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ABSTRACT  
 

Soil erosion and the resulting sediment deposition constitutes one of the greatest pollutants 

in our nationôs waterways.  Construction projects often generate large areas of exposed soil that 

remain disturbed throughout the duration of the project.  Exposed soil, resulting from clearing, 

grubbing, and land grading activities, is more susceptible to erosion during a rain event due to lack 

of vegetative cover.  Erosion control practices and products (i.e., vegetative cover, erosion control 

blankets, hydromulches, etc.) are an important aspect of any construction project due to their 

ability to limit the process of erosion.  This study developed a testing apparatus capable of 

accurately and repeatedly simulating a 2-yr, 24-hr storm event in Auburn, Alabama with the goal 

of determining the performance and effectiveness of erosion control practices and products.  The 

test protocols consisted of calibrating the rainfall simulator and validating the results through bare 

soil control tests.  Data collection procedures consisted of recording rainfall depth in rain gauges, 

collecting and analyzing flour pellets for drop sizes, and suspended sediment concentration (SSC). 

The optimum location for each sprinkler riser as well as the most accurate nozzle 

configurations were determined through the test procedures developed for this study.  Through 

calibration testing, the simulator was found to produce rainfall intensities of 1.10, 1.78, and 3.76 

in./hr.  Uniformity of rainfall distribution ranged from 79-81%.  The rainfall simulatorôs 

performance was also validated through three, 60 minute bare soil control tests.  Results from these 

tests (i.e., erosion patterns, SSC) showed that consistent erosion patterns were achieved with 

maximum sediment concentrations ranging from approximately 55,000 ï 82,000 mg/L. 
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CHAPTER ONE: 

INTRODUCTION  
1 CHAPTER ONE: INTRODUCTION  

1.1 BACKGROUND  

The U.S. construction industry is a lucrative and large sector of the nationôs economy.  In 

2015, Congress allocated $325 billion for the construction and rehabilitation of highways in the 

U.S. (Congress 2015).  Construction projects typically include land grading activities (i.e., 

clearing, grubbing, grading, and excavations) that require extensive earthwork, in which vegetation 

is removed, thereby resulting in the creation of vast amounts of exposed soil.  A primary issue with 

exposed soil is its susceptibility to erosive forces introduced by a rainfall event.  As much as 80 

million tons (73 million metric tons) of sediment are eroded from United States construction sites 

each year (Novotny 2003).  The discharge of stormwater runoff with high concentrations of 

sediment from construction sites has become a source of concern for government environmental 

agencies and general contractors alike. 

Highly concentrated sediment-laden stormwater runoff can enter local waterways where 

suspended sediments settle out of suspension, resulting in deposition.  This sedimentation process 

effectively degrades the existing ecosystem and overall water quality by increasing turbidity, 

making it difficult for aquatic wildlife to survive.  These concerns led Congress to pass the National 

Pollutant Discharge Elimination System (NPDES) in 1990 under the Clean Water Act.  

Regulations under NPDES require that sediment pollution generated by construction activities be 

controlled onsite by the site operator.  This is accomplished through the use of erosion and 
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sediment control (ESC) practices that include ground covers (i.e., vegetation, erosion control 

blankets, hydromulches), runoff control measures (i.e., inlet protection practices, ditch checks, turf 

reinforcement mats), and sediment controls (i.e., sediment basins and silt fences).  With the 

increase in usage of such practices and products, it is important for researchers, practitioners, 

contractors, inspectors, and regulatory agencies to understand the in-field performance of various 

ESCs, along with suitable applications.  Various standardized small-scale testing methods have 

been conducted in the past to accomplish these objectives.  However, small-scale testing does not 

adequately represent conditions that various ESCs would experience in the field due to small plot 

size.  To effectively replicate a field-like scenario, large-scale testing techniques have been 

developed to assess the performance of erosion control practices and products under controlled 

conditions.  Since the 20th century, this has been accomplished with the help of rainfall simulators 

(Cullum 1997; Hirschi et al. 1990; Mutchler and Hermsmeier 1965; Paige et al. 2003). 

1.2 RAINFALL SIMULATORS  

Rainfall simulation has long been used to study the effects of rainfall on erosion (Birt et al. 

2007; Bubenzer and Meyer 1965; Paige et al. 2003).  The need for rainfall simulators arose when 

researchers determined that simulated rainfall provided more control over experiments in 

comparison to waiting for a natural rainfall event to occur to conduct experiments.  The earliest 

rainfall simulators used drop-forming mechanisms such as hypodermic needles and string to 

generate drops (Mutchler and Hermsmeier 1965).  With no pressure in the system, the raindrops 

had to be released at heights as high as 30 ft (9 m) to ensure that drops reached speeds near terminal 

velocity.  Furthermore, these systems were highly susceptible to environmental conditions such as 

high winds.  These constraints limited the use of drop-forming simulators primarily to indoor 

laboratory experiments.  During the 1960ôs, pressurized rainfall simulation systems became more 
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popular as researchers desired to conduct larger scale, outdoor experiments (McLaughlin and 

Brown 2006; Moore et al. 1983; Paige et al. 2003; Sharpley and Kleinman 2003; Swanson 1965).  

Pressurized rainfall simulators differ from drop-forming simulators in that they rely on nozzles or 

sprinkler heads to produce rain-like drops.  With a pressurized system, raindrops have the ability 

to reach terminal velocity quicker, thereby allowing for the design of shorter, more portable 

simulators.  Furthermore, pressurized rainfall simulators provide some resistance to environmental 

conditions, allowing researchers to take their studies outdoors to test ESCs in similar conditions 

that practices and products would experience in the field.  As technological advances have 

occurred through the 20th and 21st centuries, items such as solenoid valves, digital flowmeters, and 

software operated systems have increased the accuracy with which these simulators can simulate 

naturally occurring rain events (Blanquies et al. 2003; Elbasit et al. 2015; Miller 1987). 

1.3 RESEARCH OBJECTIVES 

The research contained in this thesis is part of a continuing effort by the Highway Research 

Center at Auburn University to study the performance and effectiveness of commonly used ESCs 

through large-scale testing techniques.  The primary purpose of this research is to incorporate the 

use of a pressurized rainfall simulator in large-scale testing of erosion control practices and 

products on a 3H:1V (horizontal:vertical) slope.  The study will be conducted at the Auburn 

University Erosion and Sediment Control Test Facility (AU-ESCTF) located in Opelika, Alabama.  

The research centered on the design and construction of a rainfall simulator capable of producing 

raindrop patterns similar to natural rainfall in a repeatable fashion, which was accomplished in two 

phases.  Phase 1 focused on the design and construction of a large-scale rainfall simulator and test 

plot.  Phase 2 focused on the calibration and validation of the rainfall simulator to ensure a system 

that has the ability to produce repeatable results, thereby minimizing experimental variability .  For 
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the purposes of this study, calibration is defined as the process of determining the optimal location 

of the sprinkler risers and nozzle configurations to repeatedly and consistently simulate natural 

rainfall.  Validation is defined as the process of conducting bare soil control tests to determine if 

the simulator is capable of consistently inducing erosion patterns similar to those experienced in 

the field.  

The objectives of each phase are detailed below: 

1. Design and construct a 40 ft (12 m) long, 8 ft (2.4 m) wide test plot on a 3H:1V slope 

test plot and apparatus for conducting erosion studies at the AU-ESCTF. 

2. Design a rainfall simulator and electrical control system that will provide uniform 

coverage and produce consistent, repeatable rainfall on the test plot. 

3. Develop testing protocols to ensure consistent, repeatable conditions for the test plot 

(i.e. plot preparation, soil type, compaction, moisture content). 

4. Develop testing protocols to calibrate the rainfall simulator and ensure that the system 

is satisfying all criteria to produce uniform raindrop coverage that mimics natural 

rainfall. 

5. Evaluate the performance of the rainfall simulator and its ability to simulate natural 

rainfall, while producing repeatable conditions through calibration of the rainfall 

simulator and validation of the test results. 

To accomplish the abovementioned research objectives, the project was divided into the 

following tasks: 

1. Identify, evaluate, and gain a thorough knowledge of relevant literature on the use of 

rainfall simulation to conduct erosion studies. 
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2. Design a rainfall simulator, based upon the findings of the literature review, which is 

capable of producing repeatable experimental results. 

3. Construct the rainfall simulator, test plot, power supply, and test apparatus at the AU-

ESCTF to satisfy the design requirements and maintain portability of the system. 

4. Develop an applicable testing protocol based on existing standard test methodologies 

and procedures for rainfall simulator calibration. 

5. Conduct large-scale experiments on bare earth plots to calibrate and validate the 

performance of the rainfall simulator system and test protocols to ensure repeatability 

of results. 

Future research objectives not included in this study include: (1) determining a procedure 

to simulate various design storms, and (2) examining potential changes to the rainfall simulator 

to maximize the uniformity of rainfall distribution. 

1.4 ORGANIZATION OF THES IS 

This thesis is organized into six chapters to effectively communicate the steps taken to 

complete the research objectives listed above.  Following this chapter, Chapter Two: Literature 

Review, examines existing literature pertaining to the design and construction of a multitude of 

rainfall simulator designs, as well as existing standards for the use of rainfall simulators in the 

testing and evaluation of erosion control practices and products.  The testing procedures and 

experimental results from previous studies will be discussed.  Furthermore, a comparison will be 

provided between the two primary types of rainfall simulators: drop-forming and pressurized.  

Chapter Three: Rainfall Simulator Design and Construction, provides a detailed description of the 

steps taken to design each component of the rainfall simulator and test plot constructed at the AU-

ESCTF.  Chapter Four: Methods and Procedures, details methods and procedures used for the 
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calibration of the rainfall simulator, as well as steps taken to test the erosive energy produced by 

the simulator.  Chapter Five: Results and Discussion, provides a concise summary of the findings 

of the calibration of the rainfall simulator and testing of bare soil conditions and a variety of erosion 

control practices.  Chapter Six: Conclusions and Recommendations, provides insight on the 

success of the design, construction, application, and use of the developed rainfall simulator for 

large-scale testing of various erosion control practices and products.  Finally, recommendations 

are provided for future research that can be performed to further the body of knowledge in the use 

of rainfall simulation to test, evaluate, and understand the performance of erosion control products. 
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CHAPTER TWO:  

LITERATURE REVIEW  
2 CHAPTER TWO: LITERATURE REVIEW  

2.1 BACKGROUND  

Construction and earthwork activities (i.e., clearing, grubbing, and grading) increase the 

amount of exposed soil on construction sites by removing or weakening vegetation and its 

corresponding root mass, which typically stabilizes the soil surface (Perez 2014).  This problem is 

often magnified by the conversion of previously permeable surfaces into impervious surfaces in 

the form of buildings, roadways, parking lots, or pedestrian paved paths.  As a result, the ensuing 

decrease in infiltration rates leads to increases in surface runoff volumes and flow velocities (Clark 

and Pitt 1999).  These factors create conditions where newly exposed soil is 100 times more likely 

to be eroded than on agricultural lands (Brady and Weil 1999).  The increased susceptibility of soil 

to erosion on construction sites during the life cycle of the project has led to concerns over the 

amount of sediment reaching natural waterways either directly or indirectly via storm sewer 

systems and other means of conveyance.  A primary concern is that the increased amount of 

suspended solids and corresponding turbidity has a negative impact on the aquatic ecosystem and 

water quality through the process of sedimentation (Perez 2014).  Figure 2.1 provides an example 

of how drastically pollution from sediment-laden stormwater can affect a local ecosystem. 



 

 8 

 

Figure 2.1  Sediment Pollution in the Black Warrior River, AL (Riverkeeper 2013). 

 

To combat the proliferation of pollutants in the nationôs water bodies, Phase I of the 

National Pollution Discharge Elimination System (NPDES) was established under the Clean Water 

Act in 1990 (Kinkade-Levario 2006).  The goal of this legislation is to control ñwater pollution by 

regulating point sources that discharge pollutants into waters of the United Statesò (USEPA 2014).  

The NPDES achieves this goal by dictating strict guidelines on allowable runoff pollutant levels 

for medium to large municipal separate storm sewer systems (MS4s), construction sites disturbing 

five acres or more of land, and ten groups of industrial activities (USEPA 2005).  In 1999, stricter 

regulations to stormwater were introduced in EPAôs Phase II Final Rule.  These regulations require 

NPDES permit coverage for stormwater runoff from small scale MS4s and construction activities 

disturbing 1 acre or more of land (USEPA 2005).  To meet the permit requirements, temporary 

ESC practices (i.e., erosion control blankets, turf reinforcement mats, ditch checks, perimeter 

controls, and sediment basins) have been developed to reduce the amount of erosion occurring and 
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corresponding suspended sediment discharged from the site, thereby polluting nearby surface 

waters.  The U.S. Environmental Protection Agency (USEPA) has stated that eroded sediment 

transported by stormwater runoff is far greater on construction sites with no ESCs versus sites that 

implement various ESCs (USEPA 2005).  The use of ESCs on construction sites helps reduce 

erosion and control sediment transport via stormwater runoff, which in turn results in reduced 

negative impacts on nearby stream habitats and water reservoir capacities (USEPA 2005). 

Cost effective and efficient deployment of various ESCs is of significant interest to both 

the construction industry and the environmental protection community.  Rainfall simulators have 

been used extensively to test the performance of ESCs on both agricultural and disturbed soil (Birt 

et al. 2007) and to extend research studies of erosion (Bubenzer and Jones Jr. 1971).  Rainfall 

simulators have also helped in studying the relationships between a multitude of factors associated 

with soil erosion (Elbasit et al. 2015).  Natural rainfall can be difficult to use for conducting erosion 

focused research studies due to the unpredictability of natural rainfall.  However, natural rainfall 

produces the most accurate real world conditions due to several factors: the natural rise and fall of 

the rainfall event, uniformity of rainfall distribution, and raindrops impacting at terminal velocity.  

While natural rainfall is most desirable for testing of these practices, simulated rainfall allows for 

expedited data collection and reproducible testing conditions (McLaughlin et al. 2001; Moore et 

al. 1983; Thomas and El Swaify 1989). 

2.2 RAINFALL SIMULATORS  CHARACTERISTICS  

Rainfall simulators have been used since the 20th century to efficiently conduct erosion 

studies by mimicking natural rainfall conditions (Shoemaker 2009).  These systems provide 

increased control over the experiment by allowing for the selection of attributes such as rainfall 

intensity, drop velocity, and test duration.  However, a poorly designed and operated rainfall 
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simulator can lead to inaccurate rainfall conditions and affect the repeatability of erosion studies 

(Shoemaker 2009).  As stated earlier, Rainfall simulators can be divided into two categories: drop 

forming and pressurized nozzle simulators.  Simulators have been used for many years to study 

the effects of rainfall on a plot.  Early simulators developed in the 1930ôs were used to study 

erosion and runoff, however, these experiments lacked knowledge on the drop characteristics 

produced by natural rainfall (Cabalka et al. 1998).  To effectively simulate natural rainfall, the 

properties of raindrops would first have to be studied more in depth.  One of the first reports on 

the properties of natural rainfall came from Laws (1941), where a relationship was found between 

raindrop size and drop velocity.  It was later discovered that there was a relationship between drop 

size distribution and rainfall intensity (Laws and Parsons 1943). 

2.2.1 Drop Forming Simulators 

Drop forming simulators use either hanging yarn or hypodermic needles to produce drops 

(Mutchler and Hermsmeier 1965).  Other simulators have used stainless steel tubing to form drops 

(Regmi and Thompson 2000).  Drop forming simulators are used primarily on small plots in 

laboratory experiments studying infiltration, erosion, and soil splash (Moore et al. 1983).  Early 

studies that use drop forming simulators had two major drawbacks: (1) the simulators produced 

large rainfall intensities of 5 to 14 in/hr. (13 to 36 cm/hr) and (2) the drops were formed at low 

heights, resulting in the failure of drops to reach terminal velocity upon impacting the surface 

(Epstein and Grant 1966).  While drop forming simulators offer considerable control during an 

experiment, they also offer several challenges in operation, including: restricted flow performance 

due to frictional and capillary forces, difficulty in maintaining drop uniformity at low operating 

pressures, and requiring large heights, as much as 33 ft (10 m), to achieve terminal velocity (Birt 
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et al. 2007).  The height required for these types of rainfall simulators to operate makes them 

unfeasible for use in field experiments (Blanquies et al. 2003). 

2.2.2 Pressurized Nozzle Simulators 

The alternative to drop forming simulators is pressurized nozzle simulators.  These 

simulators are preferred for field-scale studies since they create greater rainfall intensities, are 

designed for portability, cover a large plot area effectively, and produce a more random drop size 

distribution similar to that of natural rainfall (Humphry et al. 2002).  To accurately simulate natural 

rainfall, several design criteria must be considered and satisfied, which include: (1) drop size 

distribution and fall velocities similar to natural rainfall, (2) intensities similar to storms producing 

medium to high rates of runoff and erosion, (3) a study area large enough to accurately represent 

erosion conditions, (4) uniform drop distribution throughout the study area, (5) near-continuous 

rainfall application throughout the study area, (6) near vertical impact of most drops, (7) total 

kinetic energy similar to that of natural rainfall, (8) satisfactory performance in windy conditions, 

and (9) portability of the system (Meyer 1965). 

2.3 DROP SIZE DISTRIBUTI ON 

Simulated rainfall has become a useful tool for researchers studying infiltration and erosion due to 

the fact that their simulators produce rainfall events that can be replicated at chosen times and 

locations (Bubenzer et al. 1985).  However, as previously mentioned, it is important that the drop 

size distribution of the simulated rainfall closely mimic natural rainfall conditions (Meyer 1965).  

Raindrop size can vary from mist droplets to drops of 0.24 to 0.28 in. (6 to 7 mm) in diameter, 

with the median diameter varying depending upon the storm intensity (Hudson 1993).  The 

distribution of drop sizes was found to be correlated to the intensity of the storm event (Laws and 

Parsons 1943).  A diagram showing the relationship between the two variables, drop size and 
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intensity, is shown in Figure 2.2.  By selecting a theoretical rainfall intensity (in./hr), the median 

drop diameter (mm) can be determined by drawing a straight line from the selected intensity to the 

median drop diameter line (designated by a ñ50ò).  From there, a horizontal line can be drawn to 

connect to the y-axis, which in this case designates median drop diameter.  For example, by 

selecting a rainfall intensity of 0.185 in./hr (0.470 cm/hr) on the x axis, drawing a straight line to 

the median diameter line, and connecting to the y-axis, it can be estimated that the median drop 

size for that respective rainfall intensity is 0.06 in. (1.6 mm).  The value for drop diameter found 

in the chart can also be compared to the value calculated using Equation 2.1 (Ekern 1950): 

 

 

 

Figure 2.2  Relationship of Drop Size to Intensity (Laws and Parsons 1943). 
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 Ὀ ςȢςσὍȢ  (EQ. 2.1) 

where, 

Dm =    Median Drop Diameter, (mm)  

I =   Intensity of Precipitation, (in./hr)  

 

 To calculate Dm, a value for I must be selected.  For a 2-yr, 24-hr storm in the state of 

Alabama, I is approximately 0.185 in./hr. (Perez et al. 2015).  Using this value, the median drop 

diameter is calculated to be approximately 0.065 in. (1.64 mm).  This median drop diameter is 

comparable to the values reported by Laws (1943) in Figure 2.2.  The desire to determine the drop 

size distribution of simulated rainfall first arose from early attempts to measure the susceptibility 

to erosion and infiltration capacity of small plots (Laws and Parsons 1943).  Techniques used to 

measure the distribution include the stain method, flour method, momentum method, photographic 

method, immersion method, and oil method (Eigel and Moore 1983), which are described here 

forth. 

2.3.1 The Stain Method 

The stain method works on the idea that when a rain drop impacts a uniform absorbent 

surface, the ensuing stain produced is proportional to the diameter of the drop (Hall 1970).  

Absorbent surfaces appropriate for this test include filter paper, blotting paper, blueprint paper, 

paper toweling, photographic paper, adding machine tape, and glazed paper (Eigel and Moore 

1983).  This method is hampered by the fact that large drops can splash on impact, thereby 

introducing error into the results of the test method (Eigel and Moore 1983). 

2.3.2 The Flour Method 

The flour method was first used by Bentley (1904) and has seen widespread use since.  This 

method, as described by Eigel and Moore (1983), is performed by dropping water-drops of a 

known mass into trays containing a 25 mm thick layer of flour.  The pellets formed by the drops 
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hitting the flour are then oven dried and weighed to determine the mass ratio.  The process is 

repeated to obtain multiple mass ratios to create a calibration curve.  Flour trays are then exposed 

to simulated rainfall and drop size is determined using the calibration curves.  This method is 

inconsistent in that calibration curves can vary from bag to bag of flour and the method has 

difficulty determining calibration curves for smaller drop sizes (Laws 1941). 

 This method is yet to be an accepted, standardized test method in the industry.  It is 

currently undergoing review within ASTM to become a standard test method.  For each target 

intensity, three, 9 in. (23 cm) diameter cake pans are filled to 1 in. (2.5 cm) in depth with all-

purpose flour.  The covered cake pans are then placed and evenly spaced along the test plot.  Each 

pan is mounted 12 in. (30.5 cm) off the ground.  When the target intensity is reached, the cake 

pans are uncovered for 2 to 4 seconds, depending on how quickly the flour is covered with 

raindrops.  Once the pans are covered, the pellets are allowed to air dry for 12 hours.  The contents 

of the pan are then screened through a #70 sieve to remove excess flour.  Any double pellets are 

removed during this process.  The pellets are then transferred to an evaporating dish and placed in 

an oven at 110 °F (43 °C) for 6 hours.  Next, the hardened pellets are sorted using a sieve stack 

comprised of a #4, #8, #10, #14, #20, #30 sieves and the pan.  The pellets are sieved for 2 minutes 

and the total weight and pellet count for each sieve is recorded.  The average drop diameter can be 

calculated from the flour pellet weight using Equation 2.2. 

 

Ὀ  
φ

“
ὡ (EQ. 2.2) 

where, 

Dr  =   Raindrop diameter, (mm)  

W =   Average pellet weight, (mg)  
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2.3.3 Photographic Method 

The photographic method allows for a direct measurement of the size and shapes of a water 

drop.  While this method might seem the most accurate, it is not efficient in determining drop size 

distributions and the equipment used is not well suited for use in a field-scale experiments (Eigel 

and Moore 1983). 

2.3.4 Momentum Method 

In this method, pressure transducers and piezoelectric sensors are used to measure a 

raindropôs size.  This method is not commonly used for determining the drop size distribution for 

a rainfall simulator since the equipment is expensive and not effective at determining the size 

distribution where multiple size drops are used (Eigel and Moore 1983). 

2.3.5 Immersion Method 

The immersion method is performed by collecting raindrops in oil.  Due to the low density 

of the oil, the raindrop is enveloped and preserved by the liquid, allowing for measurement of the 

drop diameter with a microscope (Eigel and Moore 1983).  This method is not suitable for use in 

field-scale simulator experiments due to several problems: large drops disintegrating upon impact 

with the oil, evaporation of drops not immersed in the oil, and the failure of the oil to immerse 

small drops (McCool 1982). 

2.3.6 Oil Method 

The method recommended by Eigel and Moore (1983) is the oil method.  This method is 

based on the similar premise as the immersion method, that raindrops will be immersed in a less 

dense, more viscous fluid, preserving the shape of the drop.  The oil used is a 2:1 mix of STP® oil 
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treatment and heavy mineral oil.  The mixture is then placed next to a scale and exposed to rainfall.  

A photograph is quickly taken thereafter so the drop diameters can be determined. 

2.4 TERMINAL VELOCITY  

For simulated rainfall to mimic natural rainfall, raindrops must achieve terminal velocity 

before impacting the surface (Meyer 1965).  Terminal velocity is achieved when the downward 

gravitational forces acting on the raindrop are cancelled out by the drag acting on the drop (Hall 

2015).  Laws (1941) found that raindrops approach terminal velocity as they fall through the air 

and that the terminal velocity varies with drop size.  Figure 2.3 displays the relationship between 

drop size and terminal velocity. 

 

Figure 2.3  Fall Velocity vs. Fall Height (ASTM 2015). 

 

With pressurized nozzle simulators, drops are formed with an initial velocity, allowing for 

shorter fall heights as compared to drop forming simulators (Mutchler and Hermsmeier 1965).  In 
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the literature, simulated rainfall achieved terminal velocity using nozzle heights of 6.5 ft to 9.8 ft 

(2.0 m to 3.0 m) (Bubenzer et al. 1985; Humphry et al. 2002; Moore et al. 1983).  Pressurized 

nozzle simulators are superior to drop forming simulators in this aspect, since drop forming 

simulators can require 33 ft (10 m) or more of fall height to reach terminal velocity (Regmi and 

Thompson 2000).  Since the effect a raindrop has on erosion is correlated with the energy of the 

raindrop (Ekern 1950), it is crucial that a researcherôs rainfall simulator produce rainfall near 

terminal velocity to achieve accurate results in the erosion study. 

2.5 RAINFALL INTENSITY  

Laws and Parsons (1943) found that the drop size distribution of rainfall was directly 

correlated to the intensity.  Therefore, to accurately reproduce the drop size distribution of the 

desired storm, researchers must also ensure their simulator is producing similar intensities to the 

storms they are trying to simulate.  When designing a rainfall simulator, it is important to decide 

what intensity storm(s) to simulate.  In the construction industry, ESC practices are generally 

designed for a 2-yr, 24 hr storm event (USEPA 2012).  A 2-yr, 24 hr storm has a 50% probability 

of occurring in any given year.  Figure 2.4 and Table 2.1 summarize Atlas 14 point precipitation 

estimates for the state of Alabama obtained from the National Oceanic and Atmospheric 

Administration (NOAA 2014) in graphical and tabular form, respectively. 
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Figure 2.4  Precipitation Frequency Estimates for Alabama (NOAA 2014). 
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Table 2.1  Precipitation Estimates for Alabama (NOAA 2014) 

Duration 
  Average Recurrence Interval (Years) 

1 2 5 10 25 50 100 200 500 1000 

5-min 5.23 6.01 7.27 8.30 9.68 10.7 11.7 12.7 14.0 15.0 

10-min 3.83 4.40 5.33 6.08 7.09 7.84 8.59 9.32 10.3 11.0 

15-min 3.12 3.58 4.33 4.94 5.76 6.38 6.98 7.58 8.35 8.92 

30-min 2.24 2.58 3.13 3.58 4.17 4.62 5.05 5.48 6.03 6.43 

60-min 1.49 1.70 2.04 2.33 2.72 3.02 3.31 3.61 4.00 4.29 

2-hr 0.928 1.05 1.26 1.44 1.68 1.86 2.05 2.24 2.49 2.68 

3-hr 0.700 0.792 0.944 1.07 1.25 1.40 1.54 1.69 1.89 2.05 

6-hr 0.426 0.484 0.579 0.661 0.777 0.868 0.962 1.06 1.19 1.29 

12-hr 0.253 0.290 0.353 0.406 0.480 0.538 0.597 0.657 0.739 0.802 

24-hr 0.150 0.173 0.212 0.244 0.290 0.325 0.361 0.398 0.447 0.485 

2-day 0.088 0.101 0.123 0.141 0.167 0.188 0.209 0.231 0.261 0.284 

3-day 0.064 0.074 0.089 0.103 0.122 0.137 0.153 0.169 0.191 0.209 

4-day 0.052 0.059 0.072 0.083 0.098 0.110 0.123 0.136 0.155 0.169 

7-day 0.035 0.039 0.047 0.055 0.065 0.073 0.082 0.091 0.104 0.114 

10-day 0.027 0.031 0.037 0.042 0.050 0.057 0.063 0.070 0.080 0.088 

20-day 0.018 0.020 0.024 0.027 0.032 0.035 0.039 0.043 0.048 0.052 

30-day 0.015 0.016 0.019 0.021 0.025 0.027 0.030 0.032 0.036 0.038 

45-day 0.012 0.013 0.016 0.017 0.020 0.021 0.023 0.025 0.027 0.029 

60-day 0.011 0.012 0.014 0.015 0.017 0.018 0.020 0.021 0.022 0.023 

 

From Table 2.1, the 2-yr, 24 hr storm will generate 0.173 in/hr of rainfall.  However, most 

state transportation departments use the rainfall contour curves from Technical Paper No. 40 

(Hershfield 1961).  Perez et al. (2015) inserted the rainfall contour curves for a 2-yr, 24 hr storm 

into ArcGISÊ to generate rainfall intensity contours, as shown in Figure 2.5, and calculated the 

average rainfall depth of 4.43 in. for the State of Alabama.  This value provides a total amount of 

rainfall for a 2-yr, 24 hr storm and can be used when making design decisions for the rainfall 

simulator, which will be applicable to the State of Alabama. 
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Figure 2.5  2-yr , 24 hr Rainfall Distribution, in. (Perez et al. 2015). 

 

2.6 KINETIC ENERGY OF NATURAL RAINFALL  

Soil erosion is a mechanical process that is initiated by the energy delivered from raindrops 

upon impact (Wischmeier and Smith 1958).  In Americaôs corn belt, an average storm can generate 

100 tons of deadweight loss on one acre of soil just from rainfall (Wischmeier and Smith 1958).  

An accurate representation of the relationship between erosion caused by natural and simulated 

rainfall has not been established for field studies (Barnett and Dooley 1972).  Therefore, it is 

necessary to ensure that the kinetic energy of simulated rainfall is similar to natural rainfall since 

this property is the single measure that can relate the two (Blanquies et al. 2003).  The kinetic 

energy of natural rainfall can be calculated using Equation 2.3 (Wischmeier and Smith 1958). 
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 ὑὉ ωρφσσρÌÏÇὍ (EQ. 2.3) 

where, 

KE =  Kinetic energy, (ft-tons/acre-in.)  

I =   Rainfall Intensity, (in./hr)  

 

 Using the value for total rainfall listed in the previous section (Perez et al. 2015) of 4.43 

in. (11.25 cm), or 0.185 in/hr (0.470 cm/hr), the kinetic energy for a 2-yr, 24-hr storm is calculated 

to be approximately 673 foot-tons/acre-in (20 J/L).  In a comparison between natural and simulated 

rainfall, Barnett and Dooley (1972) found that the amount of soil loss per unit of EI (kinetic energy 

and intensity) was less for simulated rainfall than natural rainfall.  However, after performing 

regression on the rainfall data, it was found that there was no statistically significant difference in 

soil loss between the two types of rainfall (Barnett and Dooley 1972).  Kinetic energy can also be 

measured from the physical properties of simulated rainfall: raindrop size, fall velocity, and drop 

size distribution (Eigel and Moore 1983).  Therefore, if a simulator is designed to ensure these 

properties are similar to natural rainfall, it can be assumed that the simulated rainfall will  have a 

total kinetic energy similar to natural rainfall. 

2.7 UNIFORM RAINFALL DRO P DISTRIBUTION  

For a rainfall simulator to effectively simulate natural rainfall, it must cover the entire plot 

area in a uniform fashion and create a random drop distribution (Meyer 1965).  Uniform drop 

distribution can be difficult to achieve since pressurized nozzle simulators sacrifice uniformity to 

produce higher intensities (Humphry et al. 2002).  With these simulators, the uniformity of the 

drop distribution is dependent upon nozzle pressure, spacing, and oscillation (Paige et al. 2003).  

The drop distribution is not uniform over the area covered by the nozzle spray, with more 

concentrated spray occurring directly under the nozzle.  To resolve this, nozzles are spaced so that 

areas of less coverage from the nozzles are overlapped (Paige et al. 2003).  Researchers can verify 
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that their simulator is creating uniform spray coverage using Christensenôs coefficient of 

uniformity (Christiansen 1942): 
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В Ὀ Ὀ

ὲz Ὀ
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where, 

CU =   Uniformity of spray, (%)  

Di =  Depth of water in rain gauge, (cm)  

Davg =   Average depth in rain gauge, (cm)  

n =  Number of observations  

 

 Testing of the uniformity of drop distribution should be conducted during the initial 

calibration period and at the beginning of each testing season (ASTM 2015).  A few methods of 

acquiring data to calculate the coefficient of uniformity were identified in review of the literature.  

Humphry et al. (2002) installed 221, 3.9 in. (100 mm) diameter cups placed 5 in. (0.125 m) apart 

on the test plot.  Rainfall was collected in the cups over a period of 30 minutes of continuous flow 

from the simulator.  The cups were then weighed to determine the volume in each individual cup.  

Moore et al. (1983) used a similar method in which they placed rain gauges 12 in. (300 mm) apart 

throughout the test plot to measure spray uniformity.  Using one nozzle, Humphry et al. (2002) 

reported a CU of 93% using one nozzle.  Moore et al. (1983) reported an average CU of 82%.  The 

decrease in uniformity can be attributed to the much larger simulator used by Moore.  Adding 

additional nozzles allows for large-scale testing but sacrifices the uniformity of drop distribution 

due to the potential for unequal overlap of the simulated rainfall (Shoemaker 2009).  In this study, 

a minimum value for Christensenôs coefficient of uniformity was selected to be 80%. 

2.8 CHARACTERISTICS OF V ARIOUS PRESSURIZED RAINFALL SIMULATORS  

Researchers have found various methods to satisfy the criteria required to accurately 

simulate natural rainfall.  Differences in design exist between each study, leading to differences in 



 

 23 

values for drop size distribution, uniformity, terminal velocity, etc.  Table 2.2 summarizes several 

studies that used pressurized nozzle rainfall simulators (Humphry et al. 2002; Moore et al. 1983; 

Paige et al. 2003; Shelton et al. 1985). 

Table 2.2  Summary of Pressurized Rainfall Simulator Designs 

Study 
Median Drop 

Size (mm) 

Height of 

Rainfall 

Simulator (ft)  

Rainfall 

Intensity (in./hr)  

Coefficient of 

Uniformity  (%)  

Plot Size 

(ft2) 

Paige et al. (2003) N/A 8 0.51-5.12 92.7 131 

Paige et al. (2003) N/A 8 5.51-7.87 91.6 131 

Moore et al. (1983) N/A 9.8 0.14-7.28 82.0 1065 

Shelton et al. (1985) 1.8-2.2 7.9-9.8 5.08 72.0 387 

Humphry et al. (2002) 1.9 9.8 2.8 93.0 32 

 

As discussed in Section 2.4, by pressurizing the simulated rainfall, researches are able to 

decrease the height of their simulators from 30 ft (9.1 m), to 8 to 10 ft (2.4 to 3.05 m).  The values 

for rainfall intensity, coefficient of uniformity and plot size, shown in Table 2.2 also confirm that 

as intensities and plot sizes are increased, uniformity of rainfall distribution decreases. 

2.8.1 Erosion Studies Using Simulated Rainfall 

Various methods are employed in the testing of erosion control practices.  Through the 

literature review, many studies were identified that employed simulated rainfall to generate splash 

erosion and runoff for their tests (Benik et al. 2003; Foltz and Dooley 2003; Kim et al. 2001; King 

and Bjorneberg 2011; McLaughlin and Brown 2006; Ming-Han et al. 2003; Shoemaker et al. 2012; 

Xiao et al. 2010).  While each of these studies simulated rainfall to conduct their experiments, the 

means by which they designed their experiment and rainfall simulator vary from study to study. 

Shoemaker et al. (2012) developed a laboratory scale rainfall simulator to conduct studies 

on the effectiveness of anionic polyacrylamide (PAM) as an erosion control measure.  The 

simulator was installed at a height of 10 ft (3.05 m) and used a pressure regulator and solenoid 

valve to control flow.  Two plots, each with a surface area of 8 ft2 (0.72 m2), were constructed and 
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placed under the simulator at a 3:1 (H:V) slope.  Using Christiansenôs coefficient of uniformity, 

Shoemaker et al. (2012) calculated that the simulator was capable of producing uniformity 

coefficients ranging from 83% to 87% over the two plots.  Shoemakerôs rainfall simulator is shown 

in Figure 2.6. 

 

Figure 2.6  Laboratory Scale Rainfall Simulator (Shoemaker et al. 2012). 

 

 The simulator designed by Shoemaker et al. (2012) produced a rainfall intensity of 4.4 

in./hr (11.2 cm/hr).  Tests consisted of four, 15 minute rainfall events separated by 15 minutes of 

no rainfall.  Each rainfall period was capable of producing 1.1 in. (28 mm) of rainfall. 

Kim et al. (2001) conducted a study examining the effectiveness of PAM treatments on 

steep vegetable fields in South Korea.  Six test plots were constructed on slopes ranging from 29% 

to 30%.  Each test plot was constructed to have a surface area of 26 ft2 (8 m2).  Kimôs rainfall 

simulator was constructed with steel angles and sprinklers set at a height of 8 ft (2.4 m).  The 

simulator was capable of generating rainfall intensities from 2.8 in./hr to 3.3 in./hr (70 mm/hr to 
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85 mm/hr).  Individual tests were separated into 30 minute dry runs, a 30 minute pause for data 

collection, and a 30 minute wet run.   

 Benik et al. (2003) conducted a rainfall simulation study investigating the effect of erosion 

control products in the establishment of vegetation on highway embankments using a rotating-

boom rainfall simulator based on Swansonôs (1965) design.  The test plot was constructed on a 

sediment basin slope located in a highway project in Minneapolis, Minnesota.  The plots were 

located on a 2.8H:1V side slope.  Each test plot was tilled to a depth of 6 in. (15 cm).  This study 

examined five treatments: bare treatment, straw mulch, Soil Guard bonded-fiber matrix (Mat, Inc.), 

CFS072R straw/coconut blanket (Greenfix of America Company), and Curlex III wood-fiber 

blanket (American Excelsior Company).  Each plot had a length of 32 ft (9.75 m).  The width of 

each plot was determined by the product being tested.  Plots covered in blanket treatments had 

widths of 8 ft (2.4 m) while bare plots, plots covered in straw-mulch or bonded-fiber matrix had 

widths of 4 ft (1.2 m).  The plot widths were designed to all fit within the radius of spray produced 

by the simulator.  The rotating-boom simulator was capable of producing a uniform, circular spray 

pattern over a diameter of 50 ft (15.2 m).  Pressure regulators were installed at each nozzle to 

maintain a constant pressure and rainfall intensity of 8 psi (55 kPa) and 2.4 in./hr (60 mm/hr), 

respectively.  Simulations were conducted under two vegetative conditions: no/little vegetation 

and good vegetative growth.  Each test consisted of a dry and wet run to assess the effect initial 

moisture content had on various treatment methods.  Tests lasted 90 minutes and 60 minutes after 

runoff from the plot was observed for dry runs and wet runs, respectively. 

Foltz and Dooley (2003) conducted a study to compare the effectiveness of wood strands 

to straw as erosion control practices.  Test plots were housed in steel frames 13 ft (4 m) long and 

4 ft (1.24 m) wide.  Each frame was set on a single slope of 30%.  The rainfall simulator used in 
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this studied was based on the Purdue simulator developed by Foster et al. (1982).  VeeJet 80150 

nozzles produced a constant rainfall intensity of 2 in./hr (50 mm/hr).  Four soil conditions were 

tested in this experiment: bare soil, straw treatment, wide wood strand treatment, and narrow wood 

strand treatment.  Tests were divided into three segments totaling 25 minutes.  First, a rain and 

inflow sequence was produced by the simulated rainfall.  Over the second and third segments, the 

inflow was increased to reach the critical shear and twice the critical shear, respectively.  Figure 

2.7 provides a detailed sketch of the plot layout. 

 

 

Figure 2.7  Plot Layout Design (Foltz and Dooley 2003). 

 

Ming-Han et al. (2003) investigated the performance of five rolled erosion control products 

(RECPs) and one hydraulically applied product using field scale rainfall simulation.  The six 

treatments applied in this study include: turf reinforcement mats (TRMs) constructed out of 

polypropylene fibers (Synthetic Industries), open weave textile (OWT) constructed out of 

polypropylene fibers (Synthetic Industries), erosion control blankets (ECBs) constructed out of 

wheat straw and jute netting (Synthetic Industries), ECBs constructed out of straw fibers bound by 
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polypropylene netting (North American Green), ECB constructed out of aspen curled wood bound 

by degradable netting (American Excelsior Company), and a bonded fiber matrix (BFM) 

constructed out of softwood fibers bonded by adhesive (Canfor).  Each treatment was tested on a 

2H:1V slope and a 3H:1V slope.  Test plots on the 2H:1V slope were 20 ft (6 m) wide and 50 ft 

(15 m) long.  Test plots on the 3H:1V slope were 20 ft (6 m) wide and 70 ft (21 m) long.  Treatments 

were installed according to manufacturersô specifications.  Hydroseed was mixed following Texas 

Department of Transportation (TxDOT) guidelines and applied during installation of each 

treatment.  The rainfall simulator was mounted 18 in. (0.46 m) above the test plot and designed to 

apply rainfall intensities of 1.19 in./hr (30.2 mm/hr), 5.73 in./hr (145.5 mm/hr), and 7.23 in./hr 

(183.6 mm/hr).  Each treatment was subjected to six tests.  Treatments were tested in two iterations, 

10 minutes in length, for each storm intensity. 

McLaughlin and Brown (2006) conducted a rainfall simulation study with the objective of 

determining if the application of PAM to different mulches provided any improvement in the 

practice as an erosion control.  For this study, 3.3 ft (1 m) wide by 6.6 ft (2 m) long test plots were 

constructed.  Each plot was set on a slope of either 10% or 20%.  A rainfall simulator based on a 

similar design to that of Millerôs (1987) was constructed for this experiment.  A 1/2HH-SS50WSQ 

Fulljet nozzle was installed 13 ft (4 m) above the test plots to produce rain drops.  The nozzle was 

set at a pressure of 5 psi (34 kPa) and produced droplet sizes similar to natural rainfall.  During 

tests, the simulator produced a constant rainfall intensity of 2.6 in./hr (68 mm/hr).  The intensity 

was reduced to a rate of 1.3 in./hr (34 mm/hr) by programming a solenoid valve to cycle off and 

on in 10 second intervals.  Tests were run until 5 minutes after runoff was observed from the test 

plots.  The rainfall simulator constructed for this experiment is shown in Figure 2.8. 
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Figure 2.8  Pressurized Nozzle Simulator (McLaughlin and Brown 2006). 

 

 Xiao et al. (2010) used a rainfall simulator based on Humphryôs (2002) simulator design 

to test the effectiveness of using compost as an erosion control on roadside embankments.  The 

rainfall simulator had an average rainfall intensity of 2.5 in./hr (64 mm/hr) and a nozzle height of 

9.8 ft (3 m).  A test plot with an area of 432 in.2 (2730 cm2) was constructed underneath the 

simulator on a 3H:1V slope.  Figure 2.9  displays the rainfall simulator and test plot configuration. 

 



 

 29 

 

Figure 2.9  Pressurized Rainfall Simulator (Xiao et al. 2010). 

 

 The base soil was initially tested for erodibility by compacting it to a dry density of 1.50 

g/cm3 and exposing the soil to 1 hr of simulated rainfall.  Two compost configurations were 

selected for single event testing: (1) unpelletized compost and (2) unpelletized compost with 

pelletized ñcut shortò compost.  The long term effectiveness of the compost was tested by 

subjecting the test plot to multiple rainfall events, each 1 hr in duration, for each test.  Six repeated 

rainfall events were simulated with three day intervals between tests to allow adequate time for the 

dry. 

 Robeson (2014) conducted a study where data from bare-soil rainfall simulation tests were 

compiled from large-scale laboratories around the country.  Data collected from these labs was 

then used to create an equation whereby erosion predictions could be made to fulfill USEPA 

stabilization requirements.  The laboratories from which data was collected for this study included: 

(1) ErosionLab® in Wisconsin, (2) San Diego State University, (3) Texas Transportation Institute, 

(4) Texas Research International, and (5) Utah State University.  Robeson (2014) found that the 

prediction equation was a function of several characteristics related to simulated rainfall and test 
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slope conditions: (1) rainfall intensity, (2) test plot area, (3), duration of test, (4), gradient of the 

slope, (5) median raindrop diameter, (6) kinetic energy of rainfall, (7) percent clay in soil, and (8) 

percent compaction of soil. 

The research studies discussed above show that there are multiple designs for rainfall 

simulators and multiple test procedures implemented to test various practices.  With each study 

possessing contrasting test procedures, comparison of results could prove to be limited.  Table 2.3 

summarizes the rainfall simulator design and test protocols from each study previously discussed. 

Table 2.3  Summary of Previous Research Studies 

 Nozzle Height,  

ft (m) 

Plot Area,  

ft 2 (m2) 

Coefficient of 

Uniformity  

Simulated Rainfall 

Intensity, in./hr (cm/hr)  

Test Duration, 

min 

Shoemaker et al. 10 (3.05) 8 (0.72) 83-87% 4.4 (11.2) 60 

Kim et al. 8 (2.4) 26 (8) -- 2.8-3.3 (7-8.5) 30 

Benik et al. 9 (2.7) 
256, 128  

(24, 12) 
-- 2.4 (6) 90, 60 

Foltz and Dooley 8 (2.4) 52 (5) -- 2 (5) 25 

Ming-Han et al. 1.5 (0.46) 
1000, 1400 

(93, 130) 
-- 

1.19, 5.73, 7.23 

(3.02, 14.55, 18.36) 
10 

McLaughlin and 

Brown 
13 (4) 22 (2) -- 1.3-2.6 (3.4-6.8) 

5 min. After 

Runoff 

Xiao et al. 9.8 (3) 3 (0.28) -- 2.8 (7) 60 

 

2.9 CURRENT STANDARD TEST METHODOLOGIES  

In order to ensure that a studyôs results can be replicated, standard test methods should be 

followed whenever they are applicable.  Designing test procedures around standard methodologies 

allows the research to compare results with previous and concurrent studies.  Furthermore, it 

allows the results from the study to be more readily replicated. 

2.9.1 ASTM D6459 

Large-scale testing of rolled erosion control practices (RECPs) and products (i.e., erosion 

control blankets, turf reinforcement mats, etc.) should be conducted in accordance with ASTM 

D6459-15.  This standard test method is used for testing RECPs performance using simulated 
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rainfall induced erosion (ASTM 2015).  A RECP is defined as ña temporary degradable or long 

term non-degradable material manufactured or fabricated into rolls designed to reduce soil erosion 

and assist in the growth, establishment, and protection of vegetationò (ASTM 2015).  A rainfall 

simulator used to conduct this test must have sprinkler heads, sprinkler risers, pressure gauges, and 

valves.  Raindrop size should be 0.04 to 0.25 in. (1 to 6 mm).  Furthermore, the risers should be 

constructed to create a fall height of 14 ft (4.3 m).  This design is shown in Figure 2.10. 

 

Figure 2.10  Typical Rainfall Simulator (ASTM 2015). 

 

To accurately test a RECP, the test plot must be properly prepared and the simulator 

calibrated.  The steps for test plot preparation and simulator calibration, as described by the ASTM 

standard (2015), are summarized below. 
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2.9.1.1 Test Plot Preparation 

A geotechnical stable test plot must be constructed on a 3H:1V slope with a length of 40 ft 

(12 m).  Either loam, clay, or sand should be placed on the test plot at a thickness of at least 11.8 

in. (30 cm).  The recommended grain sizes and plasticity indices are listed in Table 2.4. 

Table 2.4  Test Plot Soil Characteristics (ASTM 2015) 

Grain Size 

(mm) 
SAND LOAM  CLAY  

D100 D100 < 40 D100 < 25 D100 < 10 

D85 1.0 < D85 < 10.0 0.5 < D85 < 5.0 0.01 < D85 < 1.0 

D50 0.08 < D50 < 2.0 0.01 < D50 < 1.0 0.001 < D50 < 0.1 

D15 0.001 < D15 0.05 < D15 D15 < 0.0015 

Plasticity Index Nonplastic 1 < PI < 8 14 < PI 

 

The veneer should then be placed in 6 in. (15 cm) lifts and compacted to 90 ± 3% standard 

proctor density as defined by ASTM D698.  Test plots, with dimensions of 8 ft by 40 ft (2.4 m by 

12 m), should be located on the embankment.  Soil should be loosened to a depth of 4 in. (10 cm) 

using a metal rake or other capable equipment.  The soil should then be smoothed with a metal 

rake and lightly compacted. 

2.9.1.2 Simulator Calibration 

To calibrate a rainfall simulator, the values for rainfall intensity, uniformity of drop 

distribution, and drop size distributions for each intensity must be calculated.  To ensure accuracy 

in the uniformity test, calibration should not be conducted when wind speeds reach higher than 5 

mph (8 km/hr).  The first step in the calibration process is to install the sprinkler manifolds around 

the perimeter of the test plot.  Testing should then be done to determine the spacing between risers 

that results in the highest uniformity of spray.  The recommended method for collecting data to 

calculate the uniformity coefficient is to place rain gauges throughout the plot to collect rainfall 

during the 15 minute calibration test. 
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The drop size distribution is measured using a flour method similar to the one described in 

Section 2.3.2.  Three pie pans will be filled with sifted flour and struck off to a level surface.  The 

pans are then placed on 7.9 in. (20 cm) high supports along the centerline of the plot at the 

horizontal quarter points.  At the intensity to be tested, the covers of the pie pans should be removed 

for only a few seconds.  Once the flour pellets have dried for 12 hours, the contents can then be 

sorted through a 70-mesh sieve.  Remaining pellets are to be transferred to evaporating dishes and 

heated at 110°F (43°C) for 6 hours.  The total weight of the pellets should then be recorded.  The 

pellets should then be sieved by shaking for 2 min. The total weight and pellet count for each sieve 

can then be recorded.  These measurements are then be used to determine the median drop diameter 

(mm) produced at a specific rainfall intensity using Equation 2.  The fall height of the raindrops 

can be determined by holding a surveyorôs rod into the spray of a single riser and measuring the 

wetted height. 

2.9.2 ASTM D3977 

In a research study conducted by Guo (2006), three different methods of determining the 

amount of solids in storm water runoff were compared: (1) USEPA total suspended solids (TSS) 

method, (2) Standard (TSS) method, and (3) ASTMôs suspended sediment concentration (SSC).  

Guo stated that ñthe measured SSC was very close to the true concentration of solids.ò  The test 

procedures for determining SSC are published in ASTM D3977 (1997).  As summarized by ASTM 

D3977, SSC is calculated by allowing the sediment to settle and then siphoning off all excess 

water.  Next, the volume of the remaining water and sediment is measured and the sediment is 

dried and weighed. 

After collecting grab samples to determine SSC, the samples should be grouped in 

accordance with chronological order of collection (ASTM 1997).  ASTM D3977 specifies that in 
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order to determine the SSC, first allow the sediment in the sample container to settle in a 

refrigerator for two days.  The supernatant, or excess water, is then vacuumed away.  The 

supernatant should be stored for determining a dissolved-solids correction factor later.  Next, the 

exact volume of the sample is determined by placing the sample on a level surface and marking 

the water level on the sample bottle.  Water is then used to rinse the sediment and supernatant from 

the sample bottle into an evaporating dish.  The sample bottle is then refilled with water to the 

mark with a graduated cylinder.  The volume of water poured from the cylinder to reach the mark 

on the sample bottle should be recorded.  Following determination of the sample, the evaporating 

dish is placed in an oven with the temperature set just below the boiling point for water.  The 

sample should remain in the oven until all discernible traces of water have evaporated.  Once this 

is accomplished, the temperature in the oven should be raised at held at a temperature of 221°F 

(105°C) for two hours.  The evaporating dish should then be transferred to a desiccator to allow 

the sediment to cool to room temperature to prevent a misreading to occur due to thermal expansion 

from the heated pan.  A desiccator is a device that prevents sediment samples from absorbing 

moisture in the surrounding air (ASTM 1997).  Once the samples have reached room temperature, 

the dishes should be quickly weighed to the nearest 0.0001 gram to minimize the absorption of 

air-borne moisture by the sample.  A dissolved-solids correction factor is calculated by transferring 

a known amount of supernatant to an evaporating dish using a volumetric pipet.  A similar process 

to drying the samples is used to dry the supernatant and determine the weight of its contents to the 

nearest 0.0001 gram. 

2.10 SUMMARY  

This section provides an overview of the issues related to erosion and the corresponding 

sediment pollution, its association with construction activities, and the requirements established 
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by regulatory agencies in an effort to mitigate the problem of sediment pollution.  The use of 

rainfall simulators in testing ESC practices and products is discussed and an overview of the two 

types of simulators used: drop-forming and pressurized simulators are discussed.  Through a 

review of available literature, performance characteristics of each type of simulator were 

identified.  Table 2.5 provides a comparison of the two types of simulators. 

Table 2.5  Comparison of Rainfall Simulators 

Category Drop-Forming Pressurized 

Portability Stationary Portable 

Drop Size Distribution More Control Less Control 

Uniformity 90-95% 80-85% 

Terminal Velocity 30 ft. 14 ft. 

Rainfall Intensity Lower Intensities Higher Intensities 

Resistance to Environmental Conditions Poor Performance Resistant to Wind 

 

After a review of available literature, the overall designs of drop-forming and pressurized 

simulators were compared and contrasted.  The analysis focused on the design criteria as described 

by Moore et al. (1983): (1) drop size distribution and fall velocities similar to natural rainfall, (2) 

intensities similar to storms producing medium to high rates of runoff and erosion, (3) uniform 

drop distribution throughout the study area, (4) near-continuous rainfall application throughout the 

study area, (5) near vertical impact of most drops, and (6) total kinetic energy similar to that of 

natural rainfall.  Based upon the results displayed in Table 2.5, it was decided to focus research 

efforts on pressurized simulators.  Through a review of available literature, it was determined that 

limitations intrinsic to the design of drop-forming simulators would hinder its effectiveness in a 

field application.  Finally, existing standards related to the use of rainfall simulation in ESC testing 

were identified and discussed. 
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CHAPTER THREE:  

RAINFALL SIMULATOR DESIGN AND CONSTRUCTION  
3 CHAPTER THR EE: RAINFALL SIMULATOR DESIGN AND CONSTRUCTION  

3.1 INTRODUCTION  

At the AU-ESCTF, a rainfall simulator was designed and constructed for the purpose of 

testing the effectiveness of various erosion and sediment control (ESC) practices using large-scale 

testing techniques and better understanding their performance.  The design and construction of the 

rainfall simulator testing apparatus consisted of the following components: a test plot constructed 

on a fill slope, a catchment basin, retaining wall, sprinkler risers, water delivery system, and power 

supply.  Target flow rates were based on calculations to accurately simulate the peak 60 minutes 

of a Type III, 2-yr, 24 hr storm in Alabama. 

3.2 RAINFALL EVENT DESIG N AND CALCULATION OF  FLOW RATES  

After a review of available literature, a Type III 2-yr, 24-hr storm event in Alabama was 

chosen for use in the rainfall simulation.  This design storm comes from TR-55, which provides 

procedures for estimating storm characteristics (e.g., runoff and peak discharges) for small 

watersheds (NRCS 1986).  To account for the variability of rainfall intensity based on geographic 

region, the NRCS developed synthetic rainfall distributions, described as Type I, IA, II, and III 

storms, which are plotted in Figure 3.1.
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Figure 3.1  SCS 24-hr Rainfall Distributions (NRCS 1986). 

 

Types I and IA correspond to the Pacific regions.  Type III storms describe storms in the 

Gulf of Mexico and Atlantic coast regions.  Type II storms represent the rest of the country (NRCS 

1986).  Figure 3.2 presents a geospatial view of the synthetic rainfall distributions as well as the 

location of the study area. 



 

 38 

 

Figure 3.2  Geographic Boundaries for SCS Rainfall Distributions (NRCS 1986). 

 

To determine the flow rates required to accurately simulate such a storm, a rainfall intensity 

hyetograph was developed using Bentleyôs Pondpack software.  The hyetograph was then trimmed 

to clearly display the peak 60 minutes of the storm event.  Intensities were then selected from the 

peak 60 minutes of the hyetograph at 10 minute intervals to accurately simulate the rise and fall of 

the rainfall event.  Intensities were selected from the peak 60 minutes to simulate a worst case 

scenario test for the erosion control practices under consideration.  By using variable intensities 

instead of a single intensity to simulate a rain event, the amount of water applied to the test plot 

for each test interval would more accurately represent conditions experienced in the field.  Figure 

3.3 displays the peak 60-minutes of the 2-yr, 24-hr rainfall event with selected 10 minute rainfall 

intensities displayed accordingly. 
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Figure 3.3  Peak 60 Minute Intensities for Type III 2-yr, 24 hr Storm in Alabama. 

 

The selected intensities were then converted to units of gallons per minute to determine the 

volume of water required for each test interval and for the overall experiment.  This was 

accomplished by converting the intensities to units of feet per minute and multiplying by the plot 

area of 320 ft2 (30 m2).  These values were then converted to units of gallons per minute, the typical 

standard units used when discussing flow rates of sprinkler systems in the United States.  Each 

flow rate was then multiplied by the test interval of 10 minutes to calculate a total volume of flow.  

Finally, the target median drop sizes were calculated using the theoretical intensities and Equation 

2-1, previously discussed in the literature review.  Table 3.1 displays the selected intensities and 

corresponding flow rates and volumes. 

Table 3.1  Rainfall Data for a 2-yr , 24-hr SCS Type III Storm Event 

Test Interval 
TIME  

(min) 

Target 

Intensity 

(in./hr)  

Theoretical 

Median Drop 

Size (mm) 

Flow Rate 

(gpm) 

Total 

Volume (gal) 

1 0 ï 10 0.98 2.2 3.24 32.4 

2 10-20 1.70 2.5 5.64 56.4 

3 20-30 3.45 2.8 11.46 114.6 

4 30 ï 40 3.45 2.8 11.46 114.6 

5 40 ï 50 1.70 2.5 5.64 56.4 

6 50 ï 60 0.98 2.2 3.24 32.4 

Cumulative 60    406.8 
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3.3 RAINFALL SIMULATOR D ESIGN 

The rainfall simulator was designed with the criteria discussed in the literature review in 

mind and is comprised of the following components: sprinkler heads, sprinkler canopy, risers, 

water delivery system, and a power supply.  Sprinkler heads were selected based on an ability to 

uniformly distribute drops and produce drop sizes similar to natural rainfall.  The sprinkler canopy 

was designed to allow for the simulation of variable intensities.  The risers were designed to 

provide a stable means of conveying water while simultaneously providing enough height for the 

simulated rainfall to reach near terminal velocity.  The water delivery system was designed to 

provide adequate flow to the risers while maintaining a suitable operating pressure.  Finally, a 

power supply was designed to control the solenoid valves on each riser and provide complete 

control over the rainfall intensities produced by the simulator. 

3.3.1 Sprinkler Heads 

The method with which water is applied to the test plot is one of the most important aspects 

to any rainfall simulator.  Drop forming simulators typically rely on hypodermic needles or string 

to form drops. Their application is generally limited to laboratory settings due to their extreme 

vulnerability to environmental conditions such as high wind speeds.  Pressurized sprinkler systems 

are more resilient in outdoor environments and provide better coverage on field-scale plots.  Based 

on a review of pertinent literature and a comparison of each type of simulator shown in Table 2.5, 

it was decided to pursue a simulator design that used pressurized sprinkler nozzles to apply water 

to the test plot. 

After reviewing several commercially available pressurized sprinkler heads, the Nelson 

Irrigation PC-S3000 sprinkler head was selected due to its ability to operate at pressures as low as 

10 psi, apply water in a 190° arc, and variety of available nozzles.  The PC-S3000 uses nozzles to 
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control the flow rate through each sprinkler head.  At any given pressure, the nozzles will allow a 

specific flow rate through the sprinkler.  Furthermore, the sprinkler heads can be equipped with 

pressure regulators to ensure a constant pressure and thereby a constant flow rate is maintained.  

Figure 3.4 displays an exploded and constructed view of the sprinkler head assembly.  The nozzles 

installed in the sprinkler head were selected based on the target flow rates displayed in Table 3.1 

as well as the number of sprinkler heads installed in the rainfall simulator.  Table 3.2 displays the 

flow rate for each selected nozzle type. 

 
(a) exploded view 

 
(b) constructed view 

Figure 3.4  Sprinkler Head Assembly. 

 

Table 3.2  Nozzle Sizes and Flow Rates 

# - Color Stripe 
Flow Rate @ 10 PSI 

(gpm) 

#12 ï Beige Gold 0.79 

#13 ï Gold Lime 0.92 

#21 ï Turquoise Yellow 2.38 

 

 The above nozzles were selected so that the flow rates for each interval would approximate 

those listed in Table 3.1.  Several combinations of the selected nozzles were used to achieve the 

desired flow rates.  These combinations are displayed in Table 3.3.  During calibration extensive 

overspray of simulated rainfall was witnessed.  The radius of spray produced by the sprinkler heads 

was larger than the dimensions of the test plot.  The overspray resulted in much higher flow rates 

required to achieve the target intensities compared to the theoretically required flow rate. 



 

 42 

Table 3.3  Nozzle Combinations per Test Interval 

Test Interval 
Nozzles 

Used 

Total Flow  

(gpm) 

Theoretically 

Required 

Flow (gpm) 

Percent 

Difference (%) 

1 & 6 12 - #12 9.48 3.24 98.1 

2 & 5 
12 ï #12 

6 - #13 
15.00 5.64 90.7 

3 & 4 

12 - #12 

6 - #13 

6 - #21 

29.28 11.46 87.5 

 

3.3.2 Sprinkler  Canopy 

To effectively distribute water over the test plot, a rain canopy with four sprinkler heads 

was designed for each riser.  The canopy was designed to allow for each sprinkler head to be 

individually operated to achieve the flow rates discussed in Section 3.3.1.  The canopy was 

designed out of galvanized steel to provide structural stability as well as resistance to corrosive 

forces.  The canopy connected to the supporting riser through a ¾ in. (19 mm) galvanized steel tee 

in the center of the canopy.  Since the installed sprinkler heads applied water in 190° arc, an inline 

canopy design was used to maximize water application to the test plot.  Solenoid valves were 

installed in between each sprinkler head to allow for individual operation of each sprinkler head.  

The canopy was designed to be symmetrical, with 12 in. (30 cm) between each sprinkler head to 

allow for adequate spacing.  Six inch (15 cm) galvanized steel nipples were used to support the 

canopy and deliver flow to each sprinkler head.  The middle two sprinkler heads housed the #12, 

beige-gold nozzles.  The sprinkler head on the far right and left housed the #13, gold-lime nozzle 

and the #21 turquoise-yellow nozzle, respectively.  Drawings displaying the detail and dimensions 

of the sprinkler canopy are provided in Figure 3.5. 
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Figure 3.5  Rain Canopy Detail. 

 

3.3.3 Sprinkler Riser 

A riser was designed out of ¾ in. (19 mm) galvanized steel pipe to support the sprinkler 

canopy as well as deliver water to the sprinkler heads.  The riser was broken into three sections: 

two 24 in. (61 cm) sections and a 120 in. (3 m) section.  A ¾ in. (19 mm) gate valve was installed 

on the riser to regulate flow.  Furthermore, a ¾ in. (19 mm) reducer tee was installed to allow for 

the attachment of a 0 to 100 psi (0 to 690 kPa) pressure gauge.  Figure 3.6 shows the riser in detail. 
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Figure 3.6  Sprinkler Riser Detail. 

 

3.3.4 Riser Anchor 

The sprinkler anchors were designed to provide a stable base for the sprinkler riser and 

canopy as well as ensure the entire system was plumb.  The anchor consisted of a 24 in. (61 cm) 

long, ¾ in. (19 mm) diameter galvanized steel support pipe and a 4 in. by 4 in. by 12 ft (10 cm by 

10 cm by 3.7 m) lumber post.  The support pipe was attached to the riser with a ¾ in. (19 mm) 






























































































































































