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ABSTRACT 
 

Large-scale rainfall simulation offers valuable insight into the effectiveness of erosion 

control practice. While small and intermediate-scale apparatuses can analyze the effects of splash 

and sheet erosion on a slope, large-scale plots allow the formation of rills, which better represent 

real applications on long slopes such as highway embankments. Construction and calibration 

methods for large-scale rainfall simulators are standardized by ASTM D6459-19. As part of Phase 

II of ñEvaluation of ALDOT Erosion Control Practices using Rainfall Simulation on Various Soil 

Types and Slope Gradients,ò twelve ASTM D6459-19 rainfall simulators were constructed, 

calibrated, and used to obtain soil erodibility factors in bare-soil testing. Efficient construction 

practices for ASTM D6459-19 rainfall simulators include using pre-made tanks for catchment 

basins, using lumber for plot borders, and creating a portable rainfall simulation system with a 

manifold for flow distribution. These techniques along with others included in this work can reduce 

the cost of constructing large-scale rainfall simulators, which allows for increased ability to test 

on various slopes and soils. 

Calibration analysis was performed to evaluate direct measurement of runoff for intensity 

calibration. The results indicate that the runoff volume method produced statistically different 

results than the ASTM D6459-19-recommended rainfall gauge method. The runoff from the 

impermeably covered plot was 27.8% to 32.8% less than the rainfall gauges predicted. 

Furthermore, there was not enough evidence to conclude that 20 and 6 observation rainfall gauge 

setups were statistically different. Photography was investigated for determining raindrop 

characteristics including size and velocity. Results indicated that the photography method 
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represented a greater proportion of raindrops smaller than 1.68 mm diameter than the ASTM 

D6459-19 flour pan method. The photography method yielded a raindrop erosivity factor 32.8% 

less than the flour pan method for the center of the plot. Raindrop velocity results of the 

photography method yielded statistically different velocities than theoretically predicted based on 

drop size and fall height. The photographically determined velocities were calculated as the 

distance traveled by a raindrop over the time the camera captured the photograph, called the shutter 

speed, and the photographs yielded 25.8% lower velocities than predicted on average. 

The twelve new rainfall simulators at AU-SRF were calibrated and tested using ASTM 

D6459-19 methods. Using the same sprinkler design as the original AU-SRF rainfall simulator, 

the theoretical rainfall erosivity factor (R) with target intensities was 148.5. The first three bare 

soil control tests on the new rainfall simulator plots yielded soil erodibility factors (K) of 0.18, 

0.06, and 0.02 for ASTM sand, loam, and clay, respectively.  

This thesis includes documentation and analysis of rainfall simulator construction, 

calibration methods, and control testing. The continuity of rainfall simulator methodology is 

critical to the continued precise evaluation of erosion control practices at Auburn University-

Sediment Research Facility and other facilities. 
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CHAPTER 1:  INTRODUCTION  
 

1.1    BACKGROUND  

For decades, soil erosion originating on construction sites has been identified as a 

significant source of sediment and suspended solids in runoff in the United States (Hagman, 1980). 

Soil erosion has devastating, well-recorded effects, including sedimentation in streams and rivers, 

which can cause clogging and destroy riparian ecosystems. In 1917, pioneers at the University of 

Missouri established the precursor to rainfall simulation plots. They discovered that cultivation of 

slopes leads to large losses of soil; however, cropping methods could reduce these losses (Gantzer 

et al., 2018). Now, numerous erosion control practices are used to reduce slope erosion.  

In erosion control, various forms of straw and mulch are used on bare soil to aid the 

establishment of vegetation and prevent soil loss. While straw is cheap and effective for this 

purpose, manufactured products can be more effective when properly installed (Horne, 2017). 

Erosion control blankets, or ECBs, are one of the most effective products for erosion control on 

slopes. ECBs evolved from straw applications due to increasing regulation at the introduction of 

the Clean Water Act of 1972. The demand for ECBs in transportation system construction has 

risen significantly in the last century due to the signage of the Federal-Aid Highway Act of 1956, 

which commissioned 41,000 miles (66,000 km) of interstate and lead to the construction of 

numerous other roadways (Kaszynski, 2000), which require countless miles of slope stabilization, 

especially on the embankments of superelevated sections that tend to have steep and long slopes.  

Other methods for slope protection on construction sites include topsoiling, surface 

tracking, vegetation, and mulching. Topsoiling is the spreading of in-situ or imported topsoil on 

disturbed or excavated areas to promote successful vegetation growth. Surface tracking is a method 
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of compaction using heavy equipment by driving up and down slopes. Vegetation used on sites 

varies greatly by region; however, in Alabama, Bermuda and Fescue are commonly used grass 

species for the warm and cold seasons, respectively. Mulching includes straw applications, 

hydromulches, and the use of other mulching materials. Straw and other mulch products like 

woodchips protect the soil surface from raindrops, reduce runoff velocity, increase infiltration, 

slow soil moisture loss, prevent soil crusting, moderate soil temperature, and improve conditions 

for seed germination and vegetation growth. When slopes are steep and inaccessible to equipment, 

fibers with tackifier and mineral binders can be sprayed out of a hose, which is called 

hydromulching. Often, they contain seed, fertilizer, mulch, and a tackifier in liquid form. The 

evaluation of the efficacy of these products requires rigorous testing. 

1.2    RAINFALL SIMULATION  

One concept for testing erosion control products is to measure the amount of soil displaced 

by rainfall on a bare slope and a protected slope and compare the difference. To obtain consistent 

results, rainfall events can be simulated using testing apparatuses rather than relying on natural 

rainfall events. Rainfall simulators are preferable to natural events because they produce consistent 

rainfall intensity, drop size distribution, and test duration. Rainfall simulator plot sizes, slopes, 

soils, raindrop delivery methods, target rainfall intensities, calibration techniques, test methods, 

and analysis methods vary; however, the most prevalent guidance for large-scale rainfall 

simulation is ASTM D6459-19. 

ASTM International offers guidance on the construction and calibration of large-scale 

rainfall simulators via standard D6459-19, ñDetermination of RECP Performance in Protecting 

Hillslopes from Rainfall-Induced Erosionò (ASTM, 2019). Rainfall simulators are used to test 

product installations versus bare soil control conditions to determine the effectiveness of various 
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products and practices for protecting topsoil on these sites to prevent soil pollution. The calibration 

of these rainfall simulators is critical to their success so that correct results may be obtained. 

1.3    RESEARCH OBJECTIVES 

The primary purpose of this research is to disseminate effective practices for constructing, 

calibrating, and testing on ASTM D6459-19 rainfall simulators. Additionally, novel techniques for 

calibration were investigated to develop rainfall simulator calibration with current technology. The 

novel techniques for calibration can be used to articulate the testing environment that practices and 

products are tested under by determining performance evaluation characteristics of the rainfall 

simulator. 

Documentation on time and cost-effective construction methods for large-scale rainfall 

simulators meeting ASTM D6459-19 specifications is sparse. By experimenting with the efficacy 

of various practices during the construction of twelve rainfall simulators in 2021 and 2022, this 

thesis seeks to establish a basis for overcoming the many challenges that accompany the task of 

constructing a large-scale rainfall simulator. This work is key for refining standardization among 

large-scale rainfall simulators so that studies may be easily juxtaposed. Currently, rainfall 

simulator research varies by plot size, which substantially affects results (Ricks, 2020). Therefore, 

the size of the plot and the construction methods applied are variables that must be considered 

when comparing studies using different designs. Large-scale rainfall simulators require more 

construction effort than small-scale apparatuses, but they may provide more useful results for 

practical applications. Therefore, efficient rainfall simulator construction techniques specifically 

targeting ASTM D6459-19 are necessary to construct large-scale apparatuses that can generate 

more widely comparable results.  



4 
 

Furthermore, this work evaluated various calibration methods including the usage of runoff 

for the measurement of rainfall intensity and videography for raindrop size and raindrop velocity 

calibration. These methods may offer improved precision for their respective parameters compared 

to standard ASTM D6459-19 methods such as rainfall gauges and the flour pan method. Statistical 

analysis was used to compare the alternative methods to ASTM D6459-19 methods and 

recommendations were made based on the significance of differences between the methods and 

the feasibility of the alternative methods. 

Lastly, control testing is key to proper evaluation of products, and documentation on the 

methodology and results of the first round of bare soil tests on the twelve new slopes is included. 

While further testing is required to determine the effects of various slopes and soils on soil loss, 

preliminary results are provided and discussed. 

Therefore, the objectives of this thesis are as follows: 

1. Document the construction of twelve ASTM D6459-19 rainfall simulators on various 

slopes and soils, 

2. Investigate alternative methods for rainfall intensity, raindrop size, and raindrop 

velocity calibration, and 

3. Provide control test results from calibrated rainfall simulators. Additionally, this work 

contains relevant literature review including testing of hydromulch, relevant soil 

analysis, and initial control tests for the new plots. 

The project was separated into the following tasks to accomplish these objectives: 
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1. Construct twelve rainfall simulators and stockpiling of soils for testing, 

2. Verify the original AU-SRF ASTM D6459-19 rainfall simulator for renewal of 

accreditation from Geosynthetic Accreditation Institute, 

3. Investigate novel calibration techniques including runoff to determine intensity and 

photography for rainfall characteristics including drop size distribution and raindrop 

velocity, 

4. Calibrate new rainfall simulators including the flour pan test for rainfall drop size 

distribution and theoretical rainfall erosivity factor calculation, and 

5. Perform initial testing on new rainfall simulators on bare soil with preliminary soil 

erodibility factor calculations.  

 

1.4    ORGANIZATION OF THESIS  

This thesis communicates numerous results which are grouped into several sections. In 

Chapter 2: Literature Review, topics include ASTM D6459-19, the Revised Universal Soil Loss 

Equation (RUSLE), alternative plot designs, alternative calibration methods, and hydromulch 

testing methods. Chapter 3: Construction Methodology details the many steps for constructing an 

ASTM D6459-19 rainfall simulator plot. Chapter 4: Calibration and Testing Methodology 

contains procedures for each calibration practice examined as well as the procedures utilized for 

ASTM D6459-19 bare soil testing on the new rainfall simulators. Chapter 5: Results and 

Discussion summarizes construction findings and contains statistical analyses of alternative 

intensity calibration methods versus standard practices. This includes the comparison of ASTM 

D6459-19 recommended methods for intensity, raindrop size, and raindrop velocity determination 
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to alternative methods including measuring maximum runoff and utilizing photography for 

raindrop size and velocity. Furthermore, this section contains the findings of the first bare soil tests 

on the new rainfall simulator plots. Finally, Chapter 6: Conclusions contains a summary of results 

and offers recommendations for future work.  
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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). 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 rolled erosion control product, or 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. 
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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 around 95% 

reduction in soil loss compared to a bare slope (Faulkner, 2020).  

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 
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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. 
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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). One such 

project funded is taking place at Auburn University where twelve rainfall simulators will follow 

the ASTM D5964-19 standard to test various erosion control practices under rainfall simulation 

such as ECBs, hydromulches, and straw applications on three different types of soil and two 

different slopes (Schussler et. al, 2022). The results of this work may yield new insight on how 

different soils may benefit from different soil stabilization products. This thesis includes the 

construction, calibration, and early testing of the rainfall simulators for the use in ALDOT-funded 

erosion control research. 

2.2 ASTM D6459-19 

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 Faulknerôs 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 Companyôs 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 

2.1 and with a description to follow.  
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FIGURE 2.1: ASTM6459-19 Plot Render. 

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, ñLaboratory Compaction Characteristics of Soilò (2021). 
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During calibration, the rainfall intensity is calculated by placing twenty rainfall gauges in 

a uniform pattern on the plot as shown in Figure 2.2 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 2.2: ASTM6459-19 Rainfall Gauge Layout. 

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

normalized for cm/hr units in Equation 2.1 (ASTM, 2019).  

 Ὥ  φπ ὖ ὐὸ (2.1) 

where, 

 Ὥ = rainfall intensity, cm/hr 

 ὖ = depth of rainfall, cm 
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 ὐ = number of rain gauges 

 ὸ = 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 in Equation 

2.2: 

 ὅ ρππ  ρȢπ  ȿὨȿ ὲ8  (2.2) 

where, 

 ὅ = Christiansen Uniformity Coefficient 

 Ὠ = Xi - Xe 

 ὲ = number of rain gauges 

 ὢ = average depth in rainfall gauge, cm 

 ὢ = 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 2.3. 

 ὑὉ  πȢυ ά ὺ (2.3) 
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where, 

 ὑὉ  = rainfall intensity, cm/hr 

 ά = mass of drop, kg 

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

Terminal velocity used in this equation is derived from Figure 2.3. 

 
FIGURE 2.3: 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. 
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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 

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 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. 

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.  

 ὃ Ὑ ὑz ὒzὛzὅ ὖz (2.4) 

where, 

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

 Ὑ = rainfall erosivity factor 

 ὑ = soil erodibility factor 
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 ὒὛ = length of slope steepness factor 

 ὅ = cover management factor 

 ὖ = 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 

2.5. 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 2.3. 

 ὍὲὧὶὩάὩὲὸὥὰ Ὁ ὑὉ Ⱦ
σςπ

τσυφπ
 (2.5) 

where, 

 ὍὲὧὶὩάὩὲὸὥὰ Ὁ = 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. 

 
ὝὩίὸ ὉὍ  ὍὲὧὶὩάὩὲὸὥὰ Ὁ πzȢπρz Ὥ ȢȾ ρzπὭ ȢȾ

ςzπ Ⱦ σπ 
(2.6) 

where, 

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

 Ὥ ȢȾ  = Rainfall intensity during 4.0 in./hr (102 mm/hr) target intensity 

 Ὥ ȢȾ  = 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 
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factor, C, is the unknown variable that is obtained by comparing bare soil test soil loss to 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 Auburn 

University provide three options for soil 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:  ASTM6459-19 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 

      1 mm = 0.039 in. 

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 titled ñPerformance Base 

Testing for Erosion Prevention and Sediment Control (EPSC) Devicesò found that there is little 

quantitative performance testing for sediment reduction practices that consider diverse conditions 
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(Wilson, C., 2019). Conditions that commonly differ between studies are slope, slope length, soil 

type, and rainfall intensity.  

In a study at Istanbul Technical University reported 82% to 89% uniformity in ñA rainfall 

simulator for laboratory-scale assessment of rainfall-runoff-sediment transport processes over a 

two-dimensional flumeò (Aksoy et al., 2012).  The apparatus is indoors with ñup to 20%ò 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 rainfall diameters are between 2.2 

mm and 3.1 mm. One conclusion of the study is that experiments resulted 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 utilizing large-scale plots for rainfall simulation for evaluating erosion control 
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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. 

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 design criteria of standard rainfall simulator 

designs. 

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 recommendations. 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. 
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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 ñhot spotsò 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. 

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 ñComparing Raindrop Size and Velocity 
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Measurement Accuracy Using Shadowgraphy, Disdrometry, and Pie Pan Measurement 

Techniquesò (Tullis, 2016). Tullisôs 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 
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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 

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 qualityôs 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 
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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 Agricultural and Mechanical 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 ñDetermination of Erosion Control 

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

a Tilted Bed Slopeò and ASTM D8298 ñDetermination of Erosion Control Products (ECP) 

Performance in Protecting Slopes from Continuous Rainfall-Induced Erosion Using a Tilted Bed 

Slopeò 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 which can vary from 2H:1V to 4H:1V and 2.5H:1V to 4H:1V, respectively. While ASTM 
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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 testôs 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 
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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. 

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. 
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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-
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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. 

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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CHAPTER 3: CONSTRUCTION METHODOLOGY  
 

3.1 INTRODUCTION  

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 3.1 with soil groups in Alabama and 

locations of soil sources for the rainfall simulator project. 

 
FIGURE 3.1: Rainfall Simulator Soil Source Locations (SCS, 1986). 

The design and methodology for constructing these plots is described in this chapter. 
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3.2 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 3.2.  

 
FIGURE 3.2: 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 3.3: Rough Grading Aerial View.  
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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 

area without reducing productivity. This greatly reduced the exposed bare soil during the process 

of construction. 

3.3 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.  
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(a) Plot 8 excavation (b) adding soil to plot with skidsteer 

FIGURE 3.4: 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 

following ASTM 2937-17e2 ñStandard Test Method for Density of Soil in Place by the Drive-

Cylinder Methodò (ASTM, 2018). The first lift was added before the plot borders as a subgrade. 
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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 3.5, 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 3.5: Bulldozer for Regrading. 

3.4 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 
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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. 

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 3.6. 
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FIGURE 3.6: 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, 

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 
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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. 

 
FIGURE 3.7: Completed Plots. 

3.5 COMPACTION  

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

is displayed in Figure 3.8. 
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(a) plate compactor (b) driving cylinder 

FIGURE 3.8: 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 3.8(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. 



38 
 

The 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 3.1, 3.2, and 3.3. 

 ὡὩὸ ὈὩὲίὭὸώ  
ὡ

ὠ
 (3.1) 

 Ὀὶώ ὈὩὲίὭὸώ  
ὡὩὸ ὈὩὲίὭὸώ

ρ ὓὅ
 (3.2) 

 ὅέάὴὥὧὸὭέὲ Ϸ   
Ὀὶώ ὈὩὲίὭὸώ

ὡὩὸ ὈὩὲίὭὸώ
 (3.3) 

where, 

 ὡ  = weight of soil in cylinder, lb 

 ὠ  = volume of soil in cylinder, ft3 

 ὓὅ = moisture content, % 

The charts for maximum dry density were obtained by Christin Manning and are detailed 

in ñRainfall Simulator Construction and Evaluation of Erosion Control Practicesò (Manning, 

2021). The three soils, sand, loam, and clay, remain the same in this work as her soil selection. 

3.6 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 
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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. 

 
FIGURE 3.9: 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. 
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(a) TRM installation (b) ECB installation 

FIGURE 3.10: Construction of Drainage Channel. 

A 24-inch (61 cm) diameter pipe was installed underground to improve equipment access 

and safety. The pipe and drainage ditch are shown in Figures 3.11 and 3.12. The excavation was 

nearly 8.0 ft (2.4 m) deep maximum, and the pipe was over 100 ft (30 m) long. 
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FIGURE 3.11: 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. 
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(a) Plot 7 culvert (b) drainage pipe outlet 

FIGURE 3.12: Drainage Pipes. 

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

12 as demonstrated in Figure 3.12. 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. 
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3.7 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 3.13 demonstrates. 

 
FIGURE 3.13: 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 3.14 contains an overhead concept drawing of the manifold. 

 
FIGURE 3.14: 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 3.15 displays the 

constructed 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 
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FIGURE 3.15: Supply Flow Manifold. 

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.  
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FIGURE 3.16: 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 3.17 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 3.17 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.  
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(a) dry supply pond (b) floating dock 

FIGURE 3.18: Pond and Floating Dock. 

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 
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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 3.19: Post Sleeve. 

3.7 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 plot and the funnel. Figure 3.20 displays the runoff collection. Finally, an overhead 

cover kept raindrops from landing in the catchment basin and kept workers dry during tests. 
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FIGURE 3.20: Runoff Collection. 

3.8 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.  
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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 3.21 displays the interior of the finished electrical 

controller box. 

 
FIGURE 3.21: Electrical Controller . 

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

on the plot in order to reach the location of the electrical controller at the bottom of the plot. Wire 
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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 Milit ary Spec Signal/Power 

connectors with four poles. Appendix B contains a parts list for the electrical controller box. 

3.9 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 Skipperôs 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 Skipperôs 

trucking. With this acquisition, all soil quantities required for construction and testing proposed 

by ñEvaluation of ALDOT Erosion Control Products Using Rainfall Simulation on Various Soil 

Types and Slopes Gradients Phase IIò were obtained.  

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

200g was taken and the weight recorded as ñInitial sample weight.ò Next, the #200 ñwet sieveò 
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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 

ñWeight after wet sieving.ò 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 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 3.22 which contains the 

soil classification and the source. 
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(a) sign at stockpile (b) ASTM sand sign 

FIGURE 3.22: Stockpile Signs. 

3.10 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 were performed with appropriate soils, stockpiles of ASTM sand, clay, and loam were 



55 
 

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.  
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CHAPTER 4: CALIBRATION AND TESTING METHODOLOGY  
 

4.1 VERFICATION OF ORIGINAL 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 Section 4.5 of this chapter. 

4.1.1 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, as demonstrated by Figure 2.2. 

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 4.1, above the 

valve and below the disperser. This was the most common location for clogging. 
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FIGURE 4.1: 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 4.1. 

TABLE 4.1: 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 

Nelson S3000PC 190-

degree Spinner 

Nelson Nozzle #21 

Nelson Ĳò 6 psi 

Pressure Regulator 

Ĳò 12V DC Electric 

Brass Solenoid Valve 
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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 

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 4.2: 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 4.2. 
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TABLE 4 .2: Target 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 

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. 

4.1.2 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 4.3. 

TABLE 4.3: 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 
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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 4.3: Rainfall Gauge Suspension Method. 

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.  
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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 twenty-min portion of the test was performed. Finally, at forty 

min, the rainfall simulator was turned off again, the barrel was removed, and gauge heights were 

recorded. For the last twenty 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. 

4.1.3 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. 
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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. 

 
FIGURE 4.4: Turbidimeter . 

4.1.4 Total Suspended Solids Testing 

The total suspended solids, or 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 



63 
 

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 

4.1. 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. 

 ὝὛὛ
ὡ ὡ

ὠ
ρzȟπππȟπππ (4.1) 

where, 

 ὝὛὛ = total suspended solids, mgTSS/L 

 ὡ  = weight of sample after oven drying, g 

 ὡ  = weight of crinkle dish and filter membrane, g 

 ὠ  = volume of sample used, mL 

  
(a) TSS vacuum (b) drying oven 

FIGURE 4.5: TSS Equipment. 


















































































































































































































































