S - = [ oD | R - F -
i |QPL-62 Revision May 29, 2015 |
Sort by Manufacturer Sort by Product Sort by Material Sort by Application Sort by Slope @ Sort by Longevity
2
3 f Product Material A Max Slope F I L
4 Profile Products EcoFibre plus Tackifier Il Wood fibre blanket Slopes and Shoulders <=2:1 <= 03 months
D] East Coast Erosion ECS-2D Straw Slopes only <=2:1 <= 03 months
6 Central Fiber C Enviro-Gold Wood Plus with Tackifier 1] Slopes and Shoulders = <= 03 months
7 Central Fiber Corporation Second Nature Wood Plus with Tackifier 1] Slopes and Shoulders <= 03 months
8 Profile Products Eco Blend Wood Fiber Il Wood fiber blanket Slopes and Shoulders <= 03 months
9 East Coast Erosion ECS-1D Straw Slopes only <= 03 months
10 Tensar Corp. /North ican Green HydraCM Il Wood fiber blanket Slopes and Shoulders <= 06 months
11 Tensar Corp. /North A Green HydraGT in XT) Il Wood Fiber Blanket Slopes and Shoulders <= 06 months
12 Ero-Guard EG-2S Straw blanket Slopes only <= 06 months
13 Profile Products Terra-Matrix SM Il Wood fiber blanket Slopes and Shoulders <=2.5:1 <= 06 months
14 Ero-Guard EG-1S Straw blanket Slopes only <=3:1 <= 06 months
Figure 1. Screenshot from erosion control selection tool sorted by longevity.
[ N Slope spreadsheet Test Multi criteria sort.xism
PEHOA® £ HD ¢ I8 B @A & soxk © @
A Home Layout Tables Charts SmartArt | Formulas Data | Review Developer
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= [#]Fn v [calibi@ody) |v[12 |v||As| A~ abc~ | (59 Wrap Text v | General |82 Normal Bad Good Neutra 5 éin . @I . u, E‘, e
pase (P cosr~ [BIEE U (-] (&AL wese - (B[7| %] > |(%8| ) condona| [caator [F ] 7 Vs osste roma:  Temes A2
Al = fx|_QPL-62 Revision May 29, 2015
o [ B C D E [ F
i |aPL-62 Revision May 29, 2015 |
Sort by Manufacturer Sort by Product Sort by Material Sort by Application © Sort by Slope Sort by Longevity
2
3 f: Product Material Max Slope F ional L
4 Tensar Corp. /North Green HydraCX Il Wood Fiber Blanket Slopes and Should <=0.5:1 <= 12 months
5 American Excelsior Company Curlex Enforcer | Wood fiber blanket Slopes and Shoulders <=0.5:1 Permanent
6 Tensar Corp. /North Green HydraCM Il Wood fiber blanket Slopes and Should: <=1:1 <= 06 months
7 American Excelsior Company Bindex BFM Il Wood fiber blanket Slopes and Shoulders <=1:1 <= 09 months
8 Profile Products EcoAegis BFM Il Wood fiber blanket Slopes and Shoulders <=1:1 <=12 months
9 Profile Products ProMatrix Il Wood fiber blanket Slopes and Shoulders <=1:1 <= 12 months
10 Central Fiber Cor Spraymatt Bonded Fiber Matrix Il Wood fiber blanket Slopes and Should <=1:1 <= 12 months
11 Profile Products EcoMatrix Il Wood fibre blanket Slopes only <=1:1 <= 12 months
12 East Coast Erosion Blank ECSC-2 double net Straw blanket Slopes only <=1:1 <= 24 months
13 East Coast Erosion ECC-3 Coconut blanket Waterways and Slopes <=1:1 Permanent
14 Western Excelsior C EXCEL SD-3 Excelsior blanket Waterways and Slopes <=1:1 <= 36 months
15 American Excelsior Company Curlex Il Natural aspen Excelsior blanket Slopes only <=15:1 <= 24 months
16 Winters Excelsior Company WintersChoice Straw blanket Slopes only <=1.5:1 <= 24 months
17 Profile Products EcoFibre plus Tackifier Il Wood fibre blanket Slopes and Shoulders <=2:1 <= 03 months
18 East Coast Erosion ECS-2D Straw Slopes only <=2:1 <= 03 months

Figure 2. Screenshot from erosion control selection tool sorted by slope.
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Implementation plan

The performance of erosion control products on slopes relies on selection of a
RECP designed for the proper function. In terms of field implementation, the following

criteria are recommended in order of importance for selection of an appropriate product:

1. Slope
a. Shallow <4H:1V
b. Moderate 3H:1V to 2H:1V
c. Steep 1.5H:1V to 1H:1V
2. Time to establish vegetation
a. Excellent vegetative conditions (< 12 months)
b. Good vegetative conditions (1-2 years)
c. Fair vegetative conditions (1-3 years)
d. Poor vegetative conditions (>3 years)
3. UV degradability
a. NonUYV stabilized product
b. Short term UV stabilized product
c. Stabilized product
4. Material
a. Synthetic fibers

b. Natural fibers

On the basis of these ranked criteria, the selection tool can be used to select the

appropriate products from the Qualified Products List.
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Part II: Laboratory Based Investigation of Soil Erosion

Summary: Laboratory Investigation

The laboratory investigation was performed to quantify the importance of the soil
properties of grain size, angularity, and relative density on the erodibility of sands. These
soil properties were studied in relation to the size of raindrop impacting the eroding soil,
in order to quantify the threshold values of energy versus soil type that would result in
displacement and erosion. Sands were chosen as soil types frequently found in coastal

areas, with susceptibility to erosion.

The results of the laboratory investigation demonstrated that mean particle size is
the primary variable determining the raindrop splash displacement of sands. An increase
in sand particle size resulted in an increase in the soil’s resisting force, and a decrease in
splash driving force. The effect of particle shape and void ratio on raindrop splash was
minimal, with relatively little quantifiable impact of the displacement of soil particles.
The experimental results demonstrated that the threshold value between splash

displacement and no splash displacement was observed at approximately 1 mm.

Introduction: Particle Detachment

The rate of erosion of soil particles is dependent on multiple factors, including
physical properties such as raindrop size, raindrop velocity, soil porosity, sand particle
size, and particle shape. The manner in which water spreads after striking the soil surface
also impacts the erosion of soil particles, and the impact of the raindrop splash will result

in crater formation, which will impact the amount of water that either infiltrates the soil
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or spreads laterally. This objective of this portion of the investigation was to delineate a
particle size threshold for the erodibility of sands as a function of raindrop size. The
erosion of soil particles is a function of the impact produced by a falling drop (raindrop
splash), and the transport that occurs with the runoff water. The impact of the raindrop
splash is known as the most critical factor for determining detachment rate and erosion of
soil particles (Ahn et al. 2013; Dunne et al. 2010; Morgan 2005; Park et al. 1982). After a
particle has been detached by the drop impact, the particle can be transported by the
resulting runoff water, and transported to a receiving stream, which contributes to the
deterioration of aquatic ecosystems (Phillips et al. 1993; Pimentel and Kounang 1998).
Studies on the effects of raindrop splashing on the susceptibility of soil to erosion involve
a large number of forces, and a high level of complexity of the forces involved (e.g., Al-
Durrah and Bradford 1981; Terry 1998). Consequently, most previous studies have
focused on the effects of raindrop erosivity (i.e., the ability of the raindrop to erode soil)
as a function of raindrop size, velocity, shape, kinetic energy, and momentum. However,
studies focused on the erodibility of soils, which depends on soil type, particle size, water
content, soil fabric, strength, stiffness, as a result of raindrop splashing are relatively

limited (e.g., Al-Durrah and Bradford 1982b; Bryan et al. 1989).

Several studies on erosivity and erodibility have attempted to link splash rate with
geotechnical strength parameters obtained from fall cone tests, assuming that the
mechanisms of failure were similar (e.g., Al-Durrah and Bradford 1982b; Cruse and
Larson 1977; Mouzai and Bouhadef 2011; Nearing and Bradford 1985). These studies

have focused on fine-grained materials such as silts, clays, and sand-silt or sand-clay
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mixtures, but have not identified a clear relationship between geotechnical shear strength

parameters and erosion due to splash rate.

For coarse-grained soils, the mathematical model describing the detachment of
soil particles was initially expressed according to the following empirical power law

relationship (Meyer 1981):

Dy =K-E" (1)

where, Dg = splash detachment rate (mass of particle detached by raindrop); K =
erodibility factor, which is the function of soil property; E = erosivity (typically modeled
either as kinetic energy or momentum in the empirical relationship); n = empirical
constant. However, later studies recognized that soil particles have a threshold resistance
against detachment due to raindrop splash; therefore, Equation (1) was modified to
employ the concept of a minimum threshold of erosivity to initiate the detachment of soil

particles (Kinnell 2005; Sharma and Gupta 1989; Sharma et al. 1991):

D, =K, - (KE - KE*) (2)

where, K, = erodibility factor, indicating the slope of the linear relationship between
splash rate (detachment) and applied kinetic energy; KE* = critical (threshold) kinetic
energy. Detachment of soil particles will not occur when the applied erosivity (e.g.,
kinetic energy) is smaller than critical erosivity. Once the applied erosivity exceeds the
critical value, the splash rate of soil particles will increase at a rate proportional to the
erodibility factor (K,). Therefore, the critical erosivity and erodibility factor in Equation

(2) are a function of the erodibility of soils, and reflect the resistance of a soil to
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detachment by raindrop splash (Sharma and Gupta 1989). Splash resistant soils will
exhibit a higher critical erosivity (higher raindrop impact to dislodge), but smaller

erodibility factor when compared to easily detachable soil particles.

The behavior of coarse-grained soils under the erosive forces of raindrop impact
is primarily a function of raindrop size, drop velocity, porosity, sand particle size, and
particle shape. Consequently, five different sand particle types were studied in a
laboratory-scale experimental investigation to quantify the influence of drop
characteristics and soil particle characteristics on the detachment and transport of soil

particles.

Materials and Methods

Five different coarse grains (sand particles) were selected and tested in this study
(Table 3). The materials were chosen to represent a range of particle sizes (0.177 - 1.16
mm), particle shapes (round to angular particles), and packing density/porosity (relative
density = 30 ~ 70 %). The median grain sizes of the sand particles were determined
according to ASTM D422, and the limiting void ratios (em. and ey;,) of the samples were
obtained according to ASTM D4253 and ASTM D4254. The particle shape, including
roundness, was quantitatively determined according to the method of Wadell (1932). All
sand samples for the raindrop splash tests were air-dried and reconstituted by air
pluviation into a cell that was 8.1 cm in diameter and 8.5 cm in height. Each testing
sample was prepared to have initial relative densities of 30, 50, and 70 % by symmetric

vibration, and tests were conducted on dry specimens (Table 4).
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Table 3. Soil Properties

ASTM
Properties F-75 ASTM 20/30  GS2220/30 Coarse
graded
dsp (mm) 0.177 0.36 0.72 0.72 1.16
G, 2.65 2.65 2.65 2.65 2.65
€max 0.820 0.762 0.742 0.973 0.781
Emin 0.537 0.514 0.502 0.685 0.556
R 0.75 0.80 0.90 0.23 0.32

Note: dsp = median grain size; G, = specific gravity; ey, = maximum void ratio; e, =
minimum void ratio; R = roundness.

Table 4. Soil Testing Conditions

D,=30% D,=50% D,=70%
Type
n N n

F-75 0.424 0.404 0.383
ASTM graded 0.407 0.389 0.370
ASTM 20/30 0.401 0.383 0.365
GS22 20/30 0.470 0.453 0.435
Coarse 0.416 0.401 0.384

Note: D, = relative density = (emax-€)/(€max-€min); # = porosity = e/(1+e); e = void ratio =
volume of void / volume of solid.

For the variable of water-drop erosivity (i.e., drop kinetic energy or drop
momentum), three different-sized (3.39, 4.43, and 5.21 mm in diameter) water drops

were released from the height of 1, 3, and 5 m (Table 5). The drop diameter (D) was
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determined by assuming a spherical shape and measuring the mass of 50 drops. The drop
velocity () falling from three different heights was determined according to the method

of Sharma and Gupta (1989) (Table 5):

u=(-exp(=2-h-g/u’))u’ 3)
where, u; = terminal velocity; 4 = drop height; g = gravity acceleration.

Table 5. Raindrop Variables

Drop height =5

Type Drop height =1 m Drop height =3 m
m
D

3.39 4.43 5.21 3.39 4.43 5.21 4.43 5.21

(mm)
Drop u

4.13 4.17 4.18 6.30 6.45 6.48 7.52 7.57

(m/s)
Drop KE

0.174 0396  0.646  0.405 0.948 1.557 1.287  2.123

(mJ)

KE’ 0.245 0.217  0.211 0.570  0.520  0.510  0.706  0.695

Note: D = water-drop size; u = fall velocity at impact; KE = kinetic energy at impact; KE’
= relative kinetic energy (KE at current velocity / KE at terminal velocity).

To measure the mass of splashed particles displaced due to the water drop, a
splash collector with a 18 mm diameter hole was placed onto the target area of soil
specimen (after the experimental methods of Al-Durrah and Bradford (1981) and Nearing

and Bradford (1985)) (Figure 3). The released single water drops traveled through the
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PVC pipe to minimize the effect of air drift, and the drops landing near the corner of
target area were excluded from data analysis. Before beginning each test, the inside of
sampler was sprayed with deionized water to provide a viscous layer or to increase in

particle detainment, and the collected splash displaced sand particles were oven-dried and

weighed after finishing each test.

v Waterdrop size
=~ 34,4.4,52 mm
o
2
§ Drop height
o = 1s 3; 5m
> Splash sampler
18 ¢ (ID=3cm/
o h=9.5cm)
Soil Sample

Syringe -81cminD
Pum -8.5cminH

Figure 3. Test setup for splash measurement after the method of Al-Durrah and
Bradford (1981): D and H = diameter and height of soil sample,
respectively; ID and h= inner diameter and height of splash sampler,

respectively.

Results

As water-drop impact energy increased, the erosivity of the raindrop increased

and the measured mass of the splashed particles increased for all five sands, as was
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anticipated (Figure 4). The lateral flow velocity of the fluid and the projected cross
sectional area of the particle were the primary factors in determining the driving force
causing lateral movement of sand particles. Therefore, with an increase in drop velocity
(controlled by adjusting drop heights), there was an accompanying increase in lateral
flow velocity, resulting in an increase in rain splash driving force. This also corresponded
to increased mass of splashed or displaced particles. In addition, an increase in water-
drop size also caused a decrease in the infiltration ratio, leading to an increase in the area
of particles affected by lateral movement of water (or fluid pressure). Consequently, it is
notable that kinetic energy, which is a function of drop velocity and drop size (mass),
also impacts the splash rate (Figure 4). The total mass of splashed particles increased

with a decrease in individual sand particle size.
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Figure 4. Variation of splashed particles of 5 different sands as a function of drop
kinetic energy: dsp of F-75 = 0.177 mm; ASTM graded = 0.36 mm;
ASTM 20/30 = 0.72 mm; GS22 20/30 = 0.72 mm; and Coarse sand =
1.16 mm.

Analysis and Discussion

Effect of Particle Size

Figure 5 shows the variation of mass of splashed particles as a function of mean
sand particle size under two selected kinetic energies (~ 1.56 and 2.12 mJ). It is clear that
the splash rate of sand particles decreased with an increase in sand particle size at a given
erosivity (i.e., kinetic energy or increased raindrop size). As the size of individual sand
particle increased, each particle had more mass and correspondingly more resistance to
the splash driving forces, which resulted in a decrease in splash rate. Mean particle size is
the primary variable determining the resistance of a soil particle against raindrop splash.

Additionally, with an increase in sand particle size, there is an accompanying increase in
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hydraulic conductivity, leading to a decrease in the volume fraction of lateral flow, which
also results in a decrease in raindrop splash driving force. In summary, an increase in the
sand particle size results in an increase in the raindrop splash resisting force, and a
decrease in the splash driving force, which results in mean particle size as the primary
variable controlling the extent of raindrop splash of sands (Dunne et al. 2010; Fox et al.

2007; Furbish et al. 2007; Huang et al. 1982).
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Figure 5. Effect of mean particle size on raindrop splash at selected drop kinetic
energies: closed figures = drop KE drop of 1.557 mJ; open figures =
drop KE drop of 2.123 mJ.

Effect of Particle Shape and Void Ratio
Figure 6 shows the variation of the mass of splashed sand particles for two

different sands as a function of relative density (or porosity, which is related to relative
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density) at three different kinetic energies. These sands were chosen for comparison
because the particles have very similar size distributions (e.g., dsg), but distinct particle
shapes (Table 3). An increase in particle angularity will result in an increase in the
resistance of particles against lateral movement of splashed water. This means that
angular sands will displace less, when compared to the displacement of rounded sand
particles. However, increase in particle angularity will also result in a more irregular
infiltration flow path, with an increase in tortuosity (7y), which will result in an increase
in the volume fraction of lateral flow. Previous studies have also noted a decrease in
hydraulic conductivity with an increase in particle angularity (Fair and Hatch 1933;
Sperry and Peirce 1995). Consequently, these two conflicting mechanisms may cancel
each other, and result in minimal effect of particle shape on raindrop splash of coarse-

grained particles.

Both hydraulic conductivity and infiltration ratio are direct functions of a soil’s
intrinsic permeability, which is a function of grain size, size distribution, shape, and
arrangement. As permeability increases, the infiltration ratio increases and the splash
driving force decreases. As porosity (or void ratio) increase, an increase in the infiltration
ratio and a decrease in the splash driving force tend (but not always) to occur. However,
the data demonstrated that the effect of varying the initial relative density was negligible
on the displacement of splashed particles (Figure 6). Soils experiencing shear failure have
undergone large strain displacement, which results in the development of critical state
conditions and rearrangement of soil particles (e.g., Atkinson 2007; Wood 1990). An
initially loose sand (D, ~ 30 %) will contract during raindrop impact while an initially

dense sand (D, ~ 70 %) will expand during the impact. Consequently, sand particles with
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different initial state variables (e.g., void ratio) will have similar critical state porosity,

which results in a minimal effect of initial void ratio on raindrop splash.
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Figure 6. Effect of particle shape and relative density (or porosity) on raindrop
splash at three different kinetic energies. Note, particle shape effect =
comparison of ASTM 20/30 sand with GS22 20/30 sand; porosity effect
= comparison of different initial relative densities.

Critical Threshold Erosivity

Figure 7 shows the variation of critical erosivity and the erodibility factor as a
function of mean particle size. Three different soil variables (mean particle size, particle
shape, and relative density) were tested in this study, and the data clearly demonstrated
that mean particle size is the primary variable determining splash rate of sand particles
(Figure 5 and Figure 6). When the two soil property-related variables of erodibility factor

and threshold erosivity were plotted with mean particle size, a linear relationship was
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observed (Equation (2)). As discussed previously, as mean particle size increased, splash
resisting force of soil particles also increased due to the increase in the mass of particles,
while splash driving force decreased due to the increase in infiltration ratio.
Consequently, threshold kinetic energy (minimum required erosivity to initiate motion of
particles) increased with an increase in particle size, but the erodibility factors (K, factor
determining the rate of splash once applied erosivity exceeds the critical value) decreased
with an increase in particle size. Additionally, it was observed that the measured
threshold kinetic energies of tested materials ranged from a low critical value of close to
zero for very fine sand (dsp = 0.177 mm), which means raindrop splash can happen
regardless of magnitude of raindrop, to a high value of approximately 0.5 mJ for coarse
sand (dsp = 1.16 mm). These values are in line with values determined in previous studies
of silty sand to clayey silt, which reported a range of critical kinetic energy of 0.1 ~ 0.6 m

in raindrop splash tests (Sharma et al. 1991).
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Figure 7. Variation of critical erosivity and erodibility factor as a function of mean
particle size: (a) erodibility factor Kj; (b) threshold kinetic energy KE™;
Note, K; and KE* = Equation (2).

34



Soil Erosion: Summary

This study was a quantitative examination of the intrinsic resistance of coarse-

grained particles to raindrop splash through laboratory experimentation. In addition, the

splash erosion rate was evaluated by employing both the influence of erosivity, which

accounts for the properties of the impacting raindrop, and erodibility, which accounts for

the properties of the soils that are impacted. The primary findings from this study

demonstrated that:

1.

The concept of relative scales (i.e., relative size of the ratio of raindrop size D
(external excitation) to particle size dsy (internal scale)) was employed to account
for the dependency of crater size on sand particle size.

Splashing of sand particles due to water-drop impact was investigated using the
concepts of force equilibrium: driving forces causing lateral motion of a soil
particle can be expressed by drag force, and resisting force to splash can be
expressed by frictional interaction between particles.

It was found that mean particle size is the primary variable determining the
raindrop splash displacement of sands. An increase in sand particle size resulted
in an increase in raindrop splash resisting force and a decrease in splash driving
force. The effect of particle shape and void ratio on raindrop splash was minimal.
Experimental results demonstrated that the threshold value between splash and no

splash was observed at approximately 1 mm.

Conclusions

The work performed in this research project included a literature review of current

practices in erosion control on slopes and erodibility of coarse-grained soil particles.
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Selection of a proper erosion control mat for protection of slopes on GDOT rights-of-way
should be made with primary emphasis on the steepness of slope, which will govern the
hydraulic stress to which the soil and vegetation are subject. Additional considerations to
selection of erosion control matting include time to vegetation: are growing conditions
excellent (< 12 months to vegetation), good (1-2 years to vegetation), fair (1-3 years to
vegetation), or poor (>3 years to vegetation). Finally, erosion control material is also
important, with selection of a product made out of synthetic or natural fibers. The RECP
can be UV degradable, with a short field life (~1 year) or UV stabilized (long-term
applications). GDOT has 79 approved products, produced by 19 manufacturers listed in
QPL-62 dated May 29, 2015. Due to the high number of products which a designer can
specify, a spreadsheet based selection tool was developed to specify which QPL listed
erosion control products are appropriate for given conditions.

A laboratory-based investigation of the erodibility of coarse-grained soils was
performed. The behavior of coarse-grained soils under the erosive forces of raindrop
impact is primarily a function of raindrop size, drop velocity, porosity, sand particle size,
and particle shape. Consequently, five different sand particles were studied in a
laboratory-scale experimental investigation to quantify the influence of drop
characteristics and soil particle characteristics on the detachment and transport of soil
particles. It was found that mean particle size is the primary variable determining the
raindrop splash displacement of sands. An increase in sand particle size resulted in an
increase in raindrop splash resisting force and a decrease in splash driving force. The

effect of particle shape and void ratio on raindrop splash was minimal. Experimental
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results demonstrated that the threshold value between splash and no splash was observed

at approximately 1 mm.
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