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ABSTRACT 

Construction sites rely on erosion control practices to protect bare slopes and prevent soil loss. 

This study used large scale rainfall simulators to evaluate various erosion control methods used by 

the Alabama Department of Transportation (ALDOT) on construction sites. The study included the 

construction of 12 rainfall simulators at the Auburn University – Stormwater Research Facility (AU-

SRF) using three different soil types (i.e., clay, sand, and loam) and two slope configurations (e.g. 

3:1 and 4:1). All testing and data collection is in accordance with ASTM D6459-19, the standard 

test method for testing Rolled Erosion Control Products (RECP) performance in protecting 

hillslopes from rainfall-induced erosion. This ASTM method is a full-scale performance assessment 

of the amount of soil lost on a slope in a storm with varying intensity. Some key aspects in this 

standard include calibration of equipment, preparation of test plot, documentation of RECP to be 

tested, installation of RECP, performance of test, collection of runoff and associated sediment yield, 

analysis of the resultant data, and reporting. In accordance with ASTM D6459-15, the rainfall 

simulators simulated a storm of varying 20-minute increments of 2 in./hr (5.08 cm/hr), 4 in./hr (10.16 

cm/hr), and 6 in./hr (15.24 cm/hr). The simulator achieved a natural raindrop size and distribution 

according to calibration techniques outlined in the standard. Runoff volume and sediment 

concentration samples were recorded throughout the test. The total sediment lost during the test 

was collected and recorded for each rainfall intensity interval. Testing for this project began by 

conducting bare soil tests to analyze the amount of sediment lost without the use of erosion control 

methods. A total of nine bare soil tests on the 4:1 test plots have been performed to date with an 

average total soil loss of 1,977 lbs, 236.17 lbs, and 114.2 lbs for sand, loam, and clay respectively. 

The average k-factor for each soil type is calculated to be 0.37 (sand), 0.043 (loam), and 0.013 

(clay). Nine crimped straw tests have been performed on the 4:1 plots with an average total soil 

loss of 44.3 lbs, 6.7 lbs, and 17.1 lbs for sand, loam, and clay respectively. Crimped straw testing 

indicated substantial soil loss reduction with average C-factor values of 0.021, 0.047, and 0.193 for 

sand, loam, and clay applications respectively. AU-SRF will continue to test a variety of erosion 

control products and practices (e.g., hydraulic mulches, straw cover, erosion control blankets, etc.) 

to fulfill final project objectives. 
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1 Chapter 1  
INTRODUCTION 

1.1 BACKGROUND 

Sediment laden runoff from construction land disturbing activities can cause environmental risk to 

surrounding water bodies and organisms. Two thirds of all pollutants entering U.S. waterways is 

sediment (Allen 1996). It is estimated that in the United States, six billion tons (5.44 metric tons) of 

soil erode and can cause up to $14 billion in damages annually (Ziegler and Sutherland 1996). 

Given the high volume of rainfall in the State of Alabama and the high average length-slope factor 

of highway projects, the Alabama Department of Transportation (ALDOT) has incentive to fully 

understand the effectiveness of their erosion control products on construction side slopes that can 

reduce the impact of sediment on the waterways that surround their construction projects.  

The purpose of the ALDOT large scale rainfall simulator Phase II project is to test erosion 

control methods use by the DOT on different soil types and slopes. The soil types examined in this 

study are clay, sand, and loam The Auburn University - Stormwater Research facility (AU-SRF) 

has constructed a total of 12 rainfall simulator plots to be used in Phase II of this project with six 

plots being 3:1 and six at 4:1. All testing and data collection is performed in accordance with ASTM 

D6459-19.  

ASTM D6459-19 “Standard Test Method for Determination of Rolled Erosion Control 

Product Performance (RECP) Performance in Protecting Hillslopes from Rainfall-Induced Erosion” 

is the test method used in this study. This ASTM method is a full-scale performance assessment 

of the amount of soil lost on a slope in a storm with varying intensity. The test method outlines 

methodology for equipment calibration, plot preparation, product documentation, product 

installation, test performance, runoff and sediment collection, data analysis, and reporting. All large-

scale testing is performed at the Auburn University – Stormwater Research Facility (AU-SRF), and 

samples are processed at the lab located on campus. In accordance with ASTM D6459-19, the 

rainfall simulators will simulate a storm of 20-minute increments of 2 in./hr (5.08 cm/hr), 4 in./hr 

(10.16 cm/hr), and 6 in./hr (15.24 cm/hr). The simulator must also achieve a natural raindrop size 

and distribution. Runoff volume and sediment concentration samples will be recorded throughout 

the test. The total sediment lost during the test is collected and recorded for each rainfall intensity 

interval. 

At the conclusion of construction, the AU-SRF began conducting bare soil tests to analyze 

the amount of sediment lost without the use of erosion control methods. A total of 9 bare soil tests 

have been performed. The bare soil tests help to determine the K-factor (soil erodibility) of the 

experimental soils. As part of this project report submission, data on a total of nine 4:1 bare soil 

tests have been performed along with nine crimped straw product tests. The application of crimped 
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straw resulted in substantial soil loss reduction. AU-SRF will continue to test commonly used 

products by ALDOT such as erosion control blankets and complete bare soil testing of the 3:1 test 

plots. The results of the product tests will be compared to the bare soil tests to determine the C-

factor and effectiveness of the products. 

1.2 RESEARCH IMPORTANCE  

Sediment dislodgement and transport from splash, sheet, and rill erosion produce a significant  

amount of sediment loss if unabated. The susceptibility of a slope to erode is relative to the grade  

and length of the slope. Longer, steeper slopes, often encountered on ALDOT projects, are 

especially vulnerable to rill and gully erosion. However, soil type can also have a significant effect 

in the amount of soil loss. Silty soils have the greatest susceptibility to erosion. Products and 

practices using a clay soil may result in vastly different amount of soil loss compared to silty or 

sandy soils.  

Erosion control is a proactive approach to minimize stormwater pollution discharges. 

However, fully understanding the capabilities and limitations of various erosion control practices is 

important. The NTPEP program provides a tool for investigating erosion control products under 

controlled, large-scale testing. However, the program is limited in that the existing testing protocol 

relies on a single testing lab to perform ASTM D6459 tests on a single soil type and single slope 

configuration. Too often, erosion controls underperform due to limited knowledge on applicability 

to conditions that are significantly different than those observed during testing. If erosion controls 

are not performing as intended, then construction sites become a major source of pollution through 

sediment loss, and additional rework and materials are required to repair deficiencies. Heavy 

equipment will be required to dredge and regrade areas due to erosion control short-comings. If 

erosion control products or practices are performing to the maximum extent practicable, but are not 

preventing erosion due to improper application or underperformance, then the cost of sediment 

removal (i.e., maintenance for sediment basins, drainage sumps, ditch checks, sediment barriers 

and other sediment controls) will need to be included as a pay item to the contractor (ALDOT, 

2018). This may result in unintended costs beyond the original budget of the project. 

1.3 RESEARCH OBJECTIVES AND TASKS  

The primary objective of this research study is to evaluate the performance of various erosion 

control practices commonly used on ALDOT projects under expected site conditions. This will be 

performed using a large-scale rainfall simulator at the Auburn University Stormwater Research 

Facility (AU-SRF) on different soil types for different slope gradients and dressing these slopes with 

top soil prior to slope stabilization and testing. The primary research tasks for this project are listed 

and described below.  
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1.3.1 Conduct a Comprehensive Literature Review  

The purpose of this task is to identify, describe, evaluate, and assess previous research and current 

performance testing of erosion control products under differing site conditions and longevity (i.e., 

differing subsoil types, installed on top of topsoil, differing slope gradients etc.).  

1.3.2 Construct Additional Rainfall Simulator Plots and Water Source  

The research team provided the resources required for the expansion of the AU-SRF for the new 

slopes and water source. The slopes were constructed from different soil types that are prevalent 

within the state of Alabama and satisfy the ASTM gradation requirements. ASTM D6459 requires 

slopes to be 3:1 for testing, however, products that perform poorly on 3:1 slopes may perform well 

on 4:1 slopes. A total of 12 ASTM rainfall simulator plots have been constructed with three soil 

types and two slope configurations. 

1.3.3 Calibration and Verification  

Phase I of this research project provided the development of a functional and repeatable rainfall 

simulator that meets ASTM D6459 requirements. Therefore, minimal calibration is needed and 

simple verification was performed to verify that the new rainfall simulators function as intended.   

1.3.4 Test Temporary Erosion Controls on Different Soils and Grades 

Temporary erosion controls are those that will be in place for a short period of time and are often 

not vegetative practices. Therefore, the products and practices tested for this scenario are installed 

on the subgrade (i.e. no topsoil), and tested under standard ASTM D6459 conditions. Each product 

is tested based upon soil type and slope grade to determine performance capabilities for each 

option. Products and practices have been selected by the ALDOT Project Advisory Committee 

(PAC) to be used for this portion of the study.  

1.3.5 Testing Permanent Erosion Controls on Different Soils and Grades  

Permanent erosion controls are those that are installed to stabilize the slope permanently or 

stabilize the slope long enough for vegetation to grow and provide permanent stabilization. 

Therefore, products and practices evaluated for this scenario are installed on top of topsoil that is 

in similar condition to what will be used on ALDOT construction sites. The erosion control and 

topsoil combination will again be tested on different subgrade material to determine performance 

characteristics for each scenario. Products and practices have been selected by the ALDOT PAC 

to be used for this portion of the study.  
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1.3.6 Longevity Testing  

Longevity of products may be important for completely understanding product performance. 

Longevity most likely will be a function of the rain event and may not be a function of soil type. 

Products and practices that fail during the first rain event will not require testing for longevity. Those 

that perform the best on a specific soil type may require testing in longevity to identify the maximum 

expected performance for that product or practice for that erosion controls optimum soil conditions. 

Therefore, it is recommended that 18 additional tests be allocated for longevity to evaluate the 

erosion controls performance over time, which will be chosen based upon single storm testing 

requirements. If longevity testing is not deemed necessary for any products or practices, then these 

18 tests will be allocated for other testing needs based upon the direction of the PAC.  

1.4 REPORT ORGANIZATION  

The following report is organized into the following five chapters: Introduction, literature review, 

methodology, results, and conclusions. The introduction chapter provides background, importance, 

and research objectives for this project. The literature review chapter provides an overview of 

erosion control practices, rainfall simulator testing, and calibration techniques. The methodology 

chapter provides the methods used for construction, calibration, and testing. The results chapters 

provides all key results obtained through this research and discussion on their relevance. The 

conclusions chapter provides closing remarks, research implications, and recommendations for 

future research.  
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2 Chapter 2  
LITERATURE REVIEW 

2.1 EROSION CONTROL PRACTICES 

Erosion control products are commonly applied on bare slopes such as newly constructed roadway 

embankments and in small channels. They are installed with seed to promote vegetation for 

permanent stabilization and prevent sediment runoff by shielding soil particles from being dislodged 

and transported by raindrops and overland flow. They are often fabricated from natural fibrous 

materials such as cotton, straw, wood, or coconut, which are plant-based and sustainable materials 

(City of Springfield, 2008). Erosion control blankets (ECBs) protect against wind and water induced 

erosion while also increasing infiltration rates and decreasing soil crusting and compaction (City of 

Springfield, 2008). Most ECBs are made from biodegradable materials that decompose to further 

support vegetation growth. One type of RECP that is commonly confused for an ECB is a turf 

reinforcement mat (TRM). However, TRMs are synthetic and permanent (MPCA, 2012). Slope 

stabilization is a necessary step for transitioning from the construction phase of transportation 

infrastructure to the post-construction phase, and biodegradable ECBs can help to accomplish this 

task sustainably. Roadways in particular benefit from bare soil protection practices because 

roadway runoff can reach high velocities while moving over pavement and because embankments 

often have relatively steep slopes of 4H:1V, 3H:1V, or greater. Sediment pollution can be prevented 

at the source with erosion control to protect water quality of ecosystems and save cost by reducing 

need to filter or dredge downstream bodies of water. 

Early precursors to ECBs such as mulch are vulnerable to erosion during the germination 

of the vegetation, and contractors did not have external incentives to use more effective products 

before federal regulations (Hanrahan, 2015). While inexpensive materials such as straw can protect 

bare soil to an extent, pressure from environmental agencies forced demand for better-performing 

manufactured products. The company American Excelsior claims to have invented the first erosion 

control blanket in 1974 as a response to pressure and regulations by the EPA with the introduction 

of the National Pollutant Discharge Elimination System (NPDES) in 1972 (Kelsey, 2014). The 

modern erosion control blanket and method of manufacture is patented by Timothy Prunty and 

Wendell E. Johnson. The patent was filed February 3, 1997, and granted on July 28, 1998. It 

describes the generalized function of modern rolled erosion control blankets as shields for the earth 

(Prunty et. al, 1997). The manufacturing includes the mat, made of wood wool or similar, being 

longitudinally passed under a bonding agent spray with at least one designed surface (Prunty et. 

al, 1997). Contemporary ECBs are extremely effective at soil loss prevention with as much as 95% 

reduction in soil loss compared to a bare slope (Faulkner, 2020).  
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Biodegradable ECBs are used where vegetation requires only temporary support to be 

established (MPCA, 2012). For example, slopes that are 3H:1V or steeper benefit greatly from 

stabilization by preventing seed washout that would otherwise occur with a rainfall event and may 

not be prevented by straw. In most states, ECBs are used with fast-growing grass seed on newly 

constructed roadway embankments with straw being used for flatter slopes (Barkley, 2004). A 

synthesis on highway practice by the National Cooperative Highway Research Program (NCHRP) 

describes how ECBs can be used for low-volume roads, which represent 75% of miles (kilometers) 

of road in the U.S. (Fay et. al, 2012). Low-volume roads often cut corners at the end of construction 

by omitting slope protection and can be susceptible to embankment erosion (Fay et. al 2012). ECBs 

can be a part of the appropriate stormwater management plan for each site because they are low-

cost and highly effective. The general procedure for sustainable embankment practices should 

include using vegetation whenever possible, considering mulch and soil amendments to promote 

growth, saving and reusing topsoil, and considering erosion control blankets for application at every 

site on any disturbed surface (Fay et. al, 2012). 

The general installation procedure for installing an ECB is described by the Erosion Control 

Technology Council (ECTC) in an installation guide for RECPs (ECTC, 2017). Several methods for 

securing ECBs are described. One notable method is to excavate a 6.0 in. by 6.0 in. (150 mm by 

150 mm) anchor trench after spreading topsoil and seed. Then, the erosion control blanket can be 

stapled to the bottom of the trench and the trench can be backfilled to the previous soil level. Then, 

the blanket can be stapled uniformly to the soil. The blanket should be in contact with the ground 

at all points so that runoff does not undermine the blanket and cause the topsoil and seeds to wash 

out. 

Other erosion controls include pellets, jute, and polyacrylamide (PAM). Rainfall simulator 

research at Auburn University found that jute with gypsum could be as effective as erosion control 

blankets for stabilizing bare slopes and had a cover factor, C, of 0.12 (Manning, 2021). However, 

there are variable factors to consider when determining cover factor experimentally. Ji et. al found 

that rainfall erosion is significantly affected by water quality factors such as sodium adsorption ratio 

and conductivity (2017). Since initial water quality is not accounted for in the standard RUSLE 

equation, water quality may quietly influence comparisons between research at various testing 

facilities. 

Erosion control is critical to transitioning from construction to post-construction on sites. 

Erosion control impacts can be difficult to measure because practices are proactive in reducing 

non-point source pollution and preventing sediment loss. While rainfall simulator studies have 

already demonstrated that erosion controls can be effective, there is still a substantial need for 

testing erosion control effectiveness in a standardized method (Kumarasinghe, 2021).  
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2.2 ROLLED EROSION CONTROL PRODUCTS (RECPS) 

RECPs can be defined as a blanket type covering that is used to protect bare soil slopes from 

rainfall induced erosion (Faulkner 2020). RECPs can come in a variety of material types. They can 

often be subdivided into low-velocity degradable RECPs, high-velocity degradable RECPs, and 

long-term non-degradable RECPs (Sutherland 1998). Some common materials used in RECPs are 

wood, jute, plastic, nylon, paper, and cotton. RECPs are often referred to as either erosion control 

blankets (ECB) or turf reinforcement mats (TRM). ECBs are considered temporary measures that 

provide cover before vegetative seeding has fully grown. TRMs are a permanent measure that is 

designed to work in conjunction with permanent vegetative stabilization (Faulkner 2020).  

2.2.1 Classification of Rolled Erosion Control Products  

The Erosion Control Technology Council (ECTC) has created standard terminology for various 

RECP products. The ECTC breaks RECPs into the following categories: mulch-control netting 

(MCN), open-weave Textile (OWT), ECBs, and TRMs.  (ECTC 2014).  

MCN can be defined as a woven natural fiber or geosynthetic mesh used to temporarily 

anchor loose fiber mulches such as straw or hay. They are typically rolled over a seeded and 

mulched area and stapled in place. It should be noted that these blankets are not glued to the 

mulch and are not as resilient as prefabricated blankets. MCNs are best suited for moderate site 

conditions when costlier erosion control products are not necessary.  

OWT are natural, or polymer yarns woven in a matrix that provide soil stability and facilitate 

vegetative growth. Unlike MCNs, OWTs do not require a layer of loose mulch or straw applied to 

the slope. Open-weave textiles have a higher tensile strength on average than MCNs thus making 

them a better fit for steeper slopes.  

ECBs are constructed of degradable organic/synthetic fibers that can be woven, glued, or 

bound with nettings or meshes. Some of the most common materials in ECBs includes straw, wood 

excelsior, coconut, polypropylene, or a combination of the mentioned materials. ECBs are versatile 

and can be used for a variety of applications. They are typically rolled out with direct soil contact 

and anchored with staples, stakes, and anchor trenches. They are a more durable and longer 

lasting alternative to MCNs and OWTs and can be applied to gradual, steep, and low to moderate 

flow channel linings. Depending on the application, products can be designed to last anywhere 

from 3 months to 3 years.  

Turf Reinforcement Mats (TRM) are the most robust RECP product available. They are 

made of non-degradable geosynthetics that are designed for permanent and critical hydraulic 

applications. They are typically used in channels where flow velocity and shear stress exceed the 

capacity of the natural soil and vegetation. TRMs act as a permanent anchor for the vegetation root 

system to take hold. There are two methods for applying TRMs. One method involves applying the 
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TRM directly over a layer of topsoil and seed. This allows the vegetation to grow up through the 

mat. The other method is to roll out the TRM and apply topsoil and seed over the mat. This allows 

the vegetation to root down into the mat (Lancaster and Austin 2003).  

2.3 REVISED UNIVERSAL SOIL LOSS EQUATION 

RUSLE is used in rainfall simulator research to compare erosion control products. RUSLE stems 

from the Universal Soil Loss Equation, or USLE. One motivation for the development of USLE was 

the Dust Bowl of the 1930s, which ravaged crops due to extreme wind erosion. The rigorous and 

continued testing done by university faculty and federal scientists in the United States over the next 

decades led to the development of USLE in 1965 in the USDA Agricultural Handbook (USDA, 

2016). One of the main studies in USLE was at the University of Missouri, where numerous plots 

were constructed with various slopes and lengths to measure erosion from rainfall events. Many of 

the plots were 6.0 ft (1.8 m) wide and 72.6 ft (22.0 m) long. Now, RUSLE is a computerized version 

of USLE with improvements in factor estimates and was released in 1992 for public use by the 

USDA.  

 

 𝐴𝐴 = 𝑅𝑅 ∗ 𝐾𝐾 ∗ 𝐿𝐿𝐿𝐿 ∗ 𝐶𝐶 ∗ 𝑃𝑃 (2.1) 
where, 

 𝐴𝐴 = annual soil loss per acre (tons/acre/year) 

 𝑅𝑅 = rainfall erosivity factor 

 𝐾𝐾 = soil erodibility factor 

 𝐿𝐿𝐿𝐿 = length of slope steepness factor 

 𝐶𝐶 = cover management factor 

 𝑃𝑃 = support practice factor 

 

In rainfall simulation, the support practice factor is typically ignored because it accounts for 

suspended sediment that is removed from runoff before discharge off site. Fixed factors include 

soil erodibility factor, referred to as K-factor, and slope characteristics, LS. Rainfall erosivity factor, 

referred to as R-factor, is determined through the calibration procedures described in section 2.2. 

The equation for incremental rainfall energy for determining R-factor is found by Equation 2.3. This 

equation demonstrates that R-factor represents the total rainfall energy on the plot area. The 

contains a unit conversion from ft2 (m2) to ac (ha) for the 320 ft2 (29.7 m2) plot area of the ASTM 

D6459-19 design. KEtotalrainfall is obtained from Equation 2.2. 
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 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐸𝐸 = 𝐾𝐾𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡/(
320

43560
) (2.2) 

where, 

 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐸𝐸 = incremental rainfall energy by drop size class, ft-tonf/ac 

 KEtotalrainfall = total estimated kinetic energy of all rainfall, ft-tonf 

 

Finally, R-factor can be determined for a rainfall simulator test by calculating the erosion index. 

 

 𝑇𝑇𝐼𝐼𝑇𝑇𝐼𝐼 𝐸𝐸𝐼𝐼30 =  �𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐸𝐸 ∗ 0.01 ∗ (𝑖𝑖4 𝑡𝑡𝑡𝑡./ℎ𝑡𝑡 ∗ 10 + 𝑖𝑖6 𝑡𝑡𝑡𝑡./ℎ𝑡𝑡 ∗ 20) / 30 (2.3) 
where, 

 𝑇𝑇𝐼𝐼𝑇𝑇𝐼𝐼 𝐸𝐸𝐼𝐼30 = Erosion index, or R-factor, hundreds of ft-tonf-in./ac-hr 

 𝑖𝑖4 𝑡𝑡𝑡𝑡./ℎ𝑡𝑡 = Rainfall intensity during 4.0 in./hr (102 mm/hr) target intensity 

 𝑖𝑖6 𝑡𝑡𝑡𝑡./ℎ𝑡𝑡 = Rainfall intensity during 6.0 in./hr (152 mm/hr) target intensity 

 

Annual soil loss per acre, which is represented by A in the RUSLE equation, is measured 

or estimated by the rainfall simulation experiment from the total soil loss per intensity. The K-factor 

is calculated by conducting tests with bare soil where cover factor is 1.0. Finally, cover factor, C, is 

the unknown variable that is obtained by comparing the bare soil test soil loss to the covered test 

soil loss using the calculated K-factor. 

The benefit of numerous rainfall simulator plots is that the typically fixed variables of K-

factor and length of slope steepness factor, LS, are made variable. The twelve plots at the AU-SRF 

provide three options for soil with two plots per gradient being constructed with a sand, a clay, and 

a loam, which all meet particle size and plasticity index requirements as stipulated by ASTM D6459-

19 and shown in Table 2-1 (ASTM, 2019). Additionally, the inclusion of six 3H:1V slopes and six 

4H:1V slopes means that the slope steepness can be variable.  

 

Table 2-1: ASTM D6459 Soil Requirements 

Particle Size (mm) Sand Loam Clay 
D100 25 > D100 > 3.0 10 > D100 > 0.3 3.0 > D100 > 0.02 

D85 4.0 > D85 > 0.8 0.8 > D85 > 0.08 0.08 > D85 > 0.003 

D50 0.9 > D50 > 0.2 0.15 > D50 > 0.015 0.015 > D50 > 0.0008 

D15 0.3 > D15 > 0.01 0.03 > D15 > 0.001 D15 < 0.002 

Plasticity Index N/A (nonplastic) 2 < PI < 8 10 < PI 

Note: 1 mm = 0.039 in. 
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2.4 ALTERNATIVE RAINFALL SIMULATOR DESIGNS  

Rainfall simulators can have different dimensions, slopes, and soils, which hinders the ability to 

compare and verify results between studies. A study in Alberta, CA found that, for a rainfall 

simulator to test the efficacy of vegetation on reclaimed sand slopes near oil sand mines, a large 

plot size was necessary because of the effects of the edge of the plot on the runoff flow (Sawasky, 

1996). Therefore, the effect of plot size on rainfall simulator results may stem from not only allowing 

the formation of highly erosive rills due to increased slope length but also the effect of plot width on 

flow patterns. A study at the University of Tennessee found that there is little quantitative 

performance testing for sediment reduction practices that consider diverse conditions (Wilson, C., 

2019). Conditions that commonly differ between studies are slope, slope length, soil type, and 

rainfall intensity.  

A study at Istanbul Technical University reported 82% to 89% uniformity. (Aksoy et al., 

2012).  The apparatus is indoors with “up to 20%” slope. Limited specific soil data and test results 

are recorded. This medium scale rainfall simulator attempts to address some issues of smaller 

scale plots by artificially adding rills. However, these rills are not naturally formed by flow over bare 

soil and may not represent real conditions. It uses 10 VeeJet pressurized sprinklers with 1.8, 2.6, 

3.3, and 4.1 in./hr (45, 65, 85, and 105 mm/hr) intensities. The height of the sprinklers is 8.0 ft (2.4) 

and the rain drop diameters are between 2.2 mm and 3.1 mm. One conclusion of the study is that 

rainfall simulation experiments can result in typical rainfall-induced hydrographs.  

Many facilities do not follow ASTM recommendations for plot size, which means they 

cannot employ the ASTM D6459-19 rainfall gauge arrangement. Research at the University of 

Tennessee uses a smaller 8.0-ft (1.8-m) long 3H:1V slope (C. Wilson, 2021) while research in 

Alberta, Canada includes testing on a nearly 50-ft (15-m) slope on a 2.5H:1V hillside (Sawatsky et. 

al, 1996). Another research facility in Texas uses both 30-ft (9.1-m) indoor slopes and 50 to 70 ft 

(15 to 21 m) outdoor slopes (Ming-Han et al., 2014). Ming-Han et al. conclude that their indoor and 

outdoor apparatuses are consistent with one another despite differences in plot size, compactness, 

rainfall duration, and intensity. However, Ricks concludes that small and intermediate plots 

underrepresent soil erosion and runoff and are less viable for RUSLE analysis (Ricks, 2020). This 

is due to the formation of rills being limited by slope length. Therefore, Ricks recommends using 

large-scale plots for rainfall simulation for evaluating erosion control products. Standardization of 

plot size may allow datasets to be more easily compared by rainfall gauge techniques. Alternatively, 

rainfall intensities on plots of different sizes can be compared by runoff rate instead of rainfall 

gauges. 
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2.5 ALTERNATIVE CALIBRATION TECHNIQUES  

Calibration techniques vary between facilities. This section describes various techniques for rainfall 

intensity and drop size distribution measurement. These measurement techniques can be used to 

design sprinkler systems capable of meeting criteria of standard rainfall simulator specifications. 

2.5.1 Intensity Calibration 

Sawatsky et al. use four methods for intensity calibration. These include a variation of the ASTM 

D6459-19 method using rainfall gauges, a turbine meter on the supply line, a tipping bucket, and 

four troughs at four widths of the plot (Sawatsky et al., 1996). However, many facilities use rainfall 

gauges like ASTM D6459-19 recommends. However, the spacing of rainfall gauges is seldom 

recorded, which may affect intensity results. At Auburn University, the ASTM D6459-19 setup yields 

79 to 81% uniformity with rainfall gauges 2.0 ft (0.6 m) from the plot sides (Horne, 2017). Low 

uniformity can indicate that intensity is variable across a plot. 

Researchers including Cottenot et al. used alternative methods for drop formation 

(Cottenot et al., 2021). Earlier work at Auburn University used an intermediate-sized plot to evaluate 

methods for applying straw and hydromulches (Wilson, W.T., 2010). This apparatus had a single 

sprinkler for two 2.0 ft (0.6 m) by 4.0 ft (1.2 m) plots and was able to achieve an 83% to 88% 

Christiansen Uniformity (Shoemaker, 2008). Drop formation techniques and rainfall gauge spacing 

vary between these apparatuses; therefore, rainfall gauges may not provide effective comparison 

to ASTM D6459-19 apparatuses for uniformity. 

Ricks presents a raster projection for rainfall intensity, which suggests that rainfall gauges 

may misrepresent rainfall intensity because intensity can vary across the plot (2020). Furthermore, 

from a study at the University of Tennessee, C. Wilson concludes that runoff is the greatest erosivity 

factor rather than other factors including rainfall intensity (2021). This means that measuring 

maximum runoff volumes may be a better metric for calibration than rainfall intensity since runoff is 

the greatest determining factor for erosion.  

One issue with pressurized sprinklers is that they can be observed to have “hot spots” 

which deliver excess volumes of water to the central areas of the plots, which presents a problem 

for the rainfall gauge methods. Only six rainfall gauges are used to calculate the intensity for one 

factor in the RUSLE analysis, which is critical to the results of each product and bare soil test. One 

way to address these concerns is to remove the rainfall gauges from the calibration and instead 

measure the runoff when the plot cover is impermeable. Mirroring the method used to collect and 

store runoff during product testing, the runoff can be collected at the bottom of the plot and pumped 

into a tank to determine the intensity based on the volume of runoff generated by the sprinklers. 

However, this method must be evaluated and its correlation to well-established rainfall gauge 

methods. 
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2.5.2 Drop Size Calibration 

The flour pan method, which samples raindrops sizes by creating raindrop fossils in flour to 

determine raindrop size distribution, is prevalent within rainfall simulation and is described in ASTM 

D6459-19. While the establishment of this method provides potential for continuity between 

research facilities, the flour pan method cannot directly measure raindrop velocity. Alternative 

methods for determining raindrop parameters can provide more accurate measurements. Several 

methods are explored in “Comparing Raindrop Size and Velocity Measurement Accuracy Using 

Shadowgraphy, Disdrometry, and Pie Pan Measurement Techniques” (Tullis, 2016). Tullis’s 

shadowgraphy system, which utilized photography with a film to create shadows of raindrops, 

achieved 2.86% uncertainty and served as the comparative standard versus the flour pan method 

and the disdrometer method. The disdrometer, which is a laser instrument capable of measuring 

raindrop size and velocity, slightly underestimated raindrop size. Most importantly, the pie pan 

method overestimated raindrop size by 41%. For raindrop velocity, the disdrometer underestimated 

raindrop velocity but was the only viable method for directly measuring velocity of the three 

available methods according to Tullis. Since the flour pan method greatly overestimates raindrop 

size, the calculation for determining raindrop velocity is also affected. For example, according to 

ASTM D6459-19, a 3 mm drop at 14-ft (4.3-m) drop height impacts at 6.75 m/s (2019). However, if 

the drop size were overestimated by 41%, the true velocity at impact would be 5.60 m/s. 

Furthermore, in Equation 2.3, this erroneous velocity would be squared for each raindrop size class, 

further compounding the error used to determine the total kinetic energy of the raindrops. 

Therefore, photography and disdrometry are worthy of investigation as alternatives for determining 

drop size and even direct measurement of raindrop velocity. 

Each alternative for raindrop parameter determination has negative aspects. Photography 

entails using a camera to capture photographs of a raindrop, and this method can be highly 

accurate as demonstrated by Tullis. However, since a single focal point is used, error may arise 

from the determination of the distance of a raindrop from the camera lens. Drop height was varied 

with drop sizes ranging from 3.8 mm to 4.0 mm. Disdrometer raindrop sizing allows for the collection 

of thousands of datapoints easily while the flour pan and photography methods are more laborious. 

Tullis collected 15,000 raindrop data points with over 95% of the data points determining drop size 

between 3.8 and 4.0 mm. However, this method was less accurate than the shadowgraphy method. 

The least accurate method was the pie pan method, which followed ASTM D6459. The disdrometer 

presents the most viable alternative for easily collecting large amounts of data; however, the cost 

for these products is roughly $8,000 to $12,000 each. Therefore, a low-cost and accurate solution 

for applying photography methods to rainfall simulators may be more practical.  

The accuracy of photography for determining raindrop size allows the calculation in 

Equation 2.3 to be much more accurate than the pie pan method. Additionally, disdrometers 

underestimate raindrop velocity by nearly 70% (Tullis, 2016). While Tullis does not explore the 
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usage of shadowgraphy for the direct measurement of raindrop velocity, another apparatus for 

determining raindrop velocity with a similar photographic method may be possible and able to 

directly compare with raindrop velocities calculated from drop size by the shadowgraphy and the 

pie pan methods. Photography methods present promise for the determination of raindrop 

parameters in rainfall simulation because of their mild cost when compared to disdrometers and 

potential for high accuracy. 

2.5.3 Additional Considerations 

Ji et. al found that rainfall erosion is significantly affected by water quality (2017). The study found 

that water quality’s greatest impact is on erosion. The magnitude of the effect is greatly dependent 

on soil properties such as clay particle percentage, sodium adsorption radio, and conductivity. The 

experiment was performed on a 5% slope for all tests. Various loam and silt soils were used, and 

tests were performed with fully saturated soil. Water varied between natural precipitation, natural 

hydrops, and tap water. Raindrop diameter was 297±0.5 mm while uniformity was 94%. Rainfall 

height was 8.66 in. (220 mm) and the plot was 5.7 in. (145 mm) by 5.7 in. (145 mm) by 1.6 in. (40 

mm) deep. The key findings in the report are that infiltration was significantly affected by water 

quality and that erosion decreased with increased salt concentrations. While this study was 

intended for agricultural applications and used a small plot, the conclusions introduce questions 

about whether water quality used in rainfall simulators should be standardized. 

2.6 HYDROMULCH EXPERIMENTAL EVALUATION METHODS 

Hydromulch is a liquid combination of fertilizer, seed, and mulch in a mixing tank which is sprayed 

on soil surfaces as an alternative to traditional dry seeding. Hydromulch supports germination of 

grass seed (Kowk et al., 2008) while also functioning as a protective erosion control to prevent 

seed washout. It is cheaper than temporary erosion control blankets according to a study at Texas 

A&M University (McFalls et al., 2007). The same study found that erosion prevention by the 

hydromulch used in the study had variable difference to temporary erosion blankets depending on 

the soil. Mulch products performed best in sandy soils.  

Methods designed to be used for testing ECBs may not fairly represent the effectiveness of 

hydromulches. While ASTM D6459-19 is the preeminent method for large-scale rainfall simulation 

testing, other ASTM designations including D8297 “Determination of Erosion Control Products 

(ECP) Performance in Protecting Slopes from Sequential Rainfall-Induced Erosion Using a Tilted 

Bed Slope” and ASTM D8298 “Determination of Erosion Control Products (ECP) Performance in 

Protecting Slopes from Continuous Rainfall-Induced Erosion Using a Tilted Bed Slope” differ from 

ASTM D6459-19 and may be more suitable for hydromulch testing.  

The two alternative methods, ASTM D8297 and ASTM D8298, are very similar except that 

they utilize sequential and continuous rainfall, respectively. These methods use an adjustable slope 
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which can vary from 2H:1V to 4H:1V and 2.5H:1V to 4H:1V, respectively. While ASTM D6459-19 

relates specifically to RECPs, these designations use broader language with the intent of applying 

to all ECPs. These designations contain specifications for a hydroseeding apparatus to apply 

hydromulch, which implies that the tests are designed for testing hydromulch products. In contrast 

to ASTM D6459-19, which calls for the variation of rainfall intensity over one hour at 2.0, 4.0, and 

6.0 in./hr (51, 102, and 152 mm/hr), ASTM D8297 specifies rainfall at a static intensity of 3.5 in./hr 

(89 mm/hr) for 30 min per day over three days for a total of 90 min. Like ASTM D6459 in that it is 

also continuous, ASTM D8298 is a one-hour test with two 30-min periods with target intensity 

between 4.0 and 5.0 in./hr (102 and 127 mm/hr). ASTM D8297 and D8298 allow for various 

techniques for simulating rainfall including sprinklers, nozzles, and drop emitters while ASTM 

D6459-19 specifically mentions using sprinklers selected on ability to model natural raindrop sizes. 

For both D8297 and D8298, runoff is collected separately for each period of simulated rainfall to 

obtain soil loss weights and samples are taken for turbidity and sediment concentration, like ASTM 

D6459-19. However, D6459-19 requires bottle samples every thirty sec to 180 sec while the two 

ECP standards only stipulate sampling every 15 min. One additional requirement of ASTM D8297 

and D8298 that D6459-19 does not implement is turbidity testing for the water supply. 

The three-day length of ASTM D8297 presents challenges to operators that do not exist 

for users of ASTM D6459 and ASTM D8298. While outdoor apparatuses are allowed by the 

standard, indoor plots may be necessary to comply with the test’s lengthy schedule. Natural rainfall 

may interfere with the results and apparatus in between 30-min sessions with an outdoor 

apparatus. Additionally, a sufficient workforce is required over three days rather than only one day.  

In addition to differences in testing procedures, the designations differ in apparatus design. 

D6459-19 specifies a raindrop fall height of 14 ft (4.3 m) while D8297 and D9298 only specify a 

minimum height of 8.0 ft (2.4 m). This provides an opening for the usage of variable sprinkler 

heights between testing facilities, which affects raindrop fall velocity and total rainfall energy. All 

designations include flashing, runoff collection, and holding tanks. However, the test plots vary 

greatly. ASTM D6459 requires 12 in. (30 cm) of soil while D8297 and D8298 require only 9 in. (23 

cm) depth. While ASTM D6459 requires 40 -ft (12-m) by 8.0-ft (2.4-m) borders, ASTM D8297 and 

D8298 utilize metal trays with perforated bottom sheets with geotextile for soil underlay, which 

means that the entire soil installation must be redone periodically to replace the geotextile. D8297 

and D9298 do not have specific plot size requirements. Instead, the minimum plot size is 30-ft (9-

m) by 6-ft (1.8-m) with a necessary length-to-width ratio of 5:1. Therefore, these standards leave 

opportunity for differences between apparatuses, which limits the possibility of comparing results 

between facilities despite sharing the same ASTM designation guidance. 

The three designations share many similarities in plot preparation. Soil selection 

requirements, soil preparation practices, ECB application, and wind requirements are similar or 

identical. Each designation requires that wind be less than 1.0 mi/hr (1.6 km/hr) for a test. 
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Additionally, each designation contains strict rainfall uniformity requirements. All standards use 

Christiansen Uniformity with ASTM D6459 requiring 80% uniformity and the other designations 

requiring 90% uniformity. All designations use the flour pan method three times along the centerline 

of the plot at quarter points; however, ASTM D8297 and D8298 specifically mention that Pillsbury 

Best all-purpose flour be used. Rainfall intensity calibration is also similar between the methods. 

Each designation requires uniform placement of rainfall gauges. However, ASTM D8297 and 

D8298 go into additional detail on covering and uncovering rainfall gauges as the sprinklers are 

running to ensure that rainfall gauges receive rainfall for identical lengths of time. 

The testing procedures are similar despite the differences in the length of tests and 

requirements of specific intensities. ASTM D6459 does not specify time for the settling of runoff 

before measurement while the other two designations require a minimum of 12 hr. Research at 

Auburn University uses a minimum 24-hr settlement with ASTM D6459-19 (Faulkner, 2020). 

Furthermore, ASTM D8297 and D8298 contain a procedure for representative sampling as well as 

basic equations for determining cover factor, which ASTM D6459 does not explicitly provide.  

In summary, ASTM D8297 and D8298 share many similarities to each other and ASTM 

D6459-19; however, they allow variation in plot apparatus within the standards while ASTM D6459-

19 provides exact dimensions. Importantly, ASTM D8297 and D8298 use static rainfall intensities 

while ASTM D6459 increases rainfall intensity throughout the test. The last major difference 

between the method types is that ASTM D8297 is performed over three days, which necessitates 

that the rainfall simulator be indoors, which may not be practical for all testing facilities. Table 2-2 

summarizes the comparison between the designations. 
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Table 2-2: Comparison of Rainfall Simulator ASTM Designations 
Designation D6459-19 D8297 D8298 

Rainfall Intensity, 
in./hr (mm/hr) 

2.0, 4.0, and 6.0 
(51, 102, and 152) 

3.5 
(89) 

4.0 and 5.0 
(102 and 127) 

Christiansen 
Uniformity, % 80% 90% 90% 

Drop-forming 
technique Sprinklers Sprinklers, nozzles, 

or drop-emitters 
Sprinklers, nozzles, 

or drop-emitters 

Plot Dimensions, 
ft (m) 40 by 8 (12 by 2.4) 

Min. 30 (9) by 6 
(1.8) with 5:1 L:W 

ratio 

Min. 30 (9) by 6 
(1.8) with 5:1 L:W 

ratio 

Soil Depth, in (cm) 12 (30) 9 (23) 9 (23) 

Slope 3H:1V 2H:1V to 4H:1V 2.5H:1V to 4H:1V 

Drop Size 
Distribution 

Calibration Method 
Flour pan Flour pan Flour pan 

Bottle Sampling 
Gap Time, Min 0.5 to 3 15 15 

Runoff Minimum 
Settling Time, hr Unspecified 12 12 

Maximum Wind, 
mi/hr (km/hr) 1.0 (1.6) 1.0 (1.6) 1.0 (1.6) 

Total Test Time, hr 1.0 1.5 1.0 

Notable 
Requirements Variable intensity 

Geotextile underlay 
on metal tray 

Tested over 3 days 
Geotextile underlay 

on metal tray 

 

2.7 SUMMARY 

The field of large-scale artificial rainfall simulation is diverse. Many plot sizes, slopes, intensities, 

and calibration methods are used. ASTM D6459-19 provides the clearest parameters for 

determining cover factor in the RUSLE equation. However, ASTM D6459-19 is designed for RECP 

testing, and other designations such as D8297 and D8298 offer designs that have specifications 

for hydromulch evaluation. These designations differ by many metrics from D6459-19 including by 

plot size, test period, and target rainfall intensity, but they also share many practices including using 

the flour pan test, limiting maximum wind, and requiring minimum Christiansen uniformity. 
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Rainfall gauges and the flour pan method are most often used for determining rainfall 

parameters such as intensity and drop size distribution. However, since runoff is the greatest 

determining factor for erosion (C. Wilson, 2021), direct measurement of runoff may be viable for 

determining intensity instead of using rainfall gauges. Additionally, one study found that the flour 

pan technique overrepresents drop size by 41% (Tullis, 2016). Since drop size is also used to 

determine rainfall velocity by traditional methods, overrepresented drop size could create 

compound errors in raindrop energy calculations. Therefore, greater investigation is required for 

alternative methods for drop size measurement such as photography and disdrometry. 
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3 Chapter 3  
METHODOLOGY 

3.1 ASTM D6459-19 TESTING PROCEDURE 

All large-scale rainfall simulator testing at the AU-SRF is conducted in accordance with ASTM 

D6549. ASTM D6549 is the standard test method for the determination of rolled erosion control 

product (RECP) performance in protecting hillslopes from rainfall-induced erosion. The key 

elements of the standard include calibration of equipment, test plot preparation, documentation of 

RECP, performance of the test, and collection of the results. A total of 12 large-scale ASTM rainfall 

simulator test plots were constructed. The following chapter outlines the methodology used for 

construction, calibration, and testing. 

3.1.1 ASTM D6549 Overview 

Research at Auburn University led to the development of a working rainfall simulator following 

ASTM D6459 (Horne, 2017., Faulkner, 2020, Ricks, 2020). Faulkner re-analyzed sprinkler layout 

and the apparatus remains calibrated via ASTM methods to Faulkner’s design, including ten 

sprinkler risers. This layout is calibrated to produce at least 80% Christiansen uniformity and 

intensity of 2.0, 4.0, and 6.0 in./hr (51, 102, and 152 mm/hr) (Faulkner, 2020). Another group using 

ASTM D6459 for large-scale rainfall simulation is Early et al. at American Excelsior Company’s 

ErosionLab (American Excelsior Earth Science Division, 2022). Both facilities use RUSLE in their 

analysis. 

The design render of an ASTM D6459-19 plot at Auburn University is shown in Figure 3-1 

and with a description to follow.  

 
Figure 3-1: ASTM D6459 Plot Render 
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The plot is 40.0-ft (12.2-m) long by 8.0-ft (2.4-m) wide with minimum 1.0-ft (30-cm) soil depth. The 

specified slope is 3H:1V. Importantly, the sprinkler layout section of ASTM D6459-19 specifies that 

pressurized sprinklers be used to meet specific drop size parameters with a raindrop fall height of 

14 ft (4.3 m). Barriers must be in place on the borders to prevent flow from running onto the plot. 

Lawn edging is suggested for this task. Construction methods are not specified in the document 

and may be unique to each site. However, a key parameter to obtain useful results is soil 

compaction, which must be within 90 ± 3 % of standard Proctor Density in accordance with ASTM 

D698, “Laboratory Compaction Characteristics of Soil” (2021). 

During calibration, the rainfall intensity is calculated by placing twenty rainfall gauges in a 

uniform pattern on the plot as shown in Figure 3-2 and recording intensity after 15 min of rainfall 

for each desired intensity under conditions of uniform pressure and 1.0 mi/hr (1.6 km/h) wind or 

less (ASTM, 2017).  

 
Figure 3-2: ASTM D6459-19 Rainfall Gauge Layout 

 

To calculate intensity from rainfall gauge heights, the readings are averaged and 

normalized for cm/hr units in Equation 3.1 (ASTM, 2019).  
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 𝑖𝑖 =  60[�𝑃𝑃𝑗𝑗 ÷ 𝐽𝐽𝐼𝐼
𝐽𝐽

𝑗𝑗=1

] (3.1) 

 

where, 

 𝑖𝑖 = rainfall intensity, cm/hr 

 𝑃𝑃𝑗𝑗 = depth of rainfall, cm 

 𝐽𝐽 = number of rain gauges 

 𝐼𝐼 = time of test 

 

Christiansen Uniformity is utilized to determine the even distribution of rainfall intensity on 

the plot. In the ASTM6459-19 standard, twenty rainfall gauges are required to apply this equation, 

and 80% uniformity is the requirement for calibration. It is shown below: 

 

 𝐶𝐶𝑢𝑢 = 100 [ 1.0 −  �|𝑑𝑑| ÷ 𝐼𝐼 X� ] (3.2) 

 

where, 

 𝐶𝐶𝑢𝑢 = Christiansen Uniformity Coefficient 

 𝑑𝑑 = Xi - X̄ 

 𝐼𝐼 = number of rain gauges 

 𝑋𝑋 = average depth in rainfall gauge, cm 

 𝑋𝑋𝑡𝑡 = depth in each rainfall gauge, cm 

 

Drop size calibration is also included in ASTM D6459-19. For this metric, the flour pan 

method is used. To perform this test, three pie pans are filled with sifted flour and struck off to 

obtain a smooth surface. Along the centerline of the test plot at the three-quarter points, the pie 

pans are uncovered for 2 to 4 sec to produce pellets in the flour. Then, the pans are dried for a 

minimum of 12-hr and sieved through a 70-mesh to remove loose flour. Total weight of the hard 

flour is recorded, and the pellets are sieved through standard soil sieves for two min. The flour 

pellets caught in each sieve size are weighed and counted. Finally, the kinetic energy departed by 

the rainfall simulator is obtained by summing the energy of each drop size group and multiplying 

by the percentage of energy that drop size makes up of the total distribution. The flour pan method 

bases energy calculations on drop size and raindrop fall height. The kinetic energy equation is 

shown in Equation 3.3. 
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 𝐾𝐾𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =  � 0.5 𝐼𝐼 𝑣𝑣2 (3.3) 
where, 

 𝐾𝐾𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = rainfall intensity, cm/hr 

 𝐼𝐼 = mass of drop, kg 

 v = velocity of drop at soil surface, m/s 

 

Terminal velocity used in this equation is derived from Figure 3-3. 

 

 
Figure 3-3: Drop Size to Terminal Velocity Correlation (ASTM, 2017) 

 

For test preparation, ASTM D6459-19 offers specific guidance. Test plot preparation 

includes adding soil in 6-in. (15-cm). lifts and meeting the previously mentioned compaction 

requirements. Moisture content affects compaction substantially; therefore, the moisture content 

must be within 4% of optimum moisture content for maximum compaction. Also included are 

specific test preparation practices for RECPs and TRMs including documentation of installation 

procedures and accounting for vegetation with TRMs. 

During each test, numerous measurements are collected. Runoff is collected separately 

for each target intensity and rainfall gauge heights are recorded. Additionally, sample bottles and 



29 
 

volume readings are collected every 30 sec to 180 sec depending on runoff rate. Following a test, 

ASTM D6459-19 specifies that deliverables include runoff hydrographs, sediment concentration 

curves, Curve Number (CN) computed from total runoff volume, the Rational coefficient as used 

for peak discharge in the Rational Equation, and cover factor using the total sediment yield and 

comparing to bare soil tests. Cover factor is the ratio of soil loss when the plot is protected to soil 

loss when the plot is bare. 

3.2 CONSTRUCTION OF 12 ASTM LARGE-SCALE RAINFALL SIMULATION PLOTS 

Twelve rainfall simulators with varied slopes and soils were constructed at the Auburn University - 

Stormwater Research Facility (AU-SRF). Six plots were built on 3H:1V slopes while the other six 

were built on 4H:1V slopes. The plots were split into pairs, each containing matching soil: ASTM 

clay, loam, and sand sourced from Montgomery, AL, Auburn, AL, and Abbeville, AL, respectively. 

The array of soils sought to represent most of the state. A map from the United States Soil 

Conservation Service (SCS) is displayed in Figure 3-4 with soil groups in Alabama and locations 

of soil sources for the rainfall simulator project. The design and methodology for constructing these 

plots is described in this chapter. 

 

 
Figure 3-4: Rainfall Simulator Soil Source Locations (SCS, 1986) 
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3.3 RAINFALL SIMULATOR LAYOUT 

The layout of the plots, which allows for at least 10 ft (3.0 m) of space between plots for equipment 

accessibility, was devised and is displayed in Figure 3-5. 

 

 
Figure 3-5: Rainfall Simulator Plot Layout 

 

A Trimble S6 Robotic Total Station was used to grade the area alongside heavy equipment. 

The rainfall simulators were planned along the embankment of the facility access road. This was 

both convenient and reflective of the purpose of the project. 

 

 

Figure 3-6: Rough Grading Aerial View 

 

The desired coordinates of the corners for all twelve plots were created in the Total Station 

as a digital terrain model and marked with stakes. Then, the slopes were temporarily seeded. 

Construction was performed on a maximum of two plots simultaneously to minimize the disturbed 
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area without reducing productivity. This greatly reduced the exposed bare soil during the process 

of construction. 

3.4 EARTHWORKS 

Each plot was excavated to 42.0 ft (12.8 m) by 10.0 ft (3.0 m) and 18 in. (46 cm) depth. To make 

this process safer, a terrace was created in the middle of each plot to park the excavator while 

digging the upper reaches of the plot rather than parking on the slope. This method allowed all 

digging to be performed with heavy equipment while minimizing risk to the excavator operator. 

Elevations at each point on the plot can be checked by the total station by verifying the excavated 

elevation is 18 in. (46 cm) below the desired final grade. 

 

  
(a) plot 8 excavation (b) adding soil to plot with skidsteer 

Figure 3-7: Plot Earthwork Activity  

 

After excavation, a team of three workers was used to grade the slope: an excavator 

operator, a surveyor, and a raker. First, the Total Station was set up above the plot using two control 

points on the nearby road. The surveyor used the Total Station to determine the difference from 

the desired grade and communicated it to the equipment operator. In general, the surveyor followed 

a square grid pattern with 1.0 ft (0.3 m) or less between each consecutive survey grid point. The 

excavator operator removed or added soil. The third worker manually raked small volumes of soil 

to obtain a precise grade. The Total Station is key to precise grading in this stage of construction. 

Next, 6.0 in. (15 cm) of the desired soil for testing was added onto the plot with a Kubota SVL 75-

2 skidsteer and compacted. Sufficient compaction was checked with a Proctor compaction test 
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following ASTM 2937-17e2 “Standard Test Method for Density of Soil in Place by the Drive-Cylinder 

Method” (ASTM, 2018). The first lift was added before the plot borders as a subgrade. 

Despite that the rough grading had already been completed, the bottom elevation for the 

3H:1V plots was at too high an elevation. These plots require bottom elevations be nearly 3 ft (1 

m) lower than the 4H:1V plots due to the difference in steepness of the slopes. The grade beyond 

the toe of the rainfall simulators declined towards the area of the catchment basins, which meant 

that the area of the catchment basins was prone to flooding. This flooding was solved by proper 

drainage and catchment basin installation. However, to install the catchment basins at appropriate 

heights, machinery with greater capability than a mini-excavator was required to cut significant 

volumes of soil. A bulldozer, shown in Figure 3-8, was rented, and over the course of one week, 

the grading was corrected. The cut was used to fill in a gulley in another part of AU-SRF. 

 
Figure 3-8: Bulldozer for Regrading 

3.5 PLOT BORDERS 

For the plot borders, 2.0 in. (5.1 cm) by 12.0 in. (30.5 cm) (nominal dimensions) weather-rated 

lumber was used with lawn edging protruding 2.5 in. (6.3 cm) on the inside of the plot. While ASTM 

D6459-19 specifies that plots must only be 40.0 ft (12.2 m) long, constructing 42.0 ft (12.8 m) side 

boards allows tolerance in positioning. The quantities of lumber, lawn edging, and soil required for 

one plot are shown in Table 3-1. 
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Table 3-1: Rainfall Simulator Plot Material Quantities 

Lumber Quantity 

2x12x12 7 

2x8x12 2 

2x4x12 4 

Lawn Edging, ft (m) 90 (27.4) 

Soil Volume, ft3 (m3) 402 (11.4) 

 

Since the first lift of soil was already placed in the plot during the earthworks, the surveyor 

displayed 12.0 in. (30.5 cm) below the desired elevation at this point. The side borders were 

fastened together inside the plot to ease assembly. Finally, 8.0 ft (2.4 m) boards formed the top 

and bottom of each plot. However, the bottom board was not added until the final two lifts of soil 

were placed. The plot design including the plot borders is shown in Figure 3-9. 

 
Figure 3-9: Plot Design Isometric View 

 

The squareness of each plot was ensured by checking that the diagonal measurements 

from opposite corners were equal. After this, the next two lifts of the soil were added and 

compacted. Compaction was completed using a plate compactor. Backfill was added outside the 

plot border with the mini excavator after each lift to ensure that the borders stayed in place. Finally, 

the bottom board was installed. The distance between the inside of the top board and the bottom 

board was measured as 40.0-ft (12.2-m) to determine the location of the bottom board. This order 

of operations eases the process of plot construction. For example, using the first lift as a subgrade 

gives the plot borders support. Additionally, when the bottom board is installed before adding lifts, 
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it is susceptible to damage and shifting from the weight of equipment. These methods allow heavy 

machinery to do most of the soil installation with minimal soil volume required to be moved 

manually. At this point, adjacent slopes can be stabilized. Adjacent slopes should be stabilized as 

soon as final grades are achieved to minimize the time that bare soil is exposed. Straw erosion 

control blankets with appropriate mixes of Fescue and Bermuda seed with fertilizer were applied 

between and beside each plot.  

3.6 COMPACTION 

The primary compaction method used was a Mikasa Multiquip plate compactor machine, which is 

displayed in Figure 3-11. 

  
(a) plate compactor (b) driving cylinder 

Figure 3-10: Compaction Equipment 

 

To compact each soil layer, the compactor was first placed at the top of the plot. Next, it 

was started, and the operator guided it laterally across the plot and then down before turning 

around, moving slightly down the slope, and repeating. All areas of the plot received one pass of 

the compactor. Then, compaction was checked with the Proctor Compaction method. The Proctor 

Compaction method required several devices including a cylindrical mold, a Proctor rammer, a 

ruler, a scale, and an oven. First, the mold, shown in Figure 3-11(b), was driven into the soil by the 

rammer at three locations on the plot. The locations were randomized by envisioning a 30-unit long 

by 3-unit wide grid on the plot and utilizing a random number generator. Once a sample was 

collected, it was weighed in the mold and the weight of the mold was subtracted. Additionally, the 

height of the soil within the cylinder was measured with the ruler. Finally, a sample of soil from the 

cylinder was taken, weighed for wet weight, dried in the oven, and weighed for dry weight. The 
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percentage difference of the weights yields the moisture content, which was used in unison with 

previously generated compaction to moisture content charts unique to each soil to obtain a 

maximum compaction for the soil based on the moisture content (ASTM, 2008). The equations for 

Proctor compaction testing are Equation 3.4, 3.5, and 3.6. 

 

 𝑊𝑊𝐼𝐼𝐼𝐼 𝐷𝐷𝐼𝐼𝐼𝐼𝑇𝑇𝑖𝑖𝐼𝐼𝐷𝐷 =   
𝑊𝑊𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡

𝑉𝑉𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡
 (3.4) 

 𝐷𝐷𝐼𝐼𝐷𝐷 𝐷𝐷𝐼𝐼𝐼𝐼𝑇𝑇𝑖𝑖𝐼𝐼𝐷𝐷 =   
𝑊𝑊𝐼𝐼𝐼𝐼 𝐷𝐷𝐼𝐼𝐼𝐼𝑇𝑇𝑖𝑖𝐼𝐼𝐷𝐷

(1 + 𝑀𝑀𝐶𝐶)
 (3.5) 

 𝐶𝐶𝐶𝐶𝐼𝐼𝐶𝐶𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝐶𝐶𝐼𝐼 % =   
𝐷𝐷𝐼𝐼𝐷𝐷 𝐷𝐷𝐼𝐼𝐼𝐼𝑇𝑇𝑖𝑖𝐼𝐼𝐷𝐷
𝑊𝑊𝐼𝐼𝐼𝐼 𝐷𝐷𝐼𝐼𝐼𝐼𝑇𝑇𝑖𝑖𝐼𝐼𝐷𝐷

 (3.6) 

where, 

 𝑊𝑊𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡 = weight of soil in cylinder, lb 

 𝑉𝑉𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡 = volume of soil in cylinder, ft3 

 𝑀𝑀𝐶𝐶 = moisture content, % 

The charts for maximum dry density were obtained by Manning (2021) and are detailed for 

further reference.  

3.7 DRAINAGE  

Seven plots were installed with French drain systems surrounding a plastic tub. The French drain 

method was not always successful for the 3H:1V plots and was susceptible to failure from flooding. 

Therefore, an alternate method for securing the catchment basin tubs was devised. For this 

method, three posts were leveled horizontally and packed with No. 57 stone at the elevation of the 

bottom of the catchment basin. The tub was placed onto these post anchors and fastened. Using 

a mini-excavator and the spoil pile from excavation, the gaps around the tub were filled and 

compacted. This method was substantially less costly than the French drains, which required 

drainage pipes, soil fabrics, and additional No. 57 stone. The anchor method was less prone to 

failure from flooding but still required effective drainage for natural rainfall events. 
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Figure 3-11: Excavation for Catchment Basin and Anchoring 

 

A drainage system was installed to collect natural rainfall runoff. A trench was spaced 30 

ft (9.1 m) from the catchment basins to allow vehicle and equipment access to the bottom of the 

plots. This spacing was transformed into a gravel road to protect the surface from heavy machinery. 

Both TRMs and ECBs were applied in this channel. First, the rolled TRM was installed following 

final earthworks. Next, topsoil was added and graded on top of the TRM and seeded with grass. 

Finally, a rolled straw ECB was installed to protect the seed. 

 

  
(a) TRM installation (b) ECB installation 

Figure 3-12: Construction of Drainage Channel  
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A 24-inch (61 cm) diameter pipe was installed underground to improve equipment access 

and safety. The pipe and drainage ditch are shown in Figure 3-13 and Figure 3-14. The excavation 

was nearly 8.0 ft (2.4 m) deep maximum, and the pipe was over 100 ft (30 m) long. 

 
Figure 3-13: Drainage Pipe Installation 

 

This pipe was connected to a smaller ditch which drained through another culvert into the 

lower storage pond. Additionally, this ditch was used as a channel for future sediment research 

applications.  

 

  
(a) plot 7 culvert (b) drainage pipe outlet 

Figure 3-14: Drainage Pipes 
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Due to flooding at the bottom of 3H:1V plots, two culverts were installed near plots 7 and 

12 as demonstrated in Figure 3-15. These were installed with 6.0-in. (15 cm) pipe and connect to 

the main drainage ditch, which routed to the lower pond. The culverts were successful at preventing 

flooding around the basins. When catchment basins flooded, they were subject to immense pore 

water pressure and buoyant force, which sometimes displaced them to the surface. Therefore, 

proper drainage is paramount for rainfall simulator catchment basins. While concrete catchment 

basins may better withstand flooding, the large reduction in cost by utilizing the plastic tubs allowed 

for many more apparatuses to be constructed. 

3.8 FLOW SUPPLY SYSTEM  

A 3.0-in. (7.6-cm) diameter PVC pipe was installed with six outlets and two end valves. Each pair 

of identical plots had one supply connection in-between them at the top of the slope, which Figure 

3-16 demonstrates.  

 
Figure 3-15: Supply Pipe Outlet  

 

The pipe was placed at the top of the slopes for multiple reasons, including that space was limited 

at the bottom of the slopes with the drainage systems already installed and that the elevation at the 

bottom of the plots varied while the top of the plots retained a flat grade. Since the pipe was over 

300 ft (91 m) long, joints were encased in concrete to form concrete thrust blocks, which prevented 

damage to the system as the pipe filled. 
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To distribute flow from the water main to each rainfall tree, a manifold was necessary. The 

manifold design was 3.0 ft (1.0 m) by 3.0 ft (1.0 m) with previously manufactured 3.0-in. (7.6 cm) 

by 0.75 in. (1.9 cm) tees. Figure 3-17 contains an overhead concept drawing of the manifold. 

 

3.0 in. (7.6 cm) by 
0.75 in. (1.9 cm) 

Tee 

3.0 in. (7.6 cm) 
Intake 

3.0 in. (7.6 cm) 
Elbow 

Brace 

 
Figure 3-16: Manifold Design Concept Drawing 

 

The manifold was constructed, and the braces were changed from the concept drawing in 

Figure 3.14 to better support the intake and allow for forklift transport. Figure 3-18 displays the 

constructed manifold. 

 

 
Figure 3-17: Supply Flow Manifold 
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This solution allowed the manifold to sit on either side of the water main stub-outs and to 

connect to the rainfall trees with hose running down from the top of the hill to each sprinkler. 

Pumping from the lower pond into the pipe presented multiple challenges. A low water level meant 

that the pump would intake undesired material such as algae. Furthermore, the intake hose could 

not always reach the water from the embankment. Therefore, two solutions were implemented. 

First, an in-line filter was connected to the pipe system at the intake. 

 

 
Figure 3-18: Supply Pipe Intake Debris Filter 

 

This filter was cleaned each time before starting the pump. To clean the filter, the cylindrical 

mesh was removed and washed. Figure 3-19 displays effectiveness of the filter by showing the 

material caught by the filter after only 20 min of pumping at medium throttle from the high-pressure 

pump while the pond level was low. 
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Figure 3-19: Debris Caught by Filter 

 

To allow the intake hose to reach the water level, a floating dock was constructed. This 

dock was tied to the embankment to be able to float up and down with the water level. The pump 

sat on the dock and connected flexible hose to the filter and intake pipe. 

 

  
(a) Dry supply pond (b) Floating dock 

Figure 3-20: Pond and Floating Dock  
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One key cost-saving measure of the plot design of these twelve new rainfall simulators was 

that the sprinklers were shared between the plots. Rather than requiring a set of sprinklers for each 

plot, post sleeves were installed into the ground for each plot. Then, the sprinklers and support 

posts were easily moved between apparatuses. The post sleeves were 2.0 ft (0.6 m) deep and fit 

4.0 in. (10 cm) by 4.0 in. (10 cm) posts. One sprinkler system was created initially. The shared 

sprinkler system ensured continuity between tests and reduced the cost of sprinkler trees by 92%. 

The gate valves alone cost around $50 each, and since 30 valves are required per sprinkler, this 

part alone costs roughly $1,500 per sprinkler system. For twelve immovable sprinkler sets, these 

valves would cost $18,000; however, the portable system saves $16,500 on valve cost. Other costly 

items for sprinkler systems include 600 ft (183 m) of 4-stand wire, galvanized steel pipe, and 

sprinkler components, which have variable costs. Therefore, the shared system eliminates the cost 

of components and labor for assembling 11 sets of sprinkler trees. 

 

  
(a) Post sleeve with cap (b) Post sleeve with post 

Figure 3-21: Post Sleeve 

3.9 RUNOFF COLLECTION 

Some raindrops impacted outside of the plot borders but should be kept out of the catchment basin 

to ensure accurate runoff volume and sediment capture for the system. To achieve this, several 

measures were taken. A funnel from the plot to the basin was constructed and installed to both 

convey the runoff into the basin and to allow for more effective sampling. Additionally, diverters 

were installed where necessary at the bottom of the plots to prevent flow outside of the plot from 

flowing into the catchment basin. Plastic sheeting was used to bridge the small gap between the 
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plot and the funnel. Finally, an overhead cover kept raindrops from landing in the catchment basin 

and kept workers dry during tests. 

3.10 ELECTRICAL SYSTEM  

To meet the requirements of ASTM D6459-19, which stipulate that intensity must be variable 

between 2.0, 4.0, and 6.0 in./hr (51, 102, and 152 mm/hr), a system of valves was devised. The 

system for the twelve new rainfall simulators followed the successful implementation of a similar 

system on the original AU-SRF rainfall simulator with some improvements. The design included 

three valves per rainfall tree, which each control flow to a sprinkler. For 2.0 in./hr (51 mm/hr) target 

intensity, one valve on each sprinkler tree was open and powered. For 4.0 in./hr (102 mm/hr) 

intensity, two valves were powered. For 6.0 in./hr (152 mm/hr) intensity, all three valves on each 

sprinkler tree were powered. The improvements were that the electrical controller was portable and 

that the switches were on the front of the box with lights indicating the target intensity.  

The electrical controller was powered by a 12V deep cycle marine battery inside a 

protective case with a fuse connected to positive and negative splitters. A power switch interrupted 

the positive wire before reaching the positive splitter. The positive splitter then distributed to three 

more splitters which corresponded to each set of ten valves with another switch before connection 

for each of the three positive splitters. Each of the three positive splitters connected to one valve 

on each rainfall tree. A single negative wire from each rainfall tree that served all three valves on 

the tree connected to the negative splitter. Figure 3-23 displays the interior of the finished electrical 

controller box. 

 
Figure 3-22: Electrical Controller  

 



44 
 

Each sprinkler required wire to be cut at variable lengths corresponding to its positioning 

on the plot to reach the location of the electrical controller at the bottom of the plot. Wire lengths 

are shown below and are derived from the distance from the controller to the bottom of each 

sprinkler plus 15 ft (4.6 m) for the height of the sprinkler.  

 

Table 3-2: Rainfall Sprinkler Tree Wire Lengths 

Wire Length, ft (m) Quantity 
90 (27) 1 

75 (23) 2 

65 (20) 2 

55 (17) 2 

45 (14) 2 

30 (9) 1 

 

Four-strand wire was used. Three positive wires connected to one valve each, and the 

same negative wire was used for all three valves. The valves were 0.75-in. (1.9 cm) 12V DC electric 

brass solenoid valves. Wires connected to the electrical box with Military Spec Signal/Power 

connectors with four poles.  

3.11 SOIL VERIFICATION AND ACQUISITION  

The ASTM sand stockpile was exhausted after the construction of Plots 3 and 4. Therefore, sieve 

analysis was conducted on the stockpiles from the same source location to verify that the soil was 

identical (ASTM, 2014). The source was Skipper’s Trucking near Abbeville, AL. Additional soil 

analysis was conducted on soils from Notasulga quarry near Loachapoka, AL and other stockpiles. 

Ultimately, ten truckloads of soil, totaling 200 yd3 (153 m3) were delivered by Skipper’s trucking. 

With this acquisition, all soil quantities required for construction and testing proposed by “Evaluation 

of ALDOT Erosion Control Products Using Rainfall Simulation on Various Soil Types and Slopes 

Gradients Phase II” were obtained.  

To perform sieve testing, a representative oven-dried sample that weighed approximately 

200g was taken and the weight recorded as “Initial sample weight.” Next, the #200 “wet sieve” was 

used to gently wash fines from the sample with minimal water. The remaining wet sample from the 

sieve was dried in the oven at 220 F (104 C). Then, it was weighed and recorded as “Weight after 

wet sieving.” The sample was broken up and sieve stack was prepared with No. 4, No. 10, No. 20, 

No. 40, No. 50, No. 80, No. 120, and No. 200 sieves. The sieves were stacked in order with the 

largest aperture size at the top and the smallest at the bottom. A pan was placed under all the 

sieves to collect samples. Then, the empty sieves were weighed individually, and the masses were 
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recorded. The soil was poured into top of the stack of sieves and the lid was secured. The sieve 

stack with soil was allowed to shake in the sieve shaker for 15 min. Then, the shaker was stopped 

and the mass of each sieve and retained material was recorded. If the total weight of the finished 

sample deviated more than 2% from the initial weight, the procedure was redone with new soil, 

which was required for one sample. Sieves were washed, dried, and re-weighed after each test. 

The findings of this sieve testing are discussed in Chapter 5: Results and Discussion. 

These results were used to identify and label as many soil piles as possible, which had become 

necessary after the expansion of AU-SRF. Signs were constructed out of 0.75 in. (2.0 cm) plywood 

and wooden stakes. Soil labels containing pertinent information such as soil classification and 

source were printed and laminated. Finally, the labels were stapled onto the signs, and they were 

staked into the ground near each soil pile. An example sign is shown in Figure 3-24 which contains 

the soil classification and the source.  

 

  
(a) Sign at stockpile (b) ASTM Sand Sign 

Figure 3-23: Stockpile Signs 

3.12 CONSTRUCTION SUMMARY 

While large-scale rainfall simulators can be costly and time-consuming to construct, several 

efficient practices can reduce the necessary cost and labor. Following the standardized ASTM 

D6459-19 plot design is key to communicable results, and this research seeks to share in detail 

the specific techniques for constructing to this standard. Major findings throughout the course of 

plot construction include that 2.0-in. (5.1-cm) thick lumber is suitable as a material for plot borders 

and that anchored plastic tubs can be effective for catchment. While French drains were first used 

for protecting catchment basins from flooding, the anchoring method proved more effective. 

Drainage channels and culverts were also completed for mitigating flood risk. To ensure that tests 
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were performed with appropriate soils, stockpiles of ASTM sand, clay, and loam were obtained and 

labeled. Additional sand identical to previously obtained material was matched by sieve testing. 

Methods for successful flow supply and electrical function are not addressed in ASTM 

D6459-19. The flow supply was implemented for this project using a pipe along the top of all plots 

with six connections to supply a manifold and two end valves for pressurizing the system. The 

manifold divided the flow between the ten sprinklers once the system was pressurized by closing 

both valves. The electrical system was implemented with an electrical control box. While one switch 

on the box activated power to the controller, the remaining three switches powered one sprinkler 

valve on each sprinkler tree. 

3.13 CALIBRATION OF LARGE-SCALE RAINFALL SIMULATOR  

The following section details the calibration and verification of large-scale rainfall simulator testing 

at AU-SRF. Calibration methods used for intensity and drop size calibration are outlined in ASTM 

D6459-19.  

3.13.1 Verification of AU-SRF Rainfall Simulator  

ASTM D6459-19 bare soil testing was completed on the original rainfall simulator plot with the 

methods described in this section to renew accreditation with the Geosynthetic Accreditation 

Institute. The original plot contains loam soil different from the native stockpile used for the new 

apparatuses. This procedure was used to formulate the procedure for testing on the twelve new 

rainfall simulators with some modifications. The procedure for the new rainfall simulators is 

contained in chapter 3.  

3.13.1.1 Intensity Calibration  

To ensure that the rainfall simulator still output the target intensities of 2.0, 4.0, and 6.0 in./hr (51, 

102, 152 mm/hr), 15-min calibration tests were performed on a covered surface with a total of 20 

rainfall gauges set on the plot on wooden wedges and stapled into the soil. ASTM D6459-19 

specifies that the rainfall gauges are spread evenly from each other with 2.0-ft (0.61 m) spacing to 

borders.   

To prevent clogging in the rainfall simulator sprinklers, the pressure gauges on each rainfall 

tree were disconnected and water was pumped through to wash out the pipes. Next, the pressure 

gauges were reconnected, and pumping resumed to verify that each sprinkler was working. Valves 

and sprinkler nozzles for any malfunctioning sprinkler were cleaned and checked for electrical 

problems. Each sprinkler contained a green nozzle, shown disconnected in Figure 3-25 above the 

valve and below the disperser. This was the most common location for clogging. 
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Figure 3-24: Sprinkler Clog Location 

Finally, with the sprinklers all working, the calibration test was performed. On a calm day 

with wind speeds less than 1.0 mi/hr (1.6 km/hr), each intensity ran for 15 min, and rainfall gauge 

heights were recorded. Intensity in in./hr was calculated by multiplying the average measured 

rainfall by four to normalize for in./hr units per Equation 2.1. Additionally, Christiansen uniformity, 

Cu, was calculated using Equation 2.2. The results are shown in Table 3-3. 

 

Table 3-3: First Intensity Calibration Test Results 

Target Intensity, in./hr 
(mm/hr) 

2.0 (51) 4.0 (102) 6.0 (152) 

Average Gauge 
Height, in. (mm) 

0.64 (16) 1.00 (25) 1.50 (38) 

Measured Intensity, 
in./hr (mm/hr) 

2.54 (65) 3.98 (101) 5.99 (152) 

Cu (%) 76.06 84.97 80.47 

 

The apparatus had three switches to power valves. Each switch corresponded to adding 

2.0 in./hr (51 mm/hr) to the target intensity. The switches were aligned vertically. This test used the 
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top switch for the 2.0 in./hr (102 mm/hr) target intensity and added the middle switch for the 4.0 

in./hr (102 mm/hr) intensity. All switches were on for the 6.0 in./hr (152 mm/hr) intensity. 

   
(a) During 2.0 in./hr  

(51 mm/hr) 
(b) During 4.0 in./hr  

(102 mm/hr) 
(c)During 6.0 in./hr  

(152 mm/hr) 
Figure 3-25: Rainfall Simulator Calibration 

 
Since the order of switches activated to add intensity determined which sprinkler on the tree that 

rainfall ejected from, an experiment to determine which switch was closest to desired for the 2.0 

in./hr (51 mm/hr) target intensity on this rainfall simulator was performed. The target metrics were 

to reach 80% Christiansen uniformity and to be as close to the target intensity as possible. The 4.0 

and 6.0 in./hr (102 and 152 mm/hr) tests achieved this with the initial switch pattern while the 2.0 

in./hr (51 mm/hr) test did not meet standards for either metric. 

For the 2.0 in./hr (51 mm/hr) test, different switches were tested to determine the closest 

to the target intensity. The results are shown in Table 3-4.  

 

Table 3-4: Targe Intensity Calibration Test Results Varied by Switch 

Switch Location Top Middle Bottom 

Average Gauge Height, in. 
(mm) 

0.61 (15) 0.46 (12) 0.56 (14) 

Measured Intensity, in./hr 
(mm/hr) 

2.42 (61) 1.84 (47) 2.24 (57) 

Cu (%) 80.00 78.91 80.18 

 

The results indicated that the bottom switch should be used for half of the 2.0 in./hr (51 

mm/hr) test and the middle switch should be used for the other half. The combined switch method 
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was tested experimentally and yielded an intensity of 2.05 in./hr (52) and a Christiansen uniformity 

of 82.20%. Therefore, this order of switch activation was utilized for testing on this apparatus to 

ensure precise rainfall simulation. 

3.13.2 Bare Soil Testing  

For re-certification of the rainfall simulator, a bare soil test was performed to compare to previous 

results and ensure that the soil loss yield was similar. Slope preparation began several days before 

the test by tilling it with shovels. However, it is important to note that for the first bare soil test of the 

two, the soil was not tilled deeply enough because the appearance of the soil became gravelly 

following the test. Next, the soil was compacted using the plate compactor one time. However, this 

over-compacted the soil relative to previous testing. The Proctor Compaction test results for bare 

soil test 1 are shown in Table 3-5. 

 

Table 3-5: Compaction in Verification Test 1 

Average Compaction (%) 87.66 

Average Moisture Content (%) 19.2 

 

An improved method of supporting the rainfall gauges was desired to not have wooden 

wedges interfering with flow and soil loss on the plot. Using small wooden stakes, rebar, and rebar 

clamps, a method of suspending above the ground was devised. During testing, only six rainfall 

gauges were used, and they were spaced at 10.0-ft (3.0-m) intervals with the gauges 2.0 ft (0.6-m) 

from the plot borders. 

 
Figure 3-26: Rainfall Gauge Suspension Method  
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On test day, several containers were prepared to collect runoff separately including two 

barrels and two metal troughs. Additionally, an electric sump pump was prepared and placed in the 

barrels to pump the 2.0 and 4.0 in./hr (51 mm/hr and 102 mm/hr) runoff to separate troughs. Four 

workers were required for the test. While one worker operated the rainfall simulator, monitored the 

sprinklers, monitored the pressure within the sprinkler trees, and handled the pumps, one worker 

collected bottle flow samples for turbidity and total suspended solids (TSS) every 3-min. Another 

two workers measured flow rate every two-min using a stopwatch and 1.0 gal. (3.8 L) container.  

The 2.0 in./hr (51 mm/hr) intensity storm ran for twenty-min. The sides of the plot were observed to 

ensure no runoff outside the plot entered the catchment basin. All the runoff for the 2.0 in./hr (51 

mm/hr) test was routed into the barrel and as much sediment-laden runoff as possible was pumped 

to the first trough. At 20-min., the test was paused, and a barrel was placed in the catch basin for 

the 4.0 in./hr (102 mm/hr) flow. The intensities for the six rainfall gauges were recorded to verify 

the R-factor in the RUSLE equation. The electric pump outlet was switched to the second trough. 

Then, the second 20-min portion of the test was performed. Finally, at 40-min, the rainfall simulator 

was turned off again, the barrel was removed, and gauge heights were recorded. For the last 20- 

min, the 6.0 in./hr (152 mm/hr) flow routed directly into the catch basin, and the pumps were shut 

off at 60-min so that gauge heights could be recorded. Following the test, the plot was allowed to 

dry, and all containers were left undisturbed for 24 hr to allow settling. 

At the 24-hr mark following the test, supernatant was pumped off using a wet shop vacuum. 

Then, the sediment was weighed in buckets. Visually distinct strata of sediment were sampled for 

moisture content and the distinct material was recorded separately for both troughs, both barrels, 

and the catch basin. The 2.0 in./hr (51 mm/hr) target intensity runoff was in trough 1 and barrel 1, 

the 4.0 in./hr (102 mm/hr) runoff was in trough 2 and barrel 2, and the 6.0 in./hr (152 mm/hr) runoff 

was in the catchment basin. The turbidity and total suspended solids of the sample bottles were 

tested and recorded in the laboratory. All data was compiled in a single spreadsheet to be used for 

analysis. 

3.13.3 Turbidity Testing  

To perform turbidity testing, the first step was to calibrate the turbidimeter by standard procedures 

in the user manual. Next, the sample was shaken in the bottle to reduce any settlement. Then, part 

of the sample was added into a beaker suitable for the turbidimeter. The beaker was placed inside 

the turbidimeter and the NTU of the sample was recorded. If the turbidimeter could not find turbidity 

due to excessive NTU, the sample was diluted. Typical dilutions required for rainfall simulator bare 

soil tests ranged from 20 to 120 parts water to 1 part turbidity sample depending on soil 

characteristics with the Hach TL2300 Tungsten Lamp turbidimeter. 
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Figure 3-27: Turbidimeter 

 

3.13.4 Total Suspended Solids Testing  

The total suspended solids (TSS) was determined from the same samples as the turbidity. First, 

the appropriate number of crinkle dishes and filter membranes were prepared. They were washed 

by spraying deionized water from a bottle onto the dishes and dried. Filters were placed on the 

crinkle dishes. The filters were handled with tweezers to prevent contamination. Next, the crinkle 

dishes and filter membranes were dried in the oven for one hour. They were weighed together with 

a precise balance to the ten-thousandth grams. The filters were placed on the filtering machine 

individually. Using a pipette, 10 to 25 mL of the sample sediment-water was transferred onto the 

membranes. The filtering machine was activated to vacuum the water from the sample for each 

sample. Once all water was removed from the filter membrane, the filters were removed and placed 

back in the crinkle dish to be placed back in the oven for at least one hour. Once dry, their dry 

weights were recorded. The equation for the total suspended solids of a sample is in Equation 3.1. 

Since the weights were in grams and the volume was in mL, a unit conversion of 1,000,000 was 

applied in the equation to find TSS in mg/L. 
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 𝑇𝑇𝐿𝐿𝐿𝐿 =
𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 −𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑉𝑉𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠
∗ 1,000,000 (3.1) 

where, 

 𝑇𝑇𝐿𝐿𝐿𝐿 = total suspended solids, mgTSS/L 

 𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = weight of sample after oven drying, g 

 𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = weight of crinkle dish and filter membrane, g 

 𝑉𝑉𝑠𝑠𝑡𝑡𝑠𝑠𝑠𝑠𝑡𝑡𝑠𝑠 = volume of sample used, mL 

 

  
(a) TSS vacuum (b) drying oven 

Figure 3-28: TSS Equipment  

3.14 INTENSITY CALIBRATION METHODS  

Three tests for determining rainfall intensity on a large-scale rainfall simulator were examined in 

this work. The first method followed ASTM D6459-19 and used 20 rainfall gauges. The second 

method also used rainfall gauges and was used for verifying the results of the ASTM D6459-19 

method during testing as shown in Figure 4.3; however, the difference from the first method was 

that only six rainfall gauges were used. This will be referred to as the 6-gauge, or 6-ga., method. 

The third method was the direct runoff collection method. This technique measured the volume of 

runoff that the rainfall simulator generated when the plot surface was impermeable and back-

calculated to determine rainfall intensity. 

The methods were compared statistically. First, ASTM D6459-19 intensity calibration test 

was performed for 15-min with target intensities of 2.0, 4.0, and 6.0 in./hr (51, 102, and 152 mm/hr). 

The gauges were leveled with an electronic level but were prone to becoming unleveled when filled, 
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which was corrected on observation during the test. Finally, Christiansen uniformity was calculated 

following the procedure in ASTM6459-19 to verify that there was at least 80% uniformity. 

The second method for determining intensity was the 6-ga. method. The 6-ga. method was 

performed in the same manner as the ASTM D6459-19 setup but lasted for 20 min and used 

suspended rainfall gauges. This method was for verifying intensity during testing and determining 

R-factor for the RUSLE equation when it was not reasonable to utilize 20 rainfall gauges. The 

gauges were suspended on rebar to not impede erosive processes during tests. They were spaced 

2.0 ft (0.6 m) from the plot sides and 10, 20, and 30 ft (3.0, 6.1, and 9.1 m) from the top of the plot 

in two columns to be as similar to the ASTM D6459-19 placement as possible. 

The third method was the runoff volume method, which included direct measurement of 

runoff volume on the plot of known size when the surface was impermeable. Testing intensity with 

this method included collecting all runoff with the plot covered by double-layered waterproof tarps 

and pumping it into a 300-gal (1136 L). container. The research team checked that all runoff was 

collected in the tank by dropping water on the farthest reaches of the plot and observing that the 

path to reach the tank remained on the plot. The plot borders prevented flow from outside the plot 

from reaching the tank. Equivalent intensity was calculated similarly to the Rational method 

(Rossmiller, 1980). 

 

 𝑖𝑖 =  
𝑄𝑄

𝐶𝐶 ∗ 𝐴𝐴
 (3.2) 

where, 

 𝑖𝑖 = calculated rainfall intensity, in./hr 

 𝑄𝑄 = peak runoff, ft3/s 

 𝐶𝐶 = runoff coefficient 

 𝐴𝐴 = tributary watershed area, ac. 

When an impermeable tarp was placed on the plot, the runoff coefficient was equal to 1.0. 

Therefore, the equation became a mass balance where only intensity, i, was unknown and Q was 

average runoff instead of peak runoff. The area contributing to runoff was 320 ft2 (29.7 m2) as 

determined by the 8.0 by 40.0-ft (2.4 m by 12.2-m) plot area. To precisely measure the runoff 

volume, a relationship for the collection tank was established. Four rulers were attached to the 

corners of the tank, and water was added in 1.3-gal. (5-L) increments. The total volume was 

recorded along with height at each of the four rulers. Then, the heights of water in the tank were 

averaged for each increment of water volume, and a relationship was calculated that equated an 

average height in the tank with a volume, which streamlined the process of determining the runoff 

volume. 

Both methods with rainfall gauges placed them uniformly; this meant that the distance of 

the gauges from the sprinklers was also uniform. The sprinklers had regions that were more intense 
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in their distribution of raindrops, which was not accounted for in the Christiansen Uniformity 

calculation because the gauges are equal distances from the closest sprinklers. The runoff method 

determined the effectiveness of rainfall gauges for measuring the intensity. 

To compare the 6-ga. method to the runoff method, tests were performed simultaneously 

to be statistically paired. During a paired test, runoff was collected for 20 min at each intensity and 

the height of the runoff in the tank was recorded while six suspended rainfall gauges were also 

prepared and recorded. Since the two tests were simultaneous, conditions were equivalent. The 

tank and an example 1.0 in2 (6.5 cm2) rainfall gauge are shown in Figure 3-30. 

  
(a) Tank for runoff collection (b) Rainfall gauge 

Figure 3-29: Rainfall Gauge and Runoff Method Measurement Containers 

 

The outcomes of the three methods for determining the intensity, including the ASTM 

D6459-19 method, the 6-ga. method, and the runoff collection method are compared in Chapter 5: 

Results and Discussion. To achieve stringent wind requirements of ASTM D6459-19, all tests were 

set up the day prior and performed early in the morning when local winds were calmest. 

3.15 DROP SIZE CALIBRATION METHODS  

Numerous methods for raindrop size calibration exist. Most notable practices are the flour pan 

method, the laser method, and the photographic method. The flour pan and photographic methods 
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are examined in this research. While the flour pan method is well-established and is recommended 

by ASTM D6459-19, the photographic method presents opportunity for greater precision in 

measurement of raindrops. 

3.15.1 Flour Pan Method  

The flour pan method is the lowest-cost method for rainfall drop size calibration. The procedure for 

the test is detailed in Chapter 2: Literature Review. However, as stated by Tullis, the flour pan 

method can overrepresent drop size in comparison to more precise photography and laser 

methods. The notable steps of the procedure including preparing a flour pan, setting it uncovered 

on a plot during each intensity, sieving, and weighing and counting the pellets retained on each 

sieve size are documented in Figure 3-31. 

 

  
(a) Pan with flour (b) Raindrops in flour 

  
(c) Sieve stack (d) Precise scale 

Figure 3-30: Flour Pan Method 
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The results of this method are compared to the results of the photographic method in 

Chapter 5: Results and Discussion. 

3.15.2 Photographic Method  

The premise of using photography for the determination of raindrop size relies on several 

assumptions. Firstly, the method assumes that raindrops are perfectly round. This is because drop 

size can only be measured by the drop width since the height of the raindrop is captured by the 

camera during the time the camera lens is open while the raindrop is moving downward. This 

creates a “tail” for each raindrop. 

The development of a method for capturing raindrop characteristics through photography 

is detailed in this section. First, a box, called the “raindrop box” in this work, was designed and 

constructed with the purpose of protecting a camera from rain while limiting the distance at which 

the camera would be able to observe rain. The design of the raindrop box is shown in Figure 3-32 

with all dimensions in inches. 

 
dimensions shown in inches (1 in. = 2.54 cm) 

Figure 3-31: Raindrop Box Design 

 

The raindrop box was constructed identically to the design. One notable measurement of 

the first iteration of the design was that the width of the opening for raindrops was 1.0 in. (2.5 cm) 

wide. 
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Figure 3-32: Raindrop Box on Plot 

 

The initial attempt at utilizing the raindrop box was performed with an iPhone SE 2nd 

generation video camera. Grid paper was placed behind the raindrop region and distances were 

measured between the focal point of the camera to both the opening for raindrops, called the 

raindrop region, and the grid background. The concept of similar triangles was used to determine 

the size of the raindrops from the scale grid in the background. The x-axis represented the distance 

from the lens to each region and the y-axis represented the scale using the grid background. 

 

 
Figure 3-33: Raindrop Box Similar Triangles Diagram 

 

D1 

D2 
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D1 was equal to 14.75 in. (37.47 cm) and D2 was equal to 17.50 in. (44.45 cm). Therefore, 

the conversion factor from the grid scale to the raindrop region scale was a range of 0.814 to 0.871. 

The range was present because the opening for raindrops introduced roughly ±3.4 percent error. 

The width of each raindrop was measured in millimeters from the scale and similar triangles 

conversion. In photograph editing software, the raindrop width was measured in pixels and 

converted to millimeters. While this initial attempt yielded preliminary results proving that raindrops 

could be measured in some capacity by photography, several improvements could be made. An 

example photograph with the grid background is shown below in Figure 3-35 along with the four 

points used to measure the height and width of the raindrop. In addition to collecting the width of 

the raindrop for drop size, the height was used to determine velocity. Furthermore, the angle of 

each raindrop was calculated. 

 

 
Figure 3-34: Raindrop on Grid Example 

 

The second attempt at utilizing photography to measure raindrop size improved on the first 

attempt immensely. These improvements included using a DSLR camera with flash. The DSLR 

camera, was able to produce reliable shutter speeds. The shutter speed selected was 1/320 sec 

with other settings including 10,000 ISO for brightening the images of raindrops. Additionally, 

manual focus was used.  

The experiment was performed with a non-reflective black background. It was not 

necessary to utilize similar triangles to produce a conversion factor to the distance of the raindrops. 

Instead, a single calibration photograph was taken with a ruler with 1.0 mm precision placed in the 

center of the raindrop region. Thirty photos were collected during each target intensity using a 

remote, receiver, and flash trigger. The remote was an Aodelan Pebble Wireless Remote Shutter 
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Release and the flash trigger was a Godox Studio Flash Trigger RT Series. The results and 

comparison to the flour pan method for drop size are detailed in Chapter 5: Results and Discussion.  

3.16 DETERMINATION OF RAINDROP ENERGY  

The purpose of determining raindrop size in ASTM D6459-19 is to determine the energy of the 

rainfall to be able to derive the R-factor in the RUSLE equation. However, if velocity was measured 

directly, potential sources of error including the measurement of raindrop size and the calculation 

of raindrop energy from raindrop size could be minimized. The traditional calculation of raindrop 

velocity by drop height and the direct measurement with photography are described in this section. 

3.16.1 Drop height Method 

ASTM D6459-19 dictates that the fall height of the raindrops determines its velocity. Since the 

height of the sprinklers is 14 ft (4.3 m), raindrops theoretically reach terminal velocity before 

reaching the plot surface. The relationship is shown in Figure 3-36.  

 
Figure 3-35: Theoretical Raindrop Velocity (ASTM 2019) 

 

This method for determining raindrop velocity is straightforward since the only variable to 

determine velocity is drop size. However, errors in drop size determination create compounded 
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error for the velocity. The effect of the error on the calculated raindrop energy, which is determined 

using Equation 2.3, is compounded even further since the equation for raindrop energy entails 

squaring the velocity. This presents a notable source of potential error for the R-factor of the RUSLE 

Equation, which linearly influences the soil erodibility that control tests determine using the rainfall 

erosivity and experimentally determined soil losses. 

3.16.2 Photography for Experimental Determination of Raindrop Velocity 

Photography presents an opportunity to experimentally determine the velocity by direct 

measurement. Cameras capture images over a period known as the shutter speed, which is the 

time that the camera lens is open and capturing light to form a photograph. When photographed 

by a camera with shutter speeds around 1/320 sec, a fast-moving raindrop will be observed to have 

a non-spherical shape with the height being greater than the width like in Figure 3-36. Therefore, if 

raindrops are assumed as spherical, the distance traveled by the raindrop over the time of the 

shutter speed is equal to the height of the raindrop minus its width. Therefore, the speed of a 

raindrop as determined by a photograph can be represented by Equation 3.3. 

 𝐿𝐿𝑑𝑑𝑡𝑡𝑡𝑡𝑠𝑠 =
𝐻𝐻𝑑𝑑𝑡𝑡𝑡𝑡𝑠𝑠 −𝑊𝑊𝑑𝑑𝑡𝑡𝑡𝑡𝑠𝑠

𝐼𝐼
 (3.3) 

where, 

 𝐿𝐿𝑑𝑑𝑡𝑡𝑡𝑡𝑠𝑠 = raindrop speed, mm/s 

 𝐻𝐻𝑑𝑑𝑡𝑡𝑡𝑡𝑠𝑠 = apparent height of raindrop in photograph, mm 

 Wdrop = apparent width of raindrop in photograph, mm 

 t = shutter speed of camera, s 

Results of photographs included heights and widths of the raindrops in pixels. Calculations 

included height and width of the raindrop in millimeters, angle of velocity, speed, and drop size. 

The shutter speed used to capture the photographs in the first experiment was 1/480 sec. One 

additional assumption of the first experiment was that the shutter speed was not variable; however, 

the iPhone SE 2nd generation may have had variable shutter speed. In a spreadsheet, the raindrop 

heights and widths in each photograph were recorded and converted to the scale identically for the 

methods used for drop size. The data in the first experiment was not cleaned; velocities were 

calculated directly, and all visible raindrops were included. 

The second experiment was performed with similar procedures. However, the precision of 

the experiment was increased by using a DSLR camera with reliable shutter speed and reducing 

the width of the raindrop region. Since a calibration photograph with a 1.0 mm precision ruler was 

taken at the same distance as the raindrops, there was no distance conversion factor for the second 

experiment. The error was equivalent to half the width of the raindrop region divided by the distance 

from the focal point of the camera to the center of the raindrop region. For the second experiment, 

since the distance from the camera to the center of the raindrop region was 12.5 in. (31.8 cm) and 
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the raindrop region width was reduced to 0.5 in. (1.3 cm) from 1.0 in. (2.5 cm) to minimize error, 

the percentage error was ±2%. 

3.17 NEW APPARATUS CONTROL TEST METHOD  

One goal for this report is to make large-scale rainfall simulation accessible to more researchers. 

Therefore, for an understanding of the process of performing a test on an ASTM D6459-19 rainfall 

simulator, the process is described. The procedure followed for testing on the new apparatuses 

was like the procedure on the original AU-SRF ASTM D6459-19 rainfall simulator; however, several 

facets of the experiment were updated including the compaction method, the 6.0 in./hr (152 mm/hr) 

target intensity flow collection technique, and the flashing system. This section describes the full 

testing process for continuity. 

For a control test, no product was installed on the plot. The plot was tilled with a digging 

fork and compacted to 90 ± 3% compaction. On test day, a minimum of four personnel were 

required for the test. While the main operator operated the supply pump, monitored the sprinklers, 

and monitored the water pressure in the sprinkler trees, one worker collected sample bottle flow 

samples for turbidity and TSS every 180 sec. Another worker measured the flow rate every two min 

using a stopwatch and 1.0-gal. (3.8-L) container. Another worker operated the end valve of the 

supply pipe. This worker is necessary for both maintaining appropriate pressure in the system and 

operating as an emergency flow shutoff in case of electrical malfunction that closed the sprinkler 

valves. In general, this worker is only necessary at the start of the test to close the valve until the 

pressure in the sprinklers is appropriate. 

Each intensity ran for 20-min. All runoff for the 2.0 in./hr test was collected in a barrel inside 

the catchment basin and pumped to a 300.0 gal. (1,147 L) tank. At twenty min, the test was paused, 

and a barrel was placed in the catch basin for the 4.0 in./hr (102 mm/hr) flow. The measurements 

for the six rainfall gauges were recorded before starting the next phase. The sump pump outlet was 

switched to a second trough and the pump was placed in a new barrel for runoff collection. Then, 

the second 20-min portion of the test was performed at 4.0 in./hr (102 mm/hr) with two switches 

on. At 40-min, the rainfall simulator was turned off again, the barrel was removed, and rainfall gauge 

depths were recorded. The procedure with a new barrel replacing the former was repeated for the 

6.0 in./hr (152 mm/hr) target intensity, and the test was terminated at 60-min. The rainfall gauge 

depths were recorded once again and the sediment in each barrel was added to the tank 

corresponding to the target intensity that generated the sediment. Following the test, all containers 

were labeled and left undisturbed for 24-hr to allow settling. This process was like the procedure 

described previously; however, one difference is that runoff did not flow directly into the catchment 

basin for the 6.0 in./hr (152 mm/hr) flow. The catchment basins on the new plots were smaller and 

made of pre-formed plastic. Therefore, to avoid overflow or seepage of runoff outside the plot into 

the 6.0 in./hr (152 mm/hr) collection, a third tank was used. Furthermore, some soils may generate 
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considerable sediment within the barrels and begin to bury the sump pump. To assuage this, a pipe 

system was constructed at the flashing of each plot. When a barrel was halfway full of sediment, 

the pipe was flipped to discharge into a second barrel and the sump pump was placed in the new 

barrel. 

 

 
Figure 3-36: Flashing System  

 

Identical procedures for weighing sediment and laboratory analysis including turbidity and 

TSS can be found in sections 4.1.2 through 4.1.4. All data was compiled in a single spreadsheet to 

be used for RUSLE equation analysis. Importantly, the dry weight of the sediment eroded from the 

plot was equal to A, annual soil loss per acre. Using calibration data including raindrop energy and 

experimental rainfall intensity, the R-factor was determined for the test. Then, the LS-factor was 

calculated based on the slope length and steepness. For control testing, the C-factor was equal to 

1.0. Then, with P also equal to 1.0 with the absence of any sediment control techniques, the 

equation was solved for K-factor. For a product test following control testing, The C-factor is not 

assumed to equal 1.0. The K-factor is used to calculate the C-factor for the product tested. 

Therefore, through back-calculation and experimental results, erosion control products can be fairly 

evaluated for different slopes and soils. 
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3.18 TESTING METHODOLOGY FOR BARE SOIL AND PRODUCT TESTING 

The following section details the standard methodology used for bare soil and product testing at 

AU-SRF. The following methodology remains consistent for all ASTM rainfall simulator testing.  

3.18.1 Plot Preparation  

Test plot preparation consists of tilling, raking, compacting, and applying the desired test product. 

Prior to compaction, the plot must be tilled a minimum of six inches (16.24 cm). At the AU-SRF, 

this was performed using digging forks. Once the soil is loosened to the required depth, the plot 

surface is raked for an even distribution of soil. The plot is then compacted using a mechanical 

slide compactor. A proctor compaction test (ASTM D698) is then performed to verify that the plot 

has been compacted within the required range of 87-93%. A grid (diagram provided below) is used 

to randomly select three drive cylinder locations on the plot. The compaction values for each 

cylinder are averaged together to determine the compaction value for the plot. All rainfall simulator 

testing followed the same plot preparation procedures using the same equipment to maintain 

consistency between tests. Once the soil has been prepared, products are installed in accordance 

with the ALDOT specifications and drawings. 

  
(a) Plot Tilling (b) Plot Compaction 

Figure 3-37: Plot Preparation 
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Figure 3-38 provides images of plot preparation. The digging fork is used to till the plot six 

inches (16.24 cm). The mechanical slide compactor is run over the plot to obtain 87-93% 

compaction. 

 
Figure 3-38: Drive Cylinder Compaction Grid  

 

Figure 3-39 shows the grid used for determining compaction test cylinder locations. Three 

random locations are chosen for each test. Drive cylinder compaction is performed in accordance 

with ASTM D698. 

3.18.2 Testing Procedure 

Each rainfall simulator test consists of three 20-minute test intervals of 2 in/hr (5.08 cm/hr), 4 in/hr 

(10.16 cm/hr), and 6 in/hr (15.24 cm/hr). Prior to testing, a total of six rain gauges are placed on 

the plot to record the experimental rainfall intensities for each test interval. Photographs are taken 

before testing to document the pre-test condition of the plot. During each interval, runoff is collected 

through the funnel and into the catch basin. The runoff is simultaneously pumped into a series of 

aluminum troughs that have each been designated for a certain intensity. Each trough contains 

runoff for a certain intensity. Runoff rate is recorded every two minutes using a 100 ml cylinder and 

TSS/Turbidity samples are collected every three minutes using numbered containers. After each 

interval, the rain gauge depths are recorded, and photographs are taken of the plot to document 

the plot’s condition. Rain gauge configuration and runoff collection are depicted in Figure 3-40. 
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(a) Rain Gauge Configuration (b) Runoff Collection 

Figure 3-39: Rainfall and Runoff Collection  

 

The above figure shows the rain gauge configuration and runoff collection that is used 

during the test procedure. Rain gauge configuration and runoff collection remain consistent for each 

test. 

3.18.3 Collection of Results  

After testing sediment is allowed to settle in the troughs for a minimum of 24 hours. The supernatant 

water is pumped from the troughs and soil is removed and separated into buckets based on 

moisture content. The buckets are weighed to determine the wet weight of sediment and moisture 

content samples are recorded to calculate the dry weight. The dry weight of sediment is used in 

the calculation of K-Factor and C-Factor. The sediment collection troughs are depicted in Figure 

3-41.  
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Figure 3-40: Sediment Collection Troughs 

 

Figure 3-41 is an image of the sediment collection troughs used to store test runoff and 

allow for settling. A separate trough is used to collect the runoff for each test intensity. 
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4 Chapter 4  
RESULTS AND DISCUSSION 

4.1 INTRODUCTION 

Results of this report include (1) a summary of construction of twelve ASTM D6459-19 rainfall 

simulators, (2) soil sieve analysis for determining a suitable source for ASTM sand, clay, and loam 

(3) statistical comparison of rainfall gauge and runoff rainfall intensity methods, (4) statistical and 

graphical comparisons of flour pan and photographic raindrop methods for determining raindrop 

characteristics, (5) results of the verification of the original ASTM D6459-19 large-scale rainfall 

simulator at the AU-SRF, (6) findings of the initial control testing with the twelve new AU-SRF ASTM 

D6459-19 rainfall simulators, (7) 4:1 bare soil results, and (8) 4:1 crimped straw test results.  

4.2 CONSTRUCTION 

The results of the construction portion of this thesis include twelve fully functional ASTM D6459-19 

rainfall simulators. There are six different plot configurations, each of which is duplicated. The 

variation between the plots is only in soil installation and slope. Parameters including slope length, 

sprinklers used, and flow supply method.  The testing method remains identical or similar for all 

twelve slopes. This continuity allows testing on the various slopes to be compared for differences 

from slope and soil. There are six 4H:1V plots and six 3H:1V plots with four plots for each soil type: 

sand, loam, and clay. These selected soils are representative for a large portion of the state of 

Alabama. Since each plot has an identical pair, one plot of the pair can be used for testing with 

topsoil while the other remains clean of any topsoil to simulate temporary erosion control on 

subgrade material.  

The methodology for constructing an ASTM D6459-19 plot has been sparsely documented. 

Furthermore, cost-saving techniques are rarely considered. The implementation of cost-saving 

techniques, such as wooden plot borders instead of concrete, a PVC manifold instead of 

underground piping for each plot, and a plastic catchment basin instead of a concrete one, allowed 

more plots to be constructed. Rainfall simulation can be expensive and laborious; however, these 

measures increase accessibility for additional researchers, which increases the likelihood of more 

products being tested in various slope and soil conditions. Most important to the practice of rainfall 

simulation is standardization. While ASTM D6459-19 provides specific parameters for an 

apparatus, it does not specify how the apparatus should be constructed. Furthermore, sharing the 

methods for construction can lead to future improvements in the practice. 
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4.3 SOIL SIEVE ANALYSIS 

The sand stockpile was exhausted following the completion of the construction of Plots 3 and 4. 

However, two more plots still had to be constructed with sand and the sand used for replacing the 

lost soil from tests still had to be procured. It was desirable that the same soil should be located 

and ordered; however, the source had to be verified as the same soil. Additionally, alternative 

sources with lower shipping cost that also fit ASTM D6459-19 soil requirements were considered. 

Table 2.1 has grain size requirements for ASTM D6459-19.      

Numerous stockpiles at AU-SRF were also analyzed to determine potential future use. 

Using sieve test data following the procedure in Section 3.9 by Manning, which is known to be the 

same material as in Plots 3 and 4, it was confirmed that the source of the sand was Skipper’s 

Trucking in Abbeville, AL (Manning, 2021). Figure 4-1contains gradation curves for several samples 

of Skipper’s Trucking’s Dirt soil including Manning’s results from when this soil was first obtained 

labeled as “CM Red Sand 1” and “CM Red Sand 2.” Figure 4-1 also shows a sample from Plot 3 in 

red and a sample directly taken from Skipper’s Trucking named “Skipper’s Red Dirt” in orange. 

 

Figure 4-1: Verifying Plot 3 and 4 Soil Source. 

 

The Plot 3 sample and Skipper’s Red Dirt sample were observed to be nearly identical in 

gradation. Some differences were observed from 2021 sampling by Manning; however, this may 

have been from loss of fines from erosion in the two newer samples. Therefore, it was confirmed 

that Skipper’s Trucking Dirt was the original soil source. However, numerous other soil sources 

were tested and considered as well, which are examined in Figure 4-2.  
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Figure 4-2: Grain Size Distribution for ASTM Sand Candidates. 

 

Vulcan Materials Company’s manufactured sand product met the required grain size 

distribution. However, Skipper's dirt had already been used for plots 3 and 4, and twice the material 

would need to be trucked in for the Vulcan sand. Additionally, the material cost of the manufactured 

sand from Vulcan was higher than the Skipper’s Trucking source. Several other soils were tested 

for grain size distribution including the stockpile for the original AU-SRF rainfall simulator, another 

material available from Vulcan Materials Company called “Vulcan Fill,” an unknown tan soil called 

“Facility Tan,” and a second soil available from Skipper’s Trucking named “Skipper’s Sand.” 

However, the older rainfall simulator stockpile’s source was unknown, so it was not pursued. 

Additionally, “Vulcan Fill”, the unknown tan soil, and Skipper’s Sand each failed the ASTM 

requirements for upper and lower bound of grain size distribution for determining sand. Therefore, 

the remaining sand plots used sand from Skipper’s Trucking, which had previously been confirmed 

to fit ASTM6459-19 soil requirements for both grain size distribution and plasticity (Manning, 2021). 

This soil was ordered and trucked in for a total of 200 yd3 (153 m3) sand. The stockpile was 

surrounded by silt fence for sediment control. 
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Figure 4-3: ASTM Sand Delivery. 

 

Following the completion of construction, including the installation of 18 yd3 (14 m3) of each 

soil per plot for a total of 71 yd3 (54 m3) of each soil, large stockpiles were still available. These 

stockpiles were intended for replacing soil lost from testing. 

4.4 RAINFALL INTENSITY METHODS 

Methods for measuring rainfall intensity on large-scale rainfall simulators were performed and 

statistically analyzed. The following sections provide the results for a statistical comparison of the 

six rain gauge method in comparison with the ASTM D6459-19 and runoff volume method.  

4.4.1 Paired Runoff Volume and Six Rain Gauge Methods (6-ga) 

Measurements collected in the paired intensity test include readings from the six rain gauges (6-

ga.) and runoff volume methods with nine 20-min tests for each target intensity, totaling 180 min of 

testing per target intensity. These measurements are used with static factors including the 20-min 

test length, 320 ft2 (29.7 m2) plot area, and tank calibration results to obtain two intensities per 20-

min test: (1) the average intensity measured from the rainfall gauges and (2) the intensity calculated 

from the runoff volume. This is a statistically paired test because the same rainfall simulation is 

used to obtain both data series. Two significant figures are used. No data cleaning is required; 

however, the conditions required for the test are stringent since wind can affect rainfall gauge 

method results. The results are shown in Table 4-1. 
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Table 4-1: Runoff Method Versus 6-ga. Method for Intensity 

Target 
Intensity, 

in./hr 
(mm/hr) 

Method Test  
1 

Test  
2 

Test  
3 

Test  
4 

Test  
5 

Test  
6 

Test  
7 

Test  
8 

Test  
9 

2.0  
(51) 

6-ga. 
2.1 
(53) 

2.1 
(53) 

2.3 
(58) 

2.4 
(61) 

2.3 
(58) 

2.3 
(58) 

2.2 
(56) 

2.1 
(53) 

2.3 
(58) 

Runoff 
1.5 
(38) 

1.4 
(36) 

1.4 
(36) 

1.6 
(41) 

1.6 
(41) 

1.6 
(41) 

1.4 
(36) 

1.5 
(38) 

1.5 
(38) 

4.0  
(102) 

6-ga. 
4.1 

(104) 
4.2 

(107) 
4.1 

(104) 
4.0 

(102) 
4.3 

(109) 
4.1 

(104) 
4.3 

(109) 
3.9 
(99) 

4.2 
(107) 

Runoff 
2.9 
(74) 

2.8 
(71) 

2.9 
(74) 

2.8 
(71) 

2.9 
(74) 

2.9 
(74) 

2.9 
(74) 

2.7 
(67) 

2.9 
(74) 

6.0  
(152) 

6-ga. 
6.2 

(157) 
6.0 

(152) 
6.1 

(155) 
6.6 

(168) 
6.2 

(157) 
6.0 

(152) 
6.2 

(157) 
6.1 

(155) 
6.2 

(157) 

Runoff 
4.4 

(112) 
4.4 

(112) 
4.3 

(109) 
4.6 

(117) 
4.7 

(119) 
4.5 

(114) 
4.4 

(112) 
4.5 

114) 
4.3 

(109) 
 

There were nine data pairs collected for each target intensity. The pairing of tests seeks to 

offset any variable conditions such as unobserved wind gusts, clogging, and pump variability. The 

paired t-test between the 6-ga. method and the runoff volume method was performed for each 

target intensity. The hypotheses are as follows: 

 

H0: µ6-ga. = µrunoff  

H1: µ6-ga. ≠ µrunoff 

where, 

 µ6-ga. = mean intensity measured from 6 rainfall gauges, in./hr 

 µrunoff = mean intensity measured from total runoff, in./hr 

 

A 95% confidence level was used. The results of the statistical analysis are shown in Table 

4-2. 
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Table 4-2: Runoff Method Versus 6-ga. Method for Intensity Statistical Analysis 

Target Intensity, in./hr 
(mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

t-calc -198.0 -355.0 -256.4 

p-value <0.001 <0.001 <0.001 

Significant Yes Yes Yes 

Difference in Mean, % 32.8 30.9 27.8 

 

The t-test indicated that the null hypothesis was rejected for all target intensities. The test 

yielded 95% confidence that the runoff volume method yielded a statistically different intensity than 

the 6-ga. method. The percentage differences demonstrated that the runoff volume intensities were 

lower than the rainfall gauge intensities. 

A correlation equation was used to equate the two methods for the design used at AU-

SRF. This equation and test can be used to verify the intensity calibration. The correlation equation 

is shown in Figure 4-4. The black line represents the expected 1:1 relationship between the two 

methods and the dashed blue trendline demonstrates that the runoff volume is less than the rainfall 

gauges predict. 

 

 

Figure 4-4: Correlation of Intensity Calibration Methods. 
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Using the linear regression equation, y = 0.7472x-0.1868 with R2 = 0.99, the intensity from 

one method can be predicted from the results of using the other method. Thus, the runoff volume 

intensity test can be used as a check for the rainfall gauge intensity test. Alternatively, a rainfall 

simulator can be calibrated to runoff volume intensity results correlating to the target intensities. 

For target intensities of 2.0, 4.0, and 6.0 in./hr (51, 102, and 152 mm/hr), the correlating runoff 

volume method intensities were 1.4, 2.8, and 4.3 in./hr (36, 71, 109 mm/hr). The standard deviation 

for the runoff volume test was lower than the standard deviation for the 6-ga. test. The average 

sample standard deviation for the 6-ga tests was 0.14 in./hr (3.6 mm/hr) while the runoff volume 

test sample standard deviation was 0.10 in./hr (2.5 mm/hr). 

Calibration is paramount to tests on the twelve new rainfall simulators at AU-SRF. Rainfall 

gauges can be troublesome to deal with, and the runoff volume method bypasses them. For 

instance, rainfall gauges can easily become unleveled as they fill and require greater iteration to 

confirm intensity than the runoff volume test because of greater deviation. While ASTM6459-19 

calibration methods are still pertinent for promoting standardization in the field of large-scale rainfall 

simulation, the intensity should also be measured directly by measuring maximum runoff volume 

so that results can be more easily compared between different designs.  

Implications of this runoff method are that rainfall gauges may overrepresent rainfall 

intensity. This overrepresentation can affect the rainfall erosivity calculation for usage in the RUSLE 

equation. When intensity is overrepresented in a bare soil test, the RUSLE equation yields a K-

factor that is proportionally underrepresented. While cover factor calculations from product testing 

will not be affected by this situation, the misrepresentation of K-factor can lead to a lack of 

understanding regarding the correlation between rainfall intensity and soil erodibility. Therefore, 

more precise methods such as direct runoff measurement are desirable in large-scale rainfall 

simulation to provide the most accurate measurements for K-factor available.  

4.4.2 ASTM D6459-19 Method and the Six Gauge Method 

The ASTM6459-19 method for calibration was used to separately collect intensity information using 

twenty rainfall gauges. The rainfall simulator was originally designed using this method to target 

2.0, 4.0, and 6.0 in./hr (51, 102, and 152 mm/hr) of rainfall. The results of this test are compared to 

the 6-ga. method in an unpaired t-test to confirm that the 6-ga. method can mimic ASTM D6459-

19 calibration recommendations. Three iterations of the ASTM D6459-19 test were performed for 

a total test time of 45 min per intensity. The intensities from the ASTM D6459-19 tests are shown 

in Table 4-3 with two significant figures along with average intensities from the nine 6-ga. method 

tests from Table 4-2.  
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Table 4-3: ASTM 20-Gauge Method Intensities 

Target 
Intensity, 

in./hr 
(mm/hr) 

Test Method Test 1 Test 2 Test 3 Average 

2.0 (51) 
ASTM 2.3 (58) 2.5 (64) 1.8 (48) 2.2 

(56) 

6-ga. - - - 2.20 
(56) 

4.0 (102) 
ASTM 4 

(102) 
4 

(102) 
3.8 
(97) 

3.9 
(99) 

6-ga. - - - 4.10 
(104) 

6.0 (152) 
ASTM 6 

(152) 
6 

(152) 
6.1 

(155) 
6 

(152) 

6-ga. - - - 6.20 
(157) 

 

As anticipated, the ASTM method results adhered closely to target intensities because the 

apparatus was originally designed and calibrated with the ASTM D6459-19 method. To confirm 

that the 6-ga. method was representative of the ASTM D6459-19 method, an unpaired t-test was 

performed between sample series of both rainfall gauge arrangements. The methods were identical 

except that the 6-ga. method uses six rainfall gauges while the ASTM D6459-19 method uses 

twenty rainfall gauges. The hypotheses are as follows: 

 

H0: µ6-ga. = µASTM 

H1: µ6-ga. ≠ µASTM 

where, 

 µ6-ga. = mean intensity measured from 6 rainfall gauges, in./hr 

 µASTM = mean intensity measured from 20 rainfall gauges, in./hr 

 

The results of the statistical analysis for each target intensity are shown in Table 4-4. 

 

Table 4-4: ASTM D6459-19 Method Versus 6-ga. Method for Intensity Statistical Analysis 

Target Intensity, in./hr (mm/hr) p-value significant % difference 

2.0 (51) 0.98 No 0.30% 

4.0 (102) 0.11 No 5.00% 

6.0 (152) 0.14 No 1.95% 
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Therefore, for all three target intensities, the test fails to reject the null hypothesis. This 

means that there is not enough evidence to conclude that the six and twenty-gauge setups yield 

different intensities at 95% confidence, which supports the usage of only six suspended gauges to 

verify the R-Factor in bare soil and product testing.  

4.5 RAINDROP IMPACT WITH PHOTOGRAPHY 

As part of this research, raindrop photography was investigated as a method of determining 

raindrop particle characteristics. The following sections detail the results from two experiments. 

The first experiment used less advanced technology including an iPhone SE video camera with 

shutter speed around 1/480 sec. This experiment also used a grid paper background and tea lights 

to highlight raindrops. The first experiment proved that raindrops could be captured on camera for 

measurements but left notable room for improvement. The second experiment obtained more 

precise results with a DSLR camera. No backlight was used for this experiment; instead, the front 

flash of the camera was sufficient. This camera was capable of adjustable shutter speed, and 1/320 

sec shutter speed was selected to obtain images with slightly longer raindrop lengths than the first 

experiment for more precise velocity observations. The first experiment’s results are in section 5.4.1 

and the second experiment’s results are in sections 5.4.2 and 5.4.3. Both experiments utilized the 

Raindrop Box shown in Figure 4.6 with modifications specified in each section. For both 

experiments, a camera was secured at a set distance from an opening in the box for raindrops as 

described in Chapter 4: Calibration and Testing Methodology. Figure 4-5 shows the DSLR camera 

inside the box.  

 

Figure 4-5: Camera Setup of Second Experiment  
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4.5.1 First Experiment for Measuring Raindrop Characteristics with Videography 

This experiment utilized an iPhone SE 2nd generation to obtain a video of raindrops falling through 

the gap in the raindrop box called the “raindrop region.” A 2.0-mm grid was set in the box as the 

background of the video, and the principle of similar triangles was used to find the dimensions of 

the raindrops from the known 2.0-mm gridlines. Furthermore, tea lights were used to increase the 

visibility of raindrops. Each raindrop was measured at four points. The top, bottom, and two side 

points along the same section of the raindrop were recorded in cartesian coordinates with Microsoft 

Paint 3D.  

 

Table 4-5: Example Raindrop Measurements from First Experiment 

Raindrop Identification Top (px) Bottom (px) Left (px) Right (px) 

Frame 
No. 

Time 
(s) 

Drop 
Number X Y X Y X Y X Y 

1 0.11 1 662 685 662 716 659 702 665 703 

2 0.19 2 572 416 581 440 573 430 579 428 

3 0.38 3 513 566 516 600 511 589 518 588 

4 0.5 4 495 419 489 475 484 471 492 471 

5 0.65 5 628 683 640 783 634 774 644 773 
 

Using the distance formula, the height and width of each raindrop in pixels was calculated. 

Then, with the distance conversion factor from the background reference, the measurements were 

converted to millimeters. The distance from the camera lens to the center of the raindrop region 

was 14.75 in. (37.47 cm) and the distance from the camera to the grid background was 17.50 in. 

(44.45 cm). Therefore, the distance conversion factor was 0.843. This factor was multiplied by the 

pixel measurements and divided by the 2.0-mm grid measurement, which was 11.5 pixels, to obtain 

the conversion of 0.0735 mm per pixel in the center of the raindrop region. An example with the 

same example raindrops as Table 4-5Table 4-5: Example Raindrop Measurements from First 

Experiment is shown in Table 4-6. 
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Table 4-6: Example Raindrop Characteristic Calculations 

Drop 
Number 

Length  
(px) 

Width  
(px) 

Length  
(mm) 

Width  
(mm) 

Velocity 
(m/s) 

1 31.00 6.08 2.28 0.45 0.88 

2 25.63 6.32 1.88 0.46 0.68 

3 34.13 7.07 2.51 0.52 0.95 

4 56.32 8.00 4.14 0.59 1.70 

5 100.72 10.05 7.40 0.74 3.20 
 

An example raindrop from the video is shown in Figure 4-6. 

 

  

(a) raindrop with measurement points (b) height and width distances 
Figure 4-6: Raindrop Example 

 

Several components of the experiment are visible in Figure 4-6. The tea light is present in 

the top left of the video frame while the grid is visible on the right side. The raindrop is shown with 

a circle demonstrating the two-dimensional section of the assumed spherical raindrop at the last 

moment of the camera shutter being open for this video frame. This circle represents the locations 

of the bottom, left, and right points. The top point is also visible in red with a line connecting the top 

and bottom points. This distance minus the drop size represents the travel distance of the raindrop, 

which will be referred to as the “tail” of the raindrop. 

The sample size of the experiment was 60 raindrops. Since the goal of the first experiment 

was to determine whether raindrops could be measured with a camera in the raindrop box, this 

sample size was sufficient. No data cleaning was performed; however, in future experiments, the 



78 
 

removal of outliers that were drips from the top of the raindrop box was accomplished. One min of 

rainfall video with intensities increasing from 2.0 in./hr (51 mm/hr) to 4.0 in./hr (102 mm/hr) to 6.0 

in./hr (152 mm/hr) every 20 sec. However, only 16 sec of video footage was used to reach 60 

raindrops. The results yielded the drop size distribution in Figure 4-7 which contains results from 

all three target intensities. 

 

 

Figure 4-7: First Experiment Combined Raindrop Size Distribution  

 

Since the sample size was small, the raindrops from the three intensities were combined. 

The result was a drop size distribution with a notable portion of the raindrops in the 0.6 to 1 mm 

diameter range. These raindrops comprise of the smallest raindrop groupings in the flour pan 

method that is suggested by ASTM D6459-19. However, in the flour pan test, the drop count also 

increases as drop size decreases. Some raindrops were even smaller than those measurable by 

the flour pan method, which discards pellets smaller than 0.59 mm. This experiment produced 

measurements for raindrops ranging from 0.4 mm to 1.9 mm diameter; although, notable 

improvements for the experiment were needed for precise measurements. While these results were 

not used in analysis versus other methods, this first experiment proved that raindrop size could be 

measured by camera methods. 

One of the greatest reasons for investigating the camera method is that it may be capable 

of directly measuring raindrop velocity when the shutter speed of the camera is known. This 

principle was applied to the same raindrop sample as drop size distribution analysis. Since the 

raindrop region was 1.0-in. (2.5 cm) wide, the distance from the raindrops to the camera lens was 

not the same for every raindrop. This introduced error. Maximum and minimum values for drop size 
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and velocity based on the variable distance were found, with the conversion factor from the grid to 

the raindrop region ranging from 0.814 to 0.871. This represented around ±3.5% error in the 

experiment from the size of the raindrop region. Therefore, in Figure 4-8, this error is represented 

in error bars for both the raindrop diameter and velocity. The line represents theoretical velocity 

based on drop size and fall height as predicted by Laws and Parsons (Laws, 1941). 

 

 
Figure 4-8: Experimental Raindrop Velocity Versus Laws and Parsons Theoretical Velocity 

 

The data points are experimental findings of the first experiment with each point 

representing a raindrop. Experimental velocity was greater than anticipated for most drops greater 

than 1.3 mm diameter in this experiment. This error in the experiment may be due to variable shutter 

speed of the iPhone SE 2nd generation camera. Additional limitations of this first experiment are 

that the 1.0-in. (2.5 cm) opening for raindrops to enter may reduce the likelihood of larger raindrops 

entering the raindrop box. A larger opening size would allow larger drops to be viewed per image; 

however, it would also increase the error from uncertainty of the distance of the raindrop from the 

camera lens. Similarly, the method could have bias towards smaller raindrops because the larger 

drops are more likely to be cut off near the top and bottom of the frame. 

Interestingly, the angle of the raindrops was highly variable. While the median angle was 

zero, the sample standard deviation of the absolute value of the impact angles of the 60 drops was 

9.6 degrees. One explanation for this phenomenon could be that raindrops with greater angles 

travel from more distant sprinklers while raindrops closer to perpendicular to the ground disperse 

from closer sprinklers. 
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4.5.2 Raindrop Size Measurement 

The following section details the results of determining raindrop size and comparison of results 

from the flour pan and photography methods. Both methods were used in determining the R-factor 

produced by the rainfall simulator.  

4.5.2.1 Data Cleaning 

For the second experiment, the same raindrop box as the preliminary test was utilized with a DSLR 

camera. The camera was manually focused to the distance of the center of the raindrop region by 

placing a ruler at this location. The ruler picture functioned as the calibration for conversion from 

pixel to millimeter units as well. Figure 4-9 shows the reference photograph. This image was taken 

immediately prior to the rainfall simulator being operated and the camera was not moved. The 

conversion between pixels and inches for a photograph can vary by numerous parameters 

including the distance from the raindrop region, lens zoom, and photograph resolution. The red 

square demonstrates the usage of the shape tool in Adobe Photoshop Version 24.2.1 to measure 

distance in pixels. Along with the free transform function to rotate the shape, the shape tool was 

used to obtain the conversion between pixels and inches for the experiment.          

 

Figure 4-9: Raindrop Region Reference Photograph  

 

The background was a non-reflective black fabric. This created contrast between the 

raindrops and the background with the camera flash. The rainfall simulator was operated, and ten 

photographs were captured for 2.0, 4.0, and 6.0 in./hr (51, 102, and 152 mm/hr) intensities with the 

camera in the raindrop box 12.5 in. (31.8 cm) from the center of the raindrop region. Furthermore, 

the width of the raindrop region was reduced from 1.0 in. (2.5 cm) to 0.5 in. (1.3 cm) to reduce 

error.  
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The photographs required data processing. The photographs were edited in Adobe 

Lightroom Classic Version 12.2 to improve contrast between the raindrops and the background. 

Figure 4-10 shows an example raw photograph and a photograph after Lightroom adjustments. 

 

  
(a)  before Adobe Lightroom adjustments (b) after Adobe Lightroom adjustments 

Figure 4-10: Example Raindrop Photograph 

 

Notable Lightroom adjustments include reducing exposure, increasing contrast, and 

changing color to black and white. Figure 4-11 demonstrates the settings and histogram of the final 

photograph in monochrome. ISO refers to the camera sensitivity to light. Therefore, these 

photographs were adjusted to be highly sensitive to light with ISO of 10,000. Figure 5.11(b) displays 

the high percentage of the adjusted photograph that is black while the right side of the histogram 

shows the portion of the photograph area occupied by raindrops, which are white from the camera 

flash. 

 

  
(a) Adobe Lightroom photo adjustment (b) histogram of color in Figure 5.9b 

Figure 4-11: Adobe Lightroom Classic Adjustments 
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The resulting photographs were exported to Adobe Photoshop with Lightroom adjustments 

rendered. Raindrops were measured by creating a rectangle and adjusting its shape and angle to 

fit the visible height and width of each raindrop. Each shape was placed in a unique layer with a 

name corresponding to the number of the raindrop in the spreadsheet, and the height and width of 

each rectangle was measured in pixels. Figure 4-12 demonstrates the measurement technique. 

 

  
(a) raindrop before measurement (b) raindrop after measurement 

Figure 4-12: Raindrop Photography Measurement Technique with Shape Tool 

 

Raindrops less than 0.59 mm were not measured because they have negligible energy. In 

the first photograph, all raindrops, regardless of diameter, were examined. These results are in 

Table 4-7, which demonstrates that, despite accounting for a high number of raindrops, drops less 

than 0.59 mm diameter account for very little of the total rainfall energy. 
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Table 4-7: Energy Distribution for First Photograph 

Drop Size (mm) Count Mass (kg) Energy (J) % energy 

4.76< 0 0 0 0.0% 

4.76-2.38 1 9.5E-05 0.0026 94.6% 

2.38-2.0 0 0 0 0.0% 

2.0-1.41 0 0 0 0.0% 

1.41-0.841 5 1.9E-05 0.00010 3.8% 

0.841-0.59 11 1.6E-05 4.2E-05 1.5% 

<0.59 21 6.0E-06 2.4E-06 0.09% 

Sum 38 0.00016 0.0027 100.0% 
 

Since the raindrops with less than 0.59 mm diameter accounted for less than 0.1% of the 

total raindrop energy for this sample despite accounting for 21 of the 38 raindrops, these droplets 

were not measured for remaining photographs. 

The process in Figure 4-12 was performed for 10 photographs from the 2.0 in./hr (51 

mm/hr) target intensity, 10 photographs from the 4.0 in./hr (102 mm/hr) target intensity, and 4 

photographs from the 6.0 in./hr (152 mm/hr) target intensity. At least 50 raindrops from each 

intensity were measured. Next, the measurements were converted from pixel units to inches and 

then millimeters utilizing the calibration photograph in Figure 5.9. One inch was equal to 1041 pixels 

and one millimeter was equal to 41 pixels. Velocity calculations were performed identically to the 

first raindrop box experiment where the distance traveled was equal to the raindrop tail, which was 

the raindrop height minus raindrop width. Shutter speed was set to 1/320 sec with the DSLR 

camera. This shutter speed was selected to capture raindrop tails several times the raindrop width. 

However, data processing was not complete. Outliers were examined. The drop size 

versus drop velocity was plotted on a scatter plot with the x-axis representing measured drop 

diameter and the y-axis representing measured velocity, as shown in Figure 4-13. Then, Laws and 

Parsons theoretical velocities by drop size for a fall height of 4.7 meters were plotted on a line 

(Laws, 1941). Upper and lower bounds 50% variable from Laws and Parsons theoretical velocity 

were created for determining the difference between the expected and experimentally determined 

velocities. Drops beyond 50% variable from the theoretical velocity were re-examined in Adobe 

Photoshop to determine the existence of error in the drop measurement process. 
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Figure 4-13: Velocity Predicted by Fall Height and Drop Size 

 

Six out of 156 drops were determined to be in error. Some drops were theorized to be drips 

from the top of the raindrop box rather than raindrops. These drops had very low velocity relative 

to their size; this may have been because their fall height was less than 1.0 ft (0.3 m) from the top 

of the raindrop box. Figure 4-14(a) shows an example suspected drip from the top of the box. 

Additionally, two drops were determined to be not fully shown in the photograph such as in Figure 

4-14(b). 

  
(a) suspected drip from top of box (b) drop not fully visible 

Figure 4-14: Erroneous Drops 
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Once these erroneous drops were culled from the dataset, 152 drops remained. The 

remaining drops were organized into bins identical to the flour pan test from ASTM D6459-19 that 

is described in Chapter 3. The flour pan was performed simultaneously with the photograph 

collection in the same location on the raindrop simulator plot, the center. The flour pan test also 

used data cleaning techniques. Once drop size weight and count were collected for each sieve 

size, mass ratio adjustment was performed according to the Laws and Parsons method in Figure 

4-15.  

 

 

Figure 4-15: Mass Ratio Adjustment by Average pellet Size per Bin (Laws, 1941) 

 

Equation 4.1 represents the mass ratio adjustment for flour pellets. The adjustment had a 

minimum value of 1. The mass ratio was multiplied by the average drop size per bin and the 

adjusted mass distribution by drop size bin was calculated. 

 

 𝑀𝑀𝐼𝐼𝑇𝑇𝑇𝑇 𝑅𝑅𝐼𝐼𝐼𝐼𝑖𝑖𝐶𝐶 =  0.037 ∗ ln(𝐷𝐷) + 1 (4.1) 

 

where, 

 D = drop diameter (mm) 

 

Finally, the flour pan and photography results were both used to calculate mass percentage 

by raindrop bin size. A summary of the results of each test is shown in Table 4-8. The sample size 

of the photography method ranged from 49 to 52 drops per intensity while the sample size of the 
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flour pan method ranged from 1711 to 2626 per intensity. The samples were taken at identical 

times and locations on a plot calibrated to ASTM D6459-19 standards. 

 

Table 4-8: Summary of Mass Distribution Results for Photography and Flour Pan Methods 

 2.0 in./hr (51 mm/hr) 
Mass Percentage 

4.0 in./hr (102 mm/hr) 
Mass Percentage 

6.0 in./hr (152 mm/hr) 
Mass Percentage 

Drop Size 
(mm) Photography Flour Pan Photography Flour Pan Photography Flour 

Pan 
2.38 to 4.76 37.3% 54.9% 0.0% 58.2% 0.0% 22.6% 

2 to 2.38 0.0% 22.5% 0.0% 20.8% 21.7% 57.8% 

1.68 to 2 12.2% 13.8% 0.0% 11.6% 9.9% 12.6% 

1.19 to 1.68 11.2% 5.0% 43.1% 6.7% 26.8% 4.9% 
0.841 to 

1.19 19.3% 2.9% 33.8% 2.1% 22.6% 1.5% 

0.595 to 
0.841 20.0% 1.0% 23.0% 0.7% 19.0% 0.7% 

 

4.5.2.2 Raindrop Size Comparative Analysis with Photography and Flour Pan Methods 

The mass distribution graphs are shown side by side in Figure 4-16 for each intensity and the 

combined data. The black bars represent the adjusted flour pan mass percentage of the flour pellets 

while the white bars represent the mass percentage of the raindrops captured by the photography 

method.  

 

Figure 4-16: Mass Distributions of Combined Intensities 

 

The photography method represented the mass of small raindrops, defined in this work as 

raindrops less than 1.68 mm diameter, as a higher percentage of the total mass of the rainfall than 
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the flour pan method. However, the sample sizes for the methods were unequal. The effect of small 

sample size on the mass distribution can be observed in Figure 4-17b. There are only 5 raindrops 

greater than 1.68 mm with the photography method out of the 152 total raindrops measured. 

Meanwhile, for the combined intensities, the flour pan method identified 611 out of 6501 drops with 

diameter greater than 1.68 mm. Therefore, drop size percentage is examined instead of mass 

percentage. Figure 4-17 illustrates the difference in drop size distribution between the two methods. 

 

 
Figure 4-17:Comparison of Drop Size Distribution Between Two Methods 

 

The best fit power equation for the flour pan drop size percentage is to the power of -2.048 

while the photography drop size percentage relationship is to the power of -3.624. These best-fit 

equations demonstrate that the photographic method captures exponentially more small raindrops 

than the flour pan. For both methods, a large portion of the drops captured were in the smallest 

drop categories. While the photography method was capable of measuring drops even smaller than 

the smallest drop size bin of 0.59 mm diameter and exceled at measuring small drops, measuring 

smaller raindrops gives diminishing returns for calculating total raindrop energy because tiny 

raindrops have negligible energy as illustrated in Table 4-8.  

The photography method results suggest that one method is misrepresenting drop size 

distribution. Tullis found that drop size was overrepresented by 41% by the flour pan method 

compared to his application of a photography method for measuring raindrop size (2016). However, 

his test used highly controlled conditions including a single drop sprinkler. This is not applicable to 

large-scale rainfall simulation because countless drops are sprayed on the plot at a given instant. 

However, Figure 4-17 suggests that the flour pan method may overrepresent drop size more for 

larger raindrops as a function of raindrop impact area because the drop sizes were increasingly 

different between the methods as raindrop size increases. The two methods also appear to 

converge near the smallest drop sizes, which also supports this idea. Therefore, the percentage 
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that the flour pan overrepresents the raindrop energy due to overrepresenting drop size is 

dependent on the drop size distribution of the sample, which will vary by sprinkler system.  

 

Table 4-9: Raindrop Mass Distribution of R-Factors 

Drop Size Method R-Factor 

Flour Pan 163.2 

Photography Method 109.7 
 

The mass distributions from Table 4-9 were used in conjunction with target intensities to 

calculate R-factor for usage in the RUSLE equation. The percent difference in R-factor between 

the flour pan test performed in conjunction with the photography test and the photography test was 

32.8%. The overrepresentation of the R-factor can lead to control tests which calculate a K-factor 

that is underrepresented. This is because, in the RUSLE equation, K = A / (R * LS) when C and P 

= 1.0. In a product test the equation becomes C = A / (R * LS * K). If the photography results are 

assumed to be accurate, the K-factor would be underrepresented while the R-factor would be 

overrepresented. However, the same real R-factor would be present for the product test as the 

bare soil test when the same sprinkler apparatus is used. The effect on the cover factor would 

cancel out. Therefore, if rainfall simulation is consistent, the method used to find drop size 

distribution is irrelevant to the determined cover factor and previous rainfall simulation tests using 

the RUSLE equation to find erosion control product runoffs are unaffected by this revelation. 

However, overrepresented drop sizes by the flour pan method can affect K-factors which 

are used in field applications for theoretical soil loss calculations. Experiments used to determine 

K-factor for usage in theoretical field calculation may be providing underestimated K-factors when 

the flour pan method is used to determine drop size via the RUSLE equation. Tullis found that a 

disdrometer slightly underrepresented raindrop size (2016). Laser-optical equipment may have a 

similar problem for determining raindrop size distribution as the flour pan method, which requires 

further investigation. 

4.5.3 Rainfall Velocity Measurement with Photography 

The velocity of each raindrop was examined. Methodology for this process was identical to the first 

experiment; however, the camera upgrade to a DSLR camera and non-reflective black background 

provided much clearer images of the raindrop tails such as in Figure 4-12.  

The photographically determined drop velocity was compared to the theoretical drop 

velocity based on Laws and Parsons theoretical calculations. Two-tailed, paired t-tests were 

performed with 95% significance for the drops found in each intensity and for all three target 

intensities combined.  The null and alternate hypotheses are:  
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H0: µPhotography Drop Size Distribution = µFlour Pan Drop Size Distribution 

H1: µPhotography Drop Size Distribution ≠ µFlour Pan Drop Size Distribution 

 

where, 

  µPhotography Drop Size Distribution = Drop size distribution obtained by photography method 

µFlour Pan Drop Size Distribution = Drop size distribution obtained by flour pan method 

 

Measurements were grouped into drop size bins. The 4.0 in./hr (102 mm/hr) test did not 

have any drops greater than 1.68 mm width; therefore, only 2 degrees of freedom were available 

for that intensity. For the remaining t-tests, 4 and 5 degrees of freedom were used. The statistical 

analysis results are displayed in Table 4-10.  

 

Table 4-10: Experimental Versus Theoretical Raindrop Velocity t-tests 

Target Intensity, in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) Combined 

t-calc 6.589 4.676 2.996 3.452 

p-value 0.0027 0.0428 0.0401 0.0182 

Degrees of Freedom 4 2 4 5 

Significant Yes Yes Yes Yes 

Percent Difference of Means 25.5% 50.8% 29.2% 25.8% 
 

The statistical analysis indicated that the photographic method and Laws and Parsons 

theoretical velocity are statistically different for all three target intensities and for the combined data. 

The photography method measured velocity less than predicted by Laws and Parsons for all drop 

size bins at each intensity by 25.5 to 50.8 percent. For the combined data, the velocity was 25.8 

percent less using the photography method. One explanation for this phenomenon is that the 

sprinkler-formed raindrops are not actually spherical as assumed in calculation of measured 

velocity. This explanation was investigated further with Figure 4-18.  
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Figure 4-18: Combined Target Intensity Velocity Measurement Techniques 

 

As drop size increased, the difference between methods decreased. The techniques may 

converge at larger drop sizes. However, a larger sample size for large drops using the photography 

method would be required to confirm this. As drop size increases, the ratio between the raindrop 

tail and the observed width of the raindrop increases because velocity increases exponentially with 

drop size. Therefore, error caused by non-spherical drop size would dampen as drop size 

increased.  The photography method represents velocity consistently lower than Laws and Parsons 

as demonstrated in Figure 4-19.  

 

 

Figure 4-19: Photography Measured Velocity Versus Predicted Velocity 
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While the photography method yielded substantially lower velocity than Laws and Parsons 

theoretical calculation, the relationship was near linear. The best-fit equation in Figure 4-19 has an 

R2 value of 0.95, indicating that the equation represents 95% of the relationship for this raindrop 

sample. 

4.6 CALIBRATION 

This section describes results from applying calibration techniques on both the original rainfall 

simulator and the twelve new rainfall simulators. While the apparatuses differ slightly in water 

delivery method and slope, the methods used to verify intensity and drop size are identical. These 

methods follow ASTM D6459-19 guidelines and utilized rainfall gauges for determining rainfall 

intensity and the flour pan method for determining raindrop mass distribution. 

4.6.1 Original Rainfall Simulator Intensity Verification 

The original rainfall simulator was verified before control testing to ensure that it was still outputting 

near the target intensities. Following the methodology for repairing and ensuring that the correct 

switch order was used described in Chapter 3, the final results with ASTM D6459-19 calibration 

techniques for the intensity and Christiansen uniformity calibration, Cu, were obtained meeting all 

standard testing environment requirements. 

 

Table 4-11: Original AU-SRF Rainfall Simulator Calibration  

Target Intensity, 
in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

Measured Intensity, 
in./hr (mm/hr) 2.05 (52) 3.98 (101) 5.99 (152) 

Cu (%) 82.20 84.97 80.47 
 

The measured intensities were very close to the target intensities, which was expected 

since the initial design of the sprinklers was to meet ASTM D6459-19 parameters. Therefore, with 

the intensity verified and using previously obtained flour pan results, control testing for rainfall 

simulator verification proceeded. 

4.6.2 Calibration on Twelve New Rainfall Simulators 

The twelve new ASTM D6459-19 rainfall simulators used the same sprinkler design as the original 

rainfall simulators. However, the water delivery method was modified. The new method involved 

using a PVC manifold as described in Chapter 3: Methodology. The effect of the manifold on the 
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pressure in each sprinkler was unknown, and it was desired to determine whether the pressure 

changes affected rainfall simulator calibration results despite that other parameters of the rainfall 

simulators were identical including sprinkler components, plot dimensions, and raindrop gauge 

placement pattern. 

Two methods for determining rainfall intensity were performed, which were ASTM D6459-

19 calibration with 20 rainfall gauges and runoff volume method. Intensity findings are in Table 

4-12. For the runoff volume test, the previously determined equation for converting between runoff 

volume method and rainfall gauge method intensity was used.                      

 

Table 4-12: Intensity Calibration for New Rainfall Simulator Plots  

Target Intensity, 
in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

ASTM D6459-19 20-
Rainfall Gauge Test 2.1 (54) 4.2 (106) 6.3 (160) 

Runoff Volume Test 
with Conversion 1.8 (47) 3.82 (97) 5.75 (146) 

Christiansen 
Uniformity (%) 82.24% 83.35% 81.1% 

ASTM D6459-19 
Method Percent 

Error from Target 
Intensity (%) 

7.0% 4.5% 4.7% 

Runoff Method 
Percent Error from 
Target Intensity (%) 

-14.2% -8.5% -8.4% 

 

Christiansen uniformity was greater than 80 percent for all intensities. Additionally, the 

rainfall gauge method yielded intensities within 7.0% of the target intensity while the runoff method 

yielded intensities within -14.2% of the target intensity. Therefore, while the sprinklers were 

designed on a 3H:1V plot, the target intensities were still nearly met on the 4H:1V slope rainfall 

simulators. For both methods, the 2.0 in./hr (51 mm/hr) rainfall presented the greatest percent 

difference from the target intensity.  

Next, drop size calibration commenced for the new rainfall simulators. Using the flour pan 

method, nine flour pan tests were completed. Each target intensity had three flour pan tests with 

flour pans at quarter points along the length of the plot. The mass distributions were averaged by 

target intensity. The final mass distributions of the pellets are shown in Table 4-13.  
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Table 4-13: Average Mass Distributions by Target Intensity 

Bin Size (mm) 2.0 in./hr (51 mm/hr) 4.0 in./hr (102 mm/hr) 6.0 in./hr (152 mm/hr) 

2.38 to 4.76 0.00% 1.92% 4.52% 

2 to 2.38 38.39% 35.70% 27.95% 

1.68 to 2 12.22% 13.32% 31.77% 

1.19 to 1.68 21.50% 21.45% 16.09% 

0.841 to 1.19 19.27% 18.19% 11.98% 

0.595 to 0.841 8.63% 9.42% 7.69% 
 

The mass distributions yielded an R-factor of 148.5. The R-factor was applied in RUSLE 

equation calculations in control testing per ASTM D6459-19 requirements. 

4.7 CONTROL TESTING 

This section contains results from bare soil testing at AU-SRF. Bare soil testing was conducted on 

the original rainfall simulator for verification that it was operating to the ASTM D6459-19 standard.  

4.7.1 Original AU-SRF Rainfall Simulator ASTM D6459-19 Verification 

To ensure the slopes veneer was properly tilled and loosened between tests, a digging fork was 

used to effectively loosen the soil. The slope was rolled using a roller compactor and checked to 

ensure the correct compaction and moisture content were met.  

 

Table 4-14: Original Rainfall Simulator Verification   

Target Intensity, 
in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

Intensity, in/hr 
(mm/hr) 

2.1 
(52) 

3.8 
(97) 

5.3 
(133) 

Sediment, lb (kg) 204.7 
(92.9) 

416.5 
(188.9) 

850.3 
(385.7) 

Runoff, gal. (L) 84.9 
(321.4) 

131.4 
(497.4) 

377.1 
(1427.5) 

Avg. turbidity, NTU 60,520 51,960 55,070 

Avg. TSS, mg/L 71,930 92,520 90,550 

 

The sediment loss increases from the first to second test were 12.1%, 12.5%, and 60.7% 

for 2.0, 4.0, and 6.0 in./hr (51, 102, 152 mm/hr) target intensities, respectively. The results of the 

bare soil test aligned with testing from previous years despite that the compaction was still slightly 

higher than some previous control tests. Therefore, these methods should also be used in future 
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testing for this soil for continuity with previous testing. Figure 4-20 demonstrates erosive processes 

during and after the second test.       

 

   

(a) during 2.0 in./hr (51 mm/hr) (b) during 4.0 in./hr (102 mm/hr) (c) after 6.0 in./hr (152 mm/hr) 
Figure 4-20: Original Rainfall Simulator Verification  

 

In the second test, rills began formation during the 2.0 in./hr (51 mm/hr) intensity, which 

was anticipated because of previous testing results. This test was satisfactory for providing 

renewed verification of the effective operation of this rainfall simulator. Continuity with compaction 

methods ensures that soil erodibility is consistent for all testing. 

4.7.2 First Test on Twelve New Rainfall Simulators 

Three control tests were performed on the new rainfall simulator plots in partial fulfillment of the 

“Evaluation of ALDOT Erosion Control Products Using Rainfall Simulation on Various Soil Types 

and Slope Gradients” project. Each test was performed on a different soil and on 4H:1V slopes. 

The three soils were ASTM clay, sand, and loam. In this section, the results of the first tests on 

these new rainfall simulators are provided. Additionally, the difference between soils in soil 

erodibility in the RUSLE equation is examined. 

4.7.2.1 Sand 

The first test was performed on Plot 3 with a sand soil from Abbeville, AL. With the procedure for 

bare soil testing described in chapter 3, an ASTM D6459-19 rainfall simulator test was performed. 

The average Proctor compaction was 88.2% with 14.8% moisture content.   

Several notable observations were made during this test. This soil was highly erodible and 

tended to fill the runoff collection barrels with solid material. Therefore, the flashing system in Figure 
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4.13 was developed based on observations during this experiment. Rills formed beginning around 

10 ft (3 m) from the toe of the slope.  

 

  
(a) rainfall simulator operation (b) filled runoff collection tank 

Figure 4-21: First Bare Soil Test on New ASTM D6459-19 Rainfall Simulators 

 

A summary of the results is in Table 4-15. 

 

Table 4-15: Sand Bare Soil Test Results 

Target Intensity, 
in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

Intensity, in/hr 
(mm/hr) 

2.3 
(57) 

4.3 
(110) 

6.1 
(155) 

Sediment, lb (kg) 136.4 
(61.9) 

268.1 
(121.6) 

620.5 
(281.5) 

Runoff, gal. (L) 96.9 
(366.8) 

234.1 
(866.2) 

446.5 
(1690.2) 

Avg. turbidity (NTU) 50,290 52,490 104,520 

Avg. TSS (mg/L) 40,210 63,870 185,160 
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4.7.2.2 Loam 

The loam ASTM D6459-19 test was performed on plot 5 on the 4H:1V slope. The Proctor 

compaction was 87.7% with 18.8% moisture content. Observations from this test include that the 

runoff collection barrels did not fill with soil. Therefore, the improved flashing system was not 

necessary for this plot. The results of the loam test are in Table 4-16.      

 

Table 4-16: Loam Bare Soil Test Results 

Target Intensity, 
in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

Intensity, in/hr 
(mm/hr) 

2.25 
(57) 

4.00 
(102) 

5.85 
(148.6) 

Sediment, lb  
(kg) 

18.9 
(8.6) 

82.9 
(37.6) 

193.1 
(87.6) 

Runoff, gal.  
(L) 

59.5 
(225.2) 

239.9 
(908.1) 

391.5 
(1482.0) 

Avg. turbidity, NTU 21,410 22,500 13,810 

Avg. TSS, mg/L 11,540 15,100 10,610 

 

4.7.2.3 Clay 

The clay ASTM D6459-19 test was performed on Plot 1 with a 4H:1V slope. The Proctor compaction 

was 92.2% with 22% moisture content. This compaction was higher than both the sand and loam 

soils despite that the method of using the plate compactor to pass over all areas of the plot one 

time was identical. Like the loam test, the barrels did not fill with soil during the test, and the 

improved flashing system was not necessary. The results of the clay test are displayed in Table 

4-17.   
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Table 4-17: Clay Bare Soil Test Results 

Target Intensity, 
in./hr (mm/hr) 2.0 (51) 4.0 (102) 6.0 (152) 

Intensity, in/hr 
(mm/hr) 

2.7 
(69) 

4.5 
(114) 

7.3 
(187) 

Sediment, lb (kg) 4.3 
(2.0) 

50.1 
(22.7) 

123.4 
(56.0) 

Runoff, gal. (L) 23.9 
(90.4) 

178.1 
(674.2) 

284.1 
(1075.4) 

Avg. turbidity, NTU 9,450 17,850 23,550 

Avg. TSS. mg/L 7,490 16,510 18,960 

 

4.7.2.4 Comparison of Results 

With one test on each soil completed, the K-factors were compared. Using the flour pan method 

drop size calibration results from Table 4-13, R-factors for rainfall were determined for each test 

based on previous flour pan test results and the recorded intensity during the test. K-factors, were 

calculated with the RUSLE equation with factors in Table 4-18. 

 

Table 4-18: First Test RUSLE Factors on New Rainfall Simulators 

RUSLE Factor Sand Loam Clay 

A, ton/ac/yr 60.91 19.18 7.73 

Theoretical R 148.5 148.5 148.5 

LS 2.23 2.23 2.23 

C 1 1 1 

P 1 1 1 

K 0.18 0.06 0.02 

 

As expected, the sand had the highest K-factor while the clay had the lowest K-factor. 

These K-factors are unique to the plot preparation; ASTM D6459-19 requires compaction 90 ± 3% 

of maximum compaction, which affects the soil erodibility. Continued testing will refine these 

results. 
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4.8 CONTROL TESTING 

The following section provides the results of nine 4:1 bare soil tests along with nine 4:1 crimped 

straw product tests. The application of crimped straw resulted in significant soil loss reduction in 

comparison to the bare soil control test for each soil type. 

4.8.1 K-Factor Results Summary for 4:1 Bare Soil Test Results 

To determine the experimental K-factors for each soil type, three bare soil control tests were 

performed on each soil. A total of nine tests were performed to achieve the experimental K-factors 

on the 4:1 slopes. The table below summarizes the average k-factors achieved for each soil.  

 

Table 4-19: K-Factor Results for 4:1 Slopes 

Soil Type Average K-Factor 

Sand 0.37 

Loam 0.043 

Clay 0.013 
 

As expected and consistent with the initial bare soil tests, sand is the most erodible soil 

with a K-factor of 0.37. This proves the existing notion that sand may require more stringent erosion 

control measures than the less erodible loam and clay soils.  

4.8.2 Test Results Summary of 4:1 Bare Soil Tests 

fThe following tables summarize the average results obtained from the 4:1 bare soil tests. A total 

of three tests were performed for each soil type. The resulting sediment loss weights were highest 

in the sand followed by loam and clay. This is in line with our current understanding of soil erodibility.  

 

Table 4-20: Results of Bare Soil 4:1 Sand Tests 

Parameter Values 

Target Intensity in./hr 
(cm./hr) 

2.0  
(5.08) 

4.0  
(10.16) 

6.0  
(15.24) 

Experimental Intensity Avg. in./hr  
(cm./hr) 

2.45  
(6.22)  4.18 (10.62) 5.67 

(14.40) 
Dry Weight Avg. lbs  

(Kg) 
325.95 

(147.85) 
284.58 

(129.08) 
1367.33 
(620.21) 

K-Factor (Sand) 0.37 
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Table 4-21: Results of Bare Soil 4:1 Loam Tests 

Parameter Values 

Target Intensity in./hr 
(cm./hr) 

2.0  
(5.08) 

4.0  
(10.16) 

6.0  
(15.24) 

Experimental Intensity Avg. in./hr  
(cm./hr) 

2.32  
(5.89)  3.97 (10.08) 6.00 

(15.24) 
Dry Weight Avg. lbs  

(Kg) 
16.18 
(7.34) 

74.69 
(33.88) 

145.30 
(65.91) 

K-Factor (Loam)  0.043  

 

Table 4-22: Results of Bare Soil 4:1 Clay Tests 

Parameter Values 

Target Intensity in./hr 
(cm./hr) 

2.0  
(5.08) 

4.0  
(10.16) 

6.0  
(15.24) 

Experimental Intensity Avg. in./hr  
(cm./hr) 

2.48  
(6.30)  

4.42  
(11.23) 

6.95 
(17.65) 

Dry Weight Avg. lbs  
(Kg) 

5.06 
(7.34) 

21.97 
(33.88) 

87.17 
(65.91) 

K-Factor (Clay)  0.013  

4.8.3 Test Results Summary of 4:1 Crimped Straw Product Tests 

A total of three crimped straw tests were performed on plot 5 (4:1 loam) in accordance with ASTM 

D6459. The following tables outline the average dry weights obtained along with the average 

corresponding experimental intensities. The use of crimped straw substantially reduced the dry 

weight of soil loss for each intensity.  

 

Table 4-23: Results of Crimped Straw 4:1 Sand Tests  

Parameter Values 

Target Intensity in./hr 
(cm./hr) 

2.0  
(5.08) 

4.0  
(10.16) 

6.0  
(15.24) 

Experimental Intensity Avg. in./hr  
(cm./hr) 

2.34  
(5.94)  

4.18  
(10.62) 

6.33 
(16.08) 

Dry Weight Avg. lbs  
(Kg) 

3.45 
(7.61) 

12.19 
(26.87) 

28.67 
(63.21) 

K-Factor (Loam)  0.37  
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Table 4-24: Results of Crimped Straw 4:1 Loam Tests 

Parameter Values 

Target Intensity (in./hr) 
(cm./hr) 

2.0  
(5.08) 

4.0  
(10.16) 

6.0  
(15.24) 

Experimental Intensity Avg. (in./hr) 
(cm./hr) 

2.28 
(5.79) 

3.90 
(9.91) 

5.38 
(13.67) 

Dry Weight Avg. (lbs) 
(Kg) 

0.91 
(0.41) 

1.86 
(0.84) 

3.97 
(1.80) 

K-Factor (Loam)  0.043  

 
Table 4-25: Results of Crimped Straw 4:1 Clay Tests 

Parameter Values 

Target Intensity in./hr 
(cm./hr) 

2.0  
(5.08) 

4.0  
(10.16) 

6.0  
(15.24) 

Experimental Intensity Avg. in./hr  
(cm./hr) 

2.45 
(6.22)  

4.68  
(11.89) 

6.75 
(17.15) 

Dry Weight Avg. lbs  
(Kg) 

1.64 
(0.74) 

2.79 
(1.27) 

12.7 
(5.76) 

K-Factor (Loam)  0.013  

 

In addition to collecting the dry sediment weight of each crimped straw test, a C-factor was 

calculated for each crimped straw test application. A slope-length factor of 2.23 was used in 

addition to a theoretical R-factor of 148.5 obtained from the rainfall simulator calibration. The K-

factors determined from the bare soil tests were used in the calculation for each corresponding soil 

type. The C-factor results for each test and an average C-factor for each soil type are displayed in 

Table 4-26.  
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Table 4-26: C-Factor Results for 4:1 Slopes 

Soil Type Test C-Factor 

Sand 

1 0.023 

2 0.015 

3 0.024 

Average 0.021 

Loam 

1 0.003 

2 0.084 

3 0.054 

Average 0.047 

Clay 

1 0.21 

2 0.04 

3 0.33 

Average 0.193 
 

The results of crimped straw testing provided evidence that crimped straw can provide a 

cost-effective solution to minimizing sediment loss on construction sites on sand, clay, and loam 

soil. Based on testing of the 4:1 slopes, it was found that crimped straw performed substantially 

worse on the clay plots than the sand and loam. This testing provides evidence that product 

performance could depend heavily on the slope and soil conditions in which the product is applied. 

Based on initial testing, the results suggest that crimped straw is most effective on the sand and 

loam soils.  

Due to the high average sediment loss risk on highway construction projects, the results of 

this study will help ALDOT make informed decisions on where best to apply their products and 

minimize the risk to the surrounding environment. Crimped straw will be further evaluated on 3:1 

slopes along with RECPs. A further evaluation of RECPs in addition to crimped straw will provide 

information on whether they provide better slope protection and if the increased cost compared to 

crimped straw is worth the extra money and installation time. 
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5 Chapter 5  
CONCLUSIONS 

5.1 INTRODUCTION 

The objective of this research was to test erosion control practices for the Alabama Department of 

Transportation using ASTM D6459-19 on slopes of different soil types in both subgrade and final 

grade with topsoil.  The first task was to construct twelve new rainfall simulator plots with ASTM 

D6459-19 parameters. These rainfall simulators were built with two types of slopes and three 

different soils. The soils represented sand, clay, and loam common in the state of Alabama. 

Numerous efficient construction techniques were implemented and improved through the 

construction.  

1. The second task completed in this work was the verification of the original ASTM D6459-

19 rainfall simulator at AU-SRF, which included rainfall intensity calibration and control 

testing.  

2. The third task was to investigate novel calibration techniques for rainfall intensity, rainfall 

drop size distribution, and rainfall velocity and compare them to standard practices in 

ASTM D6459-19.  

3. The fourth task was to calibrate the new rainfall simulators for rainfall intensity and drop 

size distribution using ASTM D6459-19 methods.  

4. The fifth and final task included initial testing on bare soil on the new rainfall simulators to 

experimentally determine K-factors of the three new soils for later use in evaluating erosion 

control products on various slopes and soils. A total of nine crimped straw product tests 

have been performed on the 4:1 test plots and indicated ability for soil loss reduction. C-

factors were calculated for each crimped straw product test.  

5.2 CONSTRUCTION 

The rainfall simulators plots were designed to accommodate ASTM D6459-19 requirements 

including plot dimensions of 40.0 ft (12.2 m) by 8.0 ft (2.4 m) and 4H:1V or 3H:1V slopes. With 

three soils and two slopes, six types of plots were constructed with two of each combination of 

slope and soil. The plots were constructed along a road embankment in pairs. The first steps of 

construction were land clearing, rough grading, and creating a survey digital terrain model with a 

Total Station for the top elevations of the plots. Then, the plot corners were marked before 

beginning individual plot construction. 

The procedure for constructing plots was: (1) Excavate for a plot using a terrace in the 

center of the slope for parking the excavator while digging the upper reaches of the plot, (2) Perform 

fine grading with three workers including an excavator operator, a surveyor, and a raker, (3) Add 
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the first 6.0 in. (15 cm) lift of soil with a skid steer, (4) Construct and install plot borders, (5) Add 

and compact two additional soil lifts, (6) Construct and install drainage features including catchment 

basins, channels, and culverts, (7) Design and install a water supply system including a water 

distribution manifold, in-line filter, and floating dock, (8) Ensure proper runoff collection for each 

plot, and (9) Design and build an electrical system with a controller box with switches for 2.0 in./hr 

(51 mm/hr), 4.0 in./hr (102 mm/hr), and 6.0 in./hr (152 mm/hr) target intensities. Additional grading 

was performed below the 3H:1V plots to improve drainage. Soil testing was performed to identify a 

source for ASTM sand and to ensure ASTM D6459-19 compliance for grain size distribution. Each 

soil was stockpiled with quantities viable for long term testing.  

The construction process used cost-effective methods. Recommended practices for design 

and construction methods include creating survey data to streamline precise construction, using 

pre-made tanks to reduce cost for a catchment basin, and sharing sprinkler systems between 

multiple plots. Additional strategies include 2.0-in. (5.1-cm) thick lumber for plot borders, utilizing 

terracing for safer grading on slopes with heavy equipment, and anchoring for protecting retention 

tanks from flood damage. Furthermore, flow delivery, flow distribution, and drainage systems are 

absent from ASTM D6459-19 and should be considered. Techniques described in this work for 

proper planning, construction, and calibration methods intend to complement ASTM D6459-19 to 

facilitate the process of creating large-scale simulators. 

5.3 EVALUATION OF NOVEL CALIBRATION METHODS 

Two alternative methods for rainfall simulator calibration were examined. The first method was for 

determining rainfall intensity. While ASTM D6459-19 requires rainfall gauges to determine intensity, 

the effects of imperfect uniformity may skew results from the actual runoff produced on the plot. 

Therefore, using paired statistical analyses, a method for determining rainfall intensity from direct 

measurement of runoff was compared to traditional rainfall gauge setups. The two methods were 

statistically different for three target intensities in a paired test with 95% confidence and percent 

differences in mean ranging from 27.8% to 32.8%. The runoff was less than the rainfall gauges 

predicted. The two methods were strongly correlated with a linear regression with R2 greater than 

0.99. The runoff method is a precise measurement of the actual runoff produced by the plot and 

can be used in conjunction with the ASTM D6459-19 rainfall gauge recommendation to precisely 

measure rainfall intensity. Additionally, the usage of six suspended rainfall gauges during a control 

or product test to verify intensity was statistically compared to the ASTM D6459-19 

recommendation of twenty rainfall gauges during calibration.  The results indicate with 95% 

confidence that there is not enough evidence to conclude that the six suspended rainfall gauges 

and twenty rainfall gauges arrangements yield different intensities. 

Raindrop characteristics were examined first with videography and then with photography. 

The videography experiment was to determine whether raindrops could be measured for drop size 
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and velocity using video frames. The results of this initial test indicated that the method was viable 

with some improvement. The second experiment utilized a DSLR camera, improved lighting, and 

improved background. This test yielded results which were compared to the ASTM D6459-19 

standard flour pan test for determining drop size distribution of rainfall. The results indicated that 

the photography method represented exponentially more small raindrops than the flour pan 

method. The photography method produced an R-factor 32.8% lower than the flour pan test. The 

percentage that the flour pan overrepresents raindrop energy compared to the photography method 

may be dependent on the drop size distribution of the sample, which varies by sprinkler system.  

The velocities of individual raindrops were measured using the distance that each raindrop 

traveled while the camera was capturing the photograph. The velocities were compared to 

theoretical predictions that are used in ASTM D6459-19 rainfall energy calculations using a paired 

t-test and the drop sizes measured photographically. The results indicated that the photography 

method yielded statistically significantly different velocity for raindrops with 95% certainty. As drop 

size increased, the difference between the methods for determining velocity decreased. A linear 

correlation was plotted between the experimental and theoretical velocities, and a best-fit linear 

equation with R2 of 0.95 was obtained; however, the relationship may be more complex and require 

larger sampling of raindrops greater than 1.68 mm diameter. 

Implications of these findings include that the R-factor in the RUSLE equation, which is 

obtained by the flour pan method, may be overrepresented because the flour pan test represented 

a greater percentage of larger raindrops than the photography method sample demonstrated. The 

R-factors obtained by each method were 109.7 and 163.2 for the photography and flour pan 

methods in the center of the plot, respectively. If the R-factor, is less than the flour pan method 

obtained, the K-factor, obtained through bare soil testing will be overrepresented. However, if 

product testing to evaluate cover factor used the same method as the control testing to determine 

R-factor, the overrepresented R-factor does not affect the calculation of cover factor. Therefore, 

previous testing is not affected by this finding. However, K-factors are used for practical RUSLE 

calculations in the construction industry, and researchers attempting to determine or compile K-

factors should consider that the method used to determine drop size distribution can affect the 

result. 

5.4 CALIBRATION 

Calibration testing was performed on the original rainfall simulator for renewal of accreditation and 

on a representative plot for the new rainfall simulators. ASTM D6459-19 procedures for calibration 

were followed for both rainfall intensity and raindrop size distribution. Together, the results indicated 

that all thirteen rainfall simulators at AU-SRF are operational and capable of 2.0 in./hr, 4.0 in./hr, 

and 6.0 in./hr (51, 102, and 152 mm/hr) target rainfall intensities. The theoretical R-factor for target 
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intensities based on the results of the flour pan test drop size calibration for the new rainfall 

simulators was 148.5. 

5.5 TESTING 

This work established procedures for ASTM D6459-19 testing on the new rainfall simulators. 

Improvements to the procedure on the original large-scale rainfall simulator procedure include 

collecting all three target intensities in tubs to avoid run-on into the catchment basin affecting 6.0 

in./hr (152 mm/hr) test results, incorporating the suspension of rainfall gauges to prevent the 

gauges from affecting rill formation, and utilizing a portable manifold to distribute flow to sprinklers 

shared by all plots. Control testing of 4:1 plots yielded average K-factors of 0.37, 0.043, and 0.013 

for sand, loam, and clay, respectively. As anticipated, the sand was the most erodible soil, and the 

clay was the least erodible soil. Future testing will refine these factors. These K-factors are unique 

to the sprinkler design at AU-SRF and may be influenced by raindrop size distribution; however, 

identical rainfall characteristics will be present during product testing to determine cover factors of 

erosion controls. Therefore, these control tests represent the maximum soil losses for calculating 

cover factor during erosion control testing.  

A total of nine crimped straw product tests were performed on the 4:1 sand, loam, and clay 

plots. The straw was applied at a rate of 2 tons/acre in accordance with the ALDOT construction 

manual. The results yielded substantial soil loss reduction on all three soils. Average crimped straw 

C-factors determined for sand, loam and clay plots were 0.021, 0.047, and 0.193 respectively. This 

will be further evaluated with future testing on the 3:1 test plots. 

5.6 SUMMARY 

The five tasks were successfully completed, which are described as follows: 

1. Twelve new ASTM D6459-19 rainfall simulators were constructed on three soils and two slopes 

in pairs with each soil stockpiled for long term testing. The rainfall simulators utilized a portable 

sprinkler system with a flow distribution manifold and supply pipe across the length of the top of the 

slopes. Additionally, they were constructed with cost-effective techniques including wooden plot 

borders and anchored plastic catchment basin tubs.  

2. The original AU-SRF ASTM D6459-19 rainfall simulator was verified for renewal of 

Geosynthetic Accreditation Institute accreditation. This accreditation is critical to ensuring AU-SRF 

adherence to ASTM D6459-19 testing parameters. The test procedures used in this verification 

were the basis for the testing procedure on the new rainfall simulators.  

3. Novel calibration techniques including runoff to calculate rainfall intensity and photography to 

directly measure rainfall characteristics were investigated. Results suggested that photography for 

determining drop size distribution could be a viable alternative to the flour pan test. The 

photography method results indicated that raindrops less than 1.68 mm diameter represent a 
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greater portion of the total rainfall than the flour pan method could identify. Additionally, the runoff 

method for determining intensity is more precise than rainfall gauges and can be used in 

conjunction with ASTM D6459-19 calibration methods. 

4. The twelve new rainfall simulators were calibrated by performing ASTM D6459-19 calibration 

techniques on a representative apparatus. The flour pan results yielded a theoretical R-factor 

assuming target intensities of 148.5. Additionally, intensity calibration indicated sufficient 

Christiansen uniformity and intensities near the target intensities. Therefore, the new rainfall 

simulators were determined to be ready for control testing with bare soil. 

5. Initial control testing and crimped straw product testing was performed on the new rainfall 

simulators. Three tests were performed on each soil for the 4H:1V slope plots. The sand had the 

greatest soil erodibility, which was followed by the loam, and the clay had the lowest K-factor. C-

factors for crimped straw were determined for each soil type application. The results indicated that 

crimped straw yield the lowest C-factor on sand.  

5.7 RECOMMENDATIONS FOR CONTINUED AND FUTURE RESEARCH 

Research will continue to fulfill the final objective of this project.  With four of five project objectives 

complete, researchers at the AU-SRF will continue testing using the information gained in the first 

four objectives to provide ALDOT with the necessary data to make informed decisions on the 

expectations of different erosion controls available to their projects.  Based on findings from 

construction, calibration, and testing with ASTM D6459-19 and experimentation with alternative 

methods for intensity and rainfall characteristics, other recommendations for future research can 

be made to improve the body of knowledge for simulated rainfall erosion control testing. 

The use of the RUSLE equation carries expectations in both research evaluation and 

design of erosion and sediment control plans that the parameters, whether the output of expected 

soil loss or the developed inputs of K- and C-factors, provide reasonable and expected outcomes.  

For instance, based on this research, using the RUSLE equation to correlate the soil loss measured 

for a specific practice against the R-, K-, and LS factors, there is an expectation that the C-factor 

for a given practice will be consistent no matter what soil or slope is used for testing, however, to 

date, the side-by-side comparison that this research has provided is indicating that this is not the 

case.  The continued evaluation of the same practice on 3:1 versus 4:1 will also help determine if 

the LS-factor results in varying C-factor results as has been shown with varying soil types.  These 

new correlations should lead to further examination of the output expectations versus the inputs 

provided association with the RUSLE equation. 

Hydromulch has been a largely adopted tool for stabilizing areas once grading has 

completed and general has performed well.  However, there are instances where hydromulch has 

struggled, specifically with heavy rainfall for mulch recently applied on steep slopes.  Future 

analysis on hydromulches ability to remain intact and perform as desired should be further analyzed 
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to develop a work plan for when hydromulch should be specified for use on a project.  This may 

include optimum curing time and longevity prior to rainfall as well as rainfall depth and intensity 

prior to failure. 

Other research opportunities may arise as this project closes out and continued analysis 

of the data warrants further investigation. 

5.7.1 Remaining Tests  

Testing is still in-progress and results will be added to this report as an addendum. Future testing 

will provide further evaluation of ECP performance on 3:1 slopes along with evaluation of 

proprietary practices. The research team will continue to update ALDOT on testing progress and 

findings.  
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