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ABSTRACT

Largescale rainfall simulation offers valuable insight into the effectiveness of erosion
control practice. While small and intermediatale apparatuses can analyze the effects of splash
and sheet erosion on a slope, lasgale plots allow the formatiaof rills, which better represent
real applications on long slopes such as highway embankments. Construction and calibration
methods for largscale rainfall simulators are standardized by ASTM De#%9As part of Phase
'l of AEval uat i €ontrobHAractidds OsDJ RaiBfallGsnulation on Various Soll
Types and Sl ope Gr adi elf ramfallosimulatoes|were cols@Buttdli, D6 4 5
calibrated, andised toobtain soil erodibility factors in barsoil testing Efficient construction
practices for ASTM D645919 rainfall simulators include using pneade tanks for catchment
basins, using lumber for plot borders, and creatipgréable rainfall simulatiorsystem with a
manifold for flow distribution. These techniques along with others inclurdiils work can reduce
the cost of constructing largeeale rainfall simulators, which allows for increased ability to test

on various slopes and soils.

Calibrationanalysis was performed to evaludteect measurement ofinoff for intensity
calibration The results indicate that the runoff volume method produced statistically different
results than the ASTM D645B9-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 2(asdr@atiorrainfall gauge
setups were statistically differenBhotography was investigateddr determining raindrop

characteristics including size and velocitResults indicated thah& photography method



represented a greater proportion of raindrops smaller than 1.68 mm diameter than the ASTM
D645919 flour pan method. The photography method yielded a raindrop erosivity factor 32.8%
lessthan the flour pan method for the center of filet. 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 byraindrop 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 ABRF were calibrated and tested using ASTM
D645919 nethods. Using the same sprinkler design as the originaBRB rainfall simulator,
the theoretical rainfall erosivity fact¢R) with target intensities was 148.5. The first three bare
soil control tests on the new rainfall simulator plots yielded sodibiidy 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 testinthe continuity of rainfall simulator nt@odology is
critical to the continued precise evaluation of erosion control practices at Auburn University

Sediment Research Faciliyd 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 Unites Bagenan, 1980).
Soil erosion has devastating, wedcorded effects, including sedimentatinrstreams and rivers,
which can cause cloggirapddestroy 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 Hest6dodzer

et al., 2018)Now, numerous erosion control practicesasedto reduce slope erosion.

In erosion control, variouforms of straw and mulclre used on bare soil to aid the
establishment of vegetation and prevent soil loss. While stralweapcand effective for this
purpose, manufactured products can be more effective when properly inftidiee, 2017).
Erosion control blankets, or ECBs, are one of the most effective products for erosion control on
slopes. ECB&volved from straw applit@ns due to increasing regulation at the introduction of
the Clean Water Acbf 1972. The demand for ECBs in transportation system construction has
risen significantly in the last century due to the signage of the Fefieralighway Act of 1956,
which canmissioned 41,000 mileg66,000km) of interstate and lead to the construction of
numerous other roadwagisaszynski, 2000)which require countless miles of slope stabilization,

especially on the embankments of superelevated sethiatisnd to have sepand long slopes.

Other nethodsfor slope protection on construction sites include topsoiling, surface
tracking, vegetation, and mulching. Topsoiling is the spreading-sifunor imported topsoil on

disturbed or excavated areas to promote succesgjatation growth. Surface tracking is a method

1



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 Idoseasons, respectively. Mulching includes straw applications,
hydromulchesand the use of other mulching materigdétaw and other mulch products like
woodchipsprotect 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 angkgetation growthWhen slopes are steep and inaccessible to equipment,
fibers with tackifier and mineral binders can be sprayed out dfose which is called
hydromulching Often, they contain seed, fertilizer, mulch, and a tackifidiquid form. The

evaluation of the efficacy of these products requires rigorous testing.

1.2 RAINFALL SIMULATION
Oneconcepfor testingerosion control products 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, rainfallevents can be simulated using testing apparatuses rather than oglyiatyral
rainfall eventsRainfall simulators are preferable to natural events because they produce consistent
rainfall intensity, drop size distribution, and test durati@ainfall simulator plot sizes, slopes,
soils, raindrop delivery methods, targatnfall intensities, calibration techniques, test methods,
and analysis methods vary; however, the most prevalent guidance forsdatgerainfall

simulation is ASTM D64599.

ASTM Internationaloffers guidance on the construction and calibration ofelaogle
rainfall simulators via standafd645919, ADetermination of RECP Per
Hillslopes from Rainfall n d u c e d (ASTM, 2019).Rainfall simulatorsare usedo test

product installations versus bare soil control conditions teraene the effectiveness of various

2



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 D6489 rainfall simulators. Additionally, novel techniques for
calibration were investigated to develop rainfall dewar calibration with current technologyhe
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 cesfffective construction methods for largeale rainfall
simulators meeting ASTM D64589 specificationss sparseBy experimenting with the efficacy
of various practices during the construction of twelve rainfall simulémo2921and 2022, this
thesisseeks to establish a basis for overcoming the many challenges that accompany the task of
constructing a largecale rainfall simulator. This work is key for refining standardization among
largescale rainfall simulators so thatudies may be easily juxtaposed. Currently, rainfall
simulator research varies by plot siménich substantially affects results (Ricks, 20dberefore,
the size of the plot and the construction methods applied are variables that must be considered
when comparing studies using different designs. Lagde rainfall simulators require more
construction effort than smadlcale apparatuses, but they may provide more useful results for
practicalapplications. Therefore, efficient rainfall simulator constion techniquespecifically
targeting ASTM D6459.9 are necessaryo construcargescale apparatusdlat can generate

more widely comparable results.



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 D645%9 methods such as rainfall gauges andithe pan method. Statistical
analysis was used to compare the alternative methods to ASTM H®4B%ethods 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 variougslapd soils on soil loss,

preliminary results are provided and discussed.

Therefore, he objectives of tis thesis aras follows:

1. Document the construction of twelve ASTM D6489 rainfall simulators on various

slopes and soils

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

velocity calibrationand

3. Provide control test results from calibrated rainfall simulators. Additionally, this work
contains relevant literature review including testing of hydromulch, relevaht soi

analysis, and initial control tests for the new plots

The project was separated into the following tasks to accomplish these objectives:



1. Construct twelve rainfall simulators and stockpiling of soils for testing

2. Verify the original AU-SRF ASTM D645919 rainfall simulator for renewal of

accreditation from Geosynthetic Accreditation Institute

3. Investicate novel calibration techniques including runoff to determine intensity and
photography for rainfall characteristics including drop size distribution androg

velocity,

4. Calibrat new rainfall simulatorsncluding the flour pan test for rainfall drop size

distribution and theoretical rainfall erosivity factor calculatiand

5. Perform nitial testing on new rainfall simulators on bare swith preliminary soil

erodibility factor calculations

14 ORGANIZATION OF THESIS
This thesis communicates numerous results which are grouped into several sections. In

Chapter 2: Literature Reviewopics include ASTM D64599, the Revised Universal Soil Loss

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

testing method<Chapter 3: Construction Methodologhetails the many steps for constructing an

ASTM D645919 rainfall simulator plot.Chapter 4: Calibration and Testing NMwdology

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

ASTM D645919 bare soil testing on the new rainfall simulatd@hapter 5: Results and

Discussionsummarizes construction findings and containsissteal analyses of alternative
intensity calibration methods versus standard practices. This includes the comparison of ASTM

D645919 recommended methods for intensity, raindrop size, and raindrop velocity determination

5



to alternative methods including asuring maximum runoff and utilizinghotographyfor
raindrop size and velocity. Furthermore, this section contains the findings of the first bare soil tests

on the new rainfall simulator plots. Finall@hapter 6: Conclusionsontains a summary of results

and offers recommendations for future work



CHAPTER 2: LITERATURE REVIEW

2.1EROSION CONTROL PRACTICES

Erosion control produstare commonly applied on bare slopes such as newly constructed
roadway embankments and in small chanriEiey ardanstalled withseed to promote vegetation
for permanent stabilization and prevesgidiment runofby shielding soil particles frorbeing
dislodged and transported gindrops anaverlandflow. They are often fabricated from natural
fibrous materials suchs cotton, straw, wood, or coconut, which are ptased and sustainable
materials City of Springfield, 2008 ECBsprotect against wind and wateducederosion while
also increasing infiltration rates and decreasing soil crusting and compactionf(Sgsingfield,
2008). Most ECBs are made from biodegradable materials that decompose to further support
vegetation growthOne type of rolled erosion control product, or RECP, that is commonly
confused for an ECB is a turf reinforcement riBiRM). Howeve, TRMs are synthetic and
permanent (MPCA, 2012Slope stabilization is a necessary step for transitioning from the
construction phase of transportation infrastructure to the-quoostruction phase, and
biodegradable ECBs can help to accomplish thissaskainably. Roadways in particular benefit
from bare soil protection practices because roadway runoff can reach high velocities while moving
over pavement andecaus@mbankments often have relatively steep slopes of 4H:1V, 3H:1V, or
greater. Sediment potion can be prevented at the source with erosion control to protect water
quality of ecosystemand save cost bgeducing needo filter or dredge downstream bodies of

water.



Early precursors to ECBs such as mulch are vulnerable to erosion duringrttieagien
of the vegetation, and contractors did not have external incentives to use more effective products
beforefederal regulations (Hanrahan, 2015). While inexpensive materials such as straw can protect
bare soil to an extent, pressure from environaeagencies forced demand for befperforming
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 Natimal Polluant 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&8t 199
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 spraly atiteast one designed surface (Prunty et.
al, 1997).ContemporarnfeCBsare extremely effectivat soil loss prevention with arour@b%

reduction in soil loss compared to a bare slgilkner, 2020).

Biodegradable ECBs are used where vegetation reqoimyy 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 masates, ECBs are used with fggbwing 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 PiGtdRP)
describes hw ECBs can be used for lewolume roads, which represent 75% of m{ldbbmeters)
of road in the).S.(Fay et. al, 2012). Lowolume roads often cut corners at the end of construction

by omitting slope protection and can be susceptible to embankmewigiiéay et. al 2012). ECBs



can be a part of the appropriatermwater 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 possilgonsidering 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 BCB is described bythe Erosion
Control Technology Counc{(ECTC)in an installation guide for RECRECTC, 2017. Several
methods for securing ECBs are described. One notable method is to excagdte By660 in.
(150 mm by 150 mm) anchor trench afspreading topsoil and seethen, the erosion control
blanket can be stapled to the bottom of the tremththe trench can be backfilled to the previous
soil level. Then, the blanket can be stapled uniformijpéosoil. The blanket should be in contact
with the ground at all points so that runoff does not undexthe blanket and cause ttapsoil

andseeds to wash out.

Other erosion controisclude pellets, jute, and polyacrylamide (PARginfall simulator
researclat Auburn University found that jute with gypsum could be as effective as erosion control
blankets for stabilizing bare slopes and had a cover fagtof 0.12 (Manning, 2021). However,
there are variable factors to consider when determining ¢astr experimentallydi et. alfound
that rainfall erosion is significantly affected by water qudligtors such as sodium adsorption
ratio and conductivity(2017) Since initial water quality is not accounted for in the standard
RUSLE equation, watequality may quietly influence comparisons between research at various

testing facilities.



Erosion controls critical totransitioning from construction to pesbnstructionon sites
Erosion controimpacs can be difficult to measure becaysacticesare proactive in reducing
nonpoint source pollution and preventing sedimiass While rainfall simulator studies have
alreadydemonstrated that erosion controls can be effectingge is still asubstantiaiheed for
testing erosion control effectivereem a standardized methodumarasinghe2021). One such
project funded is taking place at Auburn University where twelve rainfall simulators will follow
the ASTM D596419 standard to test variowsosion control practices under rainfall simulation
such @ ECBs, hydromulchesand 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 productsis Tthesis includes the
construction, calibration, and early testing of the rainfall simulators for the use in Alfir@&d

erosion control research.

2.2 ASTM D645919

Research at Auburn University led to the development of a working rainfall simulator
following ASTM D6459 (Horne 2017, Faulkney 202Q Ricks, 2020. Faulkner reanalyzed
sprinkler |l ayout and the apparatus rdesga,i ns
including ten sprinkler risers. This layout is calibrated to produce at least 80% Christiansen
uniformity and intensity of ®, 4.0, and 60 in./hr (51, 102, and 152 mm/h(Faulkner, 202}
Anothergroupusing ASTMD6459for largescale rainfalsimulation is Early et al. at American
Excel sior C o mp dAmerican ExXeelsmis Eadhndcianibe Division, 2P2Both

facilities lseRUSLEIn their analysis.

The designrenderof an ASTM D645919 plotat Auburn Universityis shown in Figure

2.1 andwith adescrption to follow.
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FIGURE 2.1: ASTM6459-19 Plot Rer.
The plot is 4Q0-ft (12.2-m) long by 80-ft (2.4-m) wide with minimum 10-ft (30-cm) soil

depth. The specified slope is 3H:1V. Importantly, the sprinkler layout seaftia®TM D6459

19 specifies that pressurized sprinklers be used to meet specific drop size parameters with a

raindrop fall height of 14 t4.3m). Barriersmust be in plag on the borders to preveiaw from

running onto the plotLawn edging is suggested for this tagslonstructionmethods are not

specifiedin the documenand may be unique to each site. However, a key parameter to obtain

useful results is soil compactiowhich must be within 90 + 3 % of standard Proctor Density in

accordance withSTM D698,iLabor at ory Compact ioorf 20RdnDact er i

11



During calibration, he rainfall intensity is calculated by placing twenty raingalige in
a uniform patten on the ploais shown in Figur2.2 and recordingntensityafter 15min of rainfall
for each desired intensity under conditions of uniform pressure.@mdi/br (1.6 km/H wind or

less(ASTM, 2017)

Supply Ball

Line / Valve

P

L Bl :{.‘
\; 1 L~ Rain Gauges

o ° ° / (Typ)
7|

.|l ¢
X o a

. y]__Sprinkler

d ﬂ Riser (Typ)

FIGURE 2.2 ASTM6459-19 Rainfall Gauge Layout

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

normalized forcnvhr units in Equatior2.1 (ASTM, 2019)

~
5

M em 0 VO (2.1)

where,

o)
I

rainfall intensity, cm/hr

C
1

depth of rainfall, cm
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0 number of rain gauges

0 time of test
Christiansen Uniformity is utilized to determine the even distribution of rainfall intensity
on the plot.In the ASTM645919 standard, twentyainfall gauges are required to apply this

equation, and 80% uniformity is the requirement for calibration. It is shown below in Equation

2.2
0 p TPt > £8 (2.2
where,
0 = Christiansen Uniformity Coefficient
Q = X-X
¢ = number of rain gauges

= average depth in rainfajaugecm

® = depthin each rainfajaugecm

Drop size calibration is alsoacluded in ASTM D6459.9. For thismetric the flour pan
method isused 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 #trtequarterpoints, the pie
pars are uncovered fo2 to 4sec to produce pellets in the flour. Tihéhe pans are dried for a
minimum of 12hr andsieved through a 7thesh to remove loose flour. Total weight of the hard
flour is recorded, and the pellets are sieved through standard soil sieves fomtwidne flour
pellets caught in each sieve size arighed and counteBlinally, the kinetic energy departed by
the rainfall simulator is obtained by summing the energy of each drogreizpand multiplying
by the percentage of energy that drop size makes up of the total distribtiecihour pan métod
bases energy calculations on drop size and raindrop fall h&igatkinetic energyequationis

shown in Equation 2.3.
v O ™ A 0 (2.3)
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cC-
o
I

rainfall intensity, cm/hr

mass of dropkg

o-
1

<
1

velocity ofdrop at soil surfagem/s

Terminal velocity used in this equationdesrived fromFigure 2.3
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FIGURE 2.3 Drop Size to Terminal Velocity Correlation (ASTM, 2017).

For test preparationASTM D645919 offers specific guidance. Test plpteparation
includes adding soil in-61. (15cm). lifts and meeting the previously mentioned compaction
requirements. Moisture content affects compacsiaibstantially therefore the moisture content
must bewithin 4% of optimum moisture contefidir maximum compactianAlso includedare
specific test preparation practices RECPsand TRMs including documentation of installation
procedures and accounting for vegetation with TRMs.
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During each test, numerous measurements are collected. Ruraliéctex! separately for
each target intensity and rainfall gauge heights are recorded. Additionally, sample bottles and
volume readings are collected every 30 selB® seaepending on runoff rate. Following a test,
ASTM D645919 specifies that delivers 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 b soil tests. Cover factor is the ratio of soil loss when the plot is protected to soil

loss when the plot is bare.

2.3REVISED UNIVERSAL SOIL LOSS EQUATION

RUSLE isused in rainfall simulator research to compare erosion control products. RUSLE
stems fronthe 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
rigorousand continuedesting done by university faculty and federal scientistiserUnited States
over the next decadeked 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 slopeeagiihs to measure erosion from
rainfall events. Many of the plots werd@ (1.8m)wide and 72.6 f(22.0 m) long. Now, RUSLE
is a computerized version of USLE with improvements in factor estimates and was released in

1992 for publicuse by the USDA.

6 'Yz0z() Y6z D (24)
where,
0 = annual soil loss per acre (tons/acrelyear)
Y = rainfall erosivity factor
0 = soil erodibility factor
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0 "Y = length of slope steepness factor

0 cover management factor

V)

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 a¥k-factor, and slope char#eristics LS. Rainfall erosivity
factor, referred to aR-factor, is determinedhroughthe calibration procedures described in section
2.2. The equation for incremental rainfall enerfr determiningR-factor is found by Equation
2.5.This equation demustrates thaR-factorrepresents the total rainfall energy on et area.

The contains aunit conversion from ft(m?) to ac(ha)for the 320 f (29.7m?) plot area of the

ASTM D645919 designKEtaraintal iS obtained from Equation 2.3.

oCT
TOLOT

0t Ol QAQEDDa T (2.5)
where,
‘08 ©i1 Qa'@¢ d wibcremental rainfall energy by drop size classofif/ac

KEwtarainfa =  total estimated kinetic energy of all rainfalkténf

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

“YQ {080 0t Ol QECEBGEIQ g 2pTQ g

(2.6)
z¢enfom
where,
YQIO80 = Erosion index, oR-factor, hundreds of ftonf-in./achr
Qg = Rainfall intensity during O in./hr (102 mm/hr) target intensity
Q g = Rainfall intensity during.0in./hr (152 mm/hr) target intensity

Annual soil loss per acrevhich is represented yin the RUSLE equations measured
or estimated by the rainfall simulation experiment from the total soil loss per inteftsa-

factoris calculated by conducting tests with bare soil where cover facto@.igihally, cove
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factor, C, is the unknown variable that obtained by comparing bare soil test soil lossoered

test soil lossising the calculate-factor.

The benefit of numerous rainfall simulator plots is thattyipecally fixed variables oK-
factor and length of slope steepness factd, 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 D&9%thd shown infable2.1
(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
D1oo 25 > Dioo> 3.0 10 > Dioo> 0.3 3.0 > Dipo> 0.02
Dss 4.0>Ds>0.8 0.8 > s> 0.08 0.08 > 35> 0.003
Dso 0.9>D5>0.2 0.15>D0>0.015 0.015 > @ > 0.0008
Dis 0.3>Ds5>0.01 0.03 > Ds>0.001 D15< 0.002
Plasticity Index N/A (nonplastic) 2<Pl<8 10 <PI

1 mm =0.039in.

2.4ALTERNATIVE RAINFALL SIMULATOR DESIGNS

Rainfall simulators camave 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 sagdami
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 dhighly erosive rils due to increased slope lendtht alsothe effect
of plot width on flow patterns. Pa&formancedBBgse at t h
Testing for Erosion Prevention and Sediment Control (EPSC) Dévicesd that theres little

guantitativeperformance testing for sediment reduction practices that comswgeseconditions
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(Wilson, C., 201% Conditions that commonly diffdretween studieare slope, slope length, soil

type, and rainfall intensity.

In a study at Istanbul Teclwal Universityrepored8 2 % t o 89 % wuni formity
simulator for laboratorgcale assessment of rainfalnoff-sediment transport processes over a
two-dimensional flume ( Aksoy eTthealappa2r0alt2uy)s. i s i ndoors w
Limited specific soil data and test results are recorded. This medium scéd samulator
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 malyrepresent real conditions. It uses
10 VeelJet pressurized sprinklers witl, 2.6, 3.3, and 4.1 in./l{45, 65, 85, and 105 nii)
intensities. The height of the sprinkless8.0 ft (2.4) and theainfall diameters are between 2.2
mm and 3.1mm. Oneconclusionof 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 ASTND6459319 rainfall gaugearrangementResearch at the Urevsity of
Tennesseases a smaller8.0-ft (1.8-m) long 3H:1V slope(C. Wilson, 2021)while research in
Alberta, Canada includes testing amearly 56ft (15-m) slope on a 2.5H:1V hillsidé&Sawatsky
et. al, 1996)Anotherresearch facility in Texassesboth 306ft (9.1-m) indoorslopes and 50 to 70
ft (15 to 21 m)utdoorslopegMing-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, nafall duration, and intensityHowever, 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. 8fbeg, Ricks

recommends utilizing largecale 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 intenstan plots of different sizes can be compared by

runoff rateinstead of rainfall gauges.

2.5ALTERNATIVE CALIBRATION TECHNIQUES

Calibration techniquesary between facilitiesThis section describes variotexchniques
for rainfall intensity and drop sizastribution 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 alusefour methods for intensity calibratiomhese include variation of the
ASTM D645919 method using rainfall gaugea turbine meter on the supply line, a tipping
bucket, and four troughs at four widths of the p8dawatsky et al., 1996§owevermanyfacilities
use rainfall gaugeBke ASTM D645319 recommendationgiowever, the spacing of rainfall
gauges is seldom recorded, which may affect intensity regalsuburn University, te ASTM
D645919setup yields 79 to 81% uniformityith rainfall gauges 2 ft (0.6 m) from the plot sides

(Horne, 201Y. Low uniformity can indicate that intensity is variable across a plot.

Researchers including Cottenot et al. uségtnative methods for drop formatif@ottenot
et al.,, 2021).Earlier work at Auburn Universit usel an intermediateized plot to evaluate
methods for applying straw and hydromulcéslson, W.T., 2010) This apparatus klea single
sprinkler for two 20 ft (0.6 m)by 4.0 ft (1.2 m)plots and was able to achieve an 83% to 88%
Christiansen Uniformy (Shoemaker, 2008 Drop formation techniques and rainfall gauge
spacing vary between these apparatuses; therefore, rainfall gauges may not provide effective

comparison to ASTM D64599 apparatuses for uniformity.

19



Ricks presents a raster projection fainfall intensity, which suggests thainfall gauges
maymisrepresemntainfall intensity becausatensity can vary across the plot (20Z)rthermore,
from a study at the University of Tennessee Wilson concludes that runoff is the greatest
erosivily factor rather than other factors including rainfall inteng2921) This meansthat
measuring maximum runoff volumes may be a better metric for calibration than rainfall intensity

since runoff is the greatest determining factor for erosion.

One issuavith pressurized sprinklersistithkeyc an be observed to have
deliver excess volumes of water to the central areas of the it presents a problem for the
rainfall gauge method©nly six rainfall gauges are used to calculatestimtensity forone factor
in the RUSLEanalysis, which is critical to the results of each product and bare soil teska@ne
to addresshese concerns is to remove the rainfallgges from the calibration and instead measure
the runoff when the plot covés 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 sprinkler
However, this method must be evaluated and its correlation teestablished rainfall gauge
methods.

2.5.2 Drop Size Calibration

The flour pan methqdvhich samples raindrops sizes by creating raindrop fossils in flour
to determine raindrop size digtution, is prevalent within rainfall simulation and is described in
ASTM D645919. While the establishment of this method provides potential for continuity
between research facilities, the flour pan metleadnot directly measure raindraelocity.
Alternative methods for determining raindrop parametezan provide more accurate

measurements Sever al met hods ar e explored I n ACor
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Measurement Accuracy Using Shadowgraphy, Disdrometry, and Pie Pan Measurement
Techni quse201®. Ty IT lushad@ngraphy systerwhich utilized photography with a film

to create shadows of raindropshieved 2.86% uncertainty and served as the comparative standard
versus the flour pan method and theddineter methodThe dislrometer, 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 chiop velocity but was the only viable method threctly
measuringrelocity of the three available methods according to Tullis. Sinckainepan method
greatly overestimates raindrop size, the calculation for determining raindrop velocity is also
affeded. For example, according to ASTM D6459, a 3 mm drop at 1# (4.3 m) drop height
impacts at 6.75 mf019) 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 eusneelocity would be
squared for each raindrop size class, further compounding the error used to determine the total
kinetic energy of the raindrops. Therefore, photography andramietry are worthy of
investigation as alternatives for determining drige @and even direct measurementaihdrop

velocity.

Each alternative for raindrop parameter determination has negative aBettgyraphy
entails using a camera to capture photographs of a raindrop, and this method can be highly accurate
as demonstrateby 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. @@meter raindrop sizing allows rféhe collection of
thousands of datapoints easily while the flour pan@matographymethods 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, thishaktwas 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 theseoplucts is roughly $8,000 to $12,000 each. Therefore, &@ésivand

accurate solution for applying photography methods to rainfall simulators nmagriegractical.

The accuracy ophotographyfor determining raindrop size allows tloalculation in
Equation 2.3 to be much more accurate than the pie pan method. Additionaltpnditers
underestimate raindrop velocity by nearly 70% (Tullis, 2016). While Tullis does not explore the
usage of shadowgraphy for the direct measurement rdra 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. Photograpimyethods present promise for tldetermination of raindrop
parameters in rainfall simulation because of their mild cost when comparedironuiters and
potential for high accuracy.

2.5.3 Additional Considerations

Ji et al found that rainfall erosion isggnificantly affected by water qualit{2017) The
study foundthatat e r q u a | impagti®os eragiond le magseitde of the effect is greatly
dependent on soil properties such as clay particle percentage, sodium adsorption radio, and
conductivty. The experiment was performed on a 5% slope for all te¢stsous loam and silt
soils were used, and tests were performed with fully saturatedvgatervariedbetween natural
precipitation, natural hydrops, and tap water. Raindrop diameter was0.89m while
uniformity was 94%. Rainfall height w&s66 in. 20mm) and the plot wa$§.7 in. 45mm) by

5.7 in. @45mm) by 1.6 in. 40 mm) deep. The key findings the report are that infiltration was
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significantly affected by water quality and that erosion decrehssith increased salt
concentrations. While this study was intended for agricultural applications ashd ss®all plot,
the conclusions introduapiestions 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 mulchnm»ng tank which
is sprayed on soil surfaces as 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 accomstungyto a
at TexadAgricultural and Mechanical UniversifivicFalls 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 prodpet®rmedbest in sandy soils.

Methods designed to be used for testing ECBs may not fairly represent the effectiveness
of hydromulches. While ASTM D645%99 is the preeminent method for largeale rainfall
simulation testing, other ASTM designationsincludh@ 2 97 @A Det er mi nati on of
Products (ECP) Performance in Protecting Slopes from Sequential Ridiated Erosion Using
a Tilted Bed Sloped and ASTM D8298 ndDeter min
Performance in Protecting Slopesnr@Continuous Rainfalinduced Erosion Using a Tilted Bed

Sl opeo di ff er -¥and mayheSmond sudabld fbrhydromulch testing.

The two alternative methods, ASTM D8297 and ASTM D8298, are very similar except
that they utilize sequential and ¢mmous 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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D645919 relates specifically tRECPs these designations use broader language with the intent
of applying to all ECPsThese designations contain specifications for a hydroseeding apparatus to
apply hydromulch, which implies that the tests @esignedor testing hydromulch products. In
contrast to ASTM D64599, which calls for the variation @éinfall intensity over one hour at

2.0, 4.0, and 60 in./hr (51, 102, and 152 mm/hrASTM D8297 specifiesainfall at a static
intensity of 3.5 in./h89 mm/hr)for 30 min per day over three days for a total of fath. Like

ASTM D6459 in that it is alse@ontinuous, ASTM D8298 ia onehour test with two 36min
periods with target intensity between 4.0 and 5.0 ifX@2 and 127 mm/hrASTM D8297 and
D8298 allow for various techniques for simulating rainfall including sprinklers, nozzles, and drop
emitters while ASTM D645919 specifically mentions using sprinklers selected on ability to model
natural raindrop size$.or both D8297 and D8298, runoff is collected separately for each period
of simulated rainfall to obtain soil loss weights and samplesaientfor turbidity and sediment
concentrationlike ASTM D645919. However, D6459 9requires bottle samples every thirty sec

to 180 secwhile the two ECP standards only stipulate samgpévery 15min. One additional
requirement of ASTM D8297 and D829&ttb645319 does noimplementis turbidity testing

for the water supply.

The threeday 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 t dlatucabaimfall ypay wi t h
interfere with the results and apparatus in betweemiBOsessions with an outdoor apparatus.

Additionally, a sufficient workforces required over three dayshar than onlyone day.

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

D645919 specifies a raindrop fall height of 14(#.3 m)while D8297 and D9298 only specify a
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minimum height of 8 ft (2.4 m) This povides an opening for the usage of variable sprinkler
heights between testing facilitieghich affects raindrop fall velocity and total rainfall energiy
designations include flashing, runoff collection, and holding tanks. However, the test plots vary
greatly. ASTM D6459 requires 12 i(80 cm)of soil while D8297 and D8298 require only 9 in.

(23 cm)depth. While ASTM D6459 requires 4@t (12-m) by 80-ft (2.4-m) borders, ASTM

D8297 and D8298 utilize metal trays with perforated bottom sheets with geofextitil
underlay which means that the entire soil installation must be redone periodically to replace the
geotextile. D8297 and D9298 do not have specifit gilte requirements. Instead, the minimum

plot size is 36t (9-m) by 6-ft (1.8 m) with a necessary lengti-width ratio of 51. Therefore,

these standards leave opportunity for differences between apparatuses, which limits the possibility

of comparing reults 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 tb@amithr (1.6 km/h) for a test.
Additionally, each designation contains strainfall uniformity requirements. All standards use
Christiansen Uniformity with ASTM D6459 requiring 80% uniforynéind the other designations
requiring 90% uniformity. All designationgse 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 alpurpose flour be uske 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 areunning 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 thegseftrunoff
before measurement while the other two designations reguimmimum of12 hr. Research at
Auburn Universityusesa minimum24-hr settlement with ASTM D64599 (Faulkner, 2020).
Furthermore, ASTM D8297 and D8298 contain a procedure foeseptative sampling as well as

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

In summary, ASTM D829%and D8298 share many similarities to each other and ASTM
D645919; however, they allow variation in plot apptus within the standasdvhile ASTM
D645919 provides exact dimensiongnportantly, ASTM D8297 and D829&sestatic rainfall
intensities while ASTM D6459 increases rainfall intensity throughout the test. The last major
difference between the method tgpe 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 D645919 D8297 D8298
Rainfall Intensity, 2.0, 4.0, and 60 3.5 4.0and 5.0
in./hr (mm/hr) (51, 102, and 152) (89) (102 and 127)
Christiansen 0 0 0
Uniformity, % 80% 90% 90%
Drop-forming Sprinklers Sprinklers, nozzles, Sprinklers, nozzles,

technique

or dropemitters or dropemitters

Plot Dimensions,
ft (m)

Min. 30 (9) by 6 (1.8) Min. 30 (9) by 6 (1.8)

40 by 8 (120y 2.4) with 5:1 L:W ratio 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 Flour pan Flour pan Flour pan
Calibration Method
Bottle Sampling
Gap Time, Min 05t03 15 15
Runoff Minimum e
Settling Time, hr Unspecified 12 12
Maximum Wind,
mifhr (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

Geotextile underlay
on metal tray
Tested over 3 days

Geotextile underlay

Variable intensity on metal tray

2.7SUMMARY

The field oflargescaleartificial rainfall simulation is diverse. Many plot sizes, slopes,

intensities, and calibration methods are ugefiTM D645319 provides the clearest parameters

for determining cover factor in the RUSLE equation. However, ASTM D@4b& designed for

RECP testing, and other designations such as D8297 and D8298 offer ddwagnsave

specifications fohydromulch evaluatioThese designations differ by many metrics from D6459
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19 including by plot size, test period, and target rainfall intensity, but dley 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 dsoge 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, greaéstigmtion is required for

alternative methods for drop size measurement such as photographydaoihelisy .
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CHAPTER 3: CONSTRUCTION METHODOLOGY

3.1INTRODUCTION

Twelve rainfall simulators with varied slopes and soils were constructed Authen
University- StormwateiResearch Facility (ALBRF). Six plotsvere builton 3H:1V slopes while
the other sixvere builton 4H:1V slopes. The ploweresplit into pairs, each containing matching
soil: ASTM clay, loam, and sand sourced from Montggmél, Auburn, AL, and Abbeville,
AL, respectively.The array of soilsoughtto represenimost ofthe stateA map from theJnited
States Soil Conservation Servi&CS)is displayed in Figure 3.1 with soil groups in Alabama and

locations of soil sourcdsr the rainfall simulator project

SOIL AREAS
o8

S Departm

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

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

Thelayout of the plots, which allows for at led$l ft (3.0 m) of space between plots for
equipment accessibility, was devisatd is displayed in Figure 3.2.
Plot 12 Plot 11 “/Plot 10 Plot9 Plot8 Plot7 Plot6 Plot5 Plot4 Plot3 Plot2 Plotl

Sand Loam Clay Loam Sand Clay
3H v 4H. v

! ¢!
[=]

— )

ul

e Mﬁ Channel

FIGURE 3.2: Rainfall Simulator Plot Layout.

lﬁﬁ{SmI

10 ft (3 m)

A Trimble S6 Robotic Total Station was used doade the area alongside heavy
equipmentThe 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 modelnd marked with stakes. Then, the slopes were temporarily seeded.
Construction was performed on a maximohtwo 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

Eachplot was excavated #2.0 ft (12.8m) by 100ft (3.0 m) and 18 m. (46 cm)depth. To
make his processafer, a terrace was created in the middle of each plot to park the excavator while
digging the upper reaches of the plot rather than parkintpeslope.This method allowd all
digging to be performed with heavy @guonent 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 isl8in. (46 cm)belowthe desired final grade.
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(a) Plot 8excavation | (badding soil to plot with skidsteer
FIGURE 3.4: Plot Earthwork Activity .

After excavation, aeam of three workers was used to grdde slope an excavator
operator, a surveyor, and a rakerst, the Total Station was set up above the plot usingowtol
points on the nearby road. The surveysed 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 ptarn with 10 ft (0.3 m)or less betveen eacltonsecutive survey grid pointhe
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, 6.0in. (15 cm)of thedesired soil for testing was added onto the pith a KubotaSVL 75
2 skidsteerand compacted. Sufficient compaction was checked with a Proctor compaction test
following ASTM 29371 7e2 AStandard Test Met hothe Oriver Dens

Cylinder Method (ASTM, 2018).Thefirst lift was added before the plot bordassa subgrade.
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Despite that the rough grading had already been comptaetottom elevatiofor the
3H:1V plotswasattoo highan elevationThese plots requideottom elevation®e 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 simulatodeclinedtowardsthe area of the catchment basiwhich meant
that the area of the cément 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 rakdavator was required to cugsificant

volumes of soilA bulldozer shown in Figure.5, was rented, and over the course of one week,

the gradngwas correctedlhe cut was used to fill in a gulley in another part of-8RF.

ik o) e A T

FIGURE 3.5: Bulldozer for Regrading.
3.4 LOT BORDERS
For the plot brders, 2in. (5.1 cm)by 120in. (305 cm) (nominal dimensionsyeather

rated lumber was used with lawn edging protrudingr2.563 cm)on theinside of the plotwWhile
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ASTM D645919 specifies that plots must only be@f2 (12.2m) long, constructing 4@ft (12.8
m) side boardsllows tolerancein positioning.The quantities of lumbetawn edging, and soil
required for one plot are shownTable3.1.

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 (m°) 402 (11.4)

Since the first lift of soil was already placed in the plot during the earthworks, the surveyor
displayed12.0 in. (305 cm) belowthe desired elevation at this point. Téile borders were
fastened togethanside the ploto ease assembly¥rinally, 8.0 ft (2.4 m)boards forned the top
and bottom of each platiowever, the bottom boardasnot added until the final two lifts of soil

wereplaced.Theplot designincluding the plot borders shown in Figur&.6.
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1" Rainfall Gauge

ASTM Clay, Loam, or Sand

2" x 12" x &'

\ 2" x 12" x &

FIGURE 3.6: Plot Designlsometric View.

The squareness each plotvas ensured by checking that the diagonal measurements from
opposite corners were equal. After this, the next two lifthefsoilwere added and compacted.
Compaction was completed using a pledenpactor Backfill was added outside the plot border
with the mini excavator after each lift to ensure that the borders stayed infphadly, the bottom
board was installed. The distance between the inside of the top board and the bottom board was
measured ag0.0-ft (12.2-m) to determine the location of the bottom boafthis 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 instalted bdding lifts,
it is susceptible to damage and shiftirgm the weight of equipmenthese methods allow heavy
machinery to do most of the soil installatiaiith minimal soil volume required to be moved

manually At this point, adjacent slopes cangiabilized.Adjacent slopes should be stabilized as
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soon as final grades are achievedninimize the time that bare soil is exposed. Straw erosion
control blankets with appropriate mixeske#scue and@ermuda seed with fertilizer were applied

between antbeside each plot.

FIGURE 3.7: Completed Plos.

3.5COMPACTION

The primary compaction method used wadikasa Multiquipplate compactor machinehich

is displayed in Figure 3.8.
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(a) platecompactor (5 driving 6y|inde
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 repeatingardas of the plot received one pass of
the compactor. Then, compaction was checked with the Proctor Compaction mégh&doctor
compaction method requiateseveral devices including a cylindrical mold, a Proctor rammer, a
ruler, a scale, and an overngE, the mold shown in Figure 3(®), was driven into the soil by the
rammer at three locations on the plot. The locations were randomized by envisioniugia 30
long by 3-unit wide grid on the plot and utilizing a random number generator. Once a sample was
collected, it was weighed in tmeold and the weight of the mold was subtracted. Additionally, the
height of the soil within the cylinder was measured with the ruler. Firmgmple ofoil from

the cylinderwastaken, weighed for wet weight, dried in the oven, and weighed for dryhtveig
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The percentagalifference of the weights yields the moisture content, whiabused 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 cof®&tM, 2008) The equationfor

Proctor compaction testing are Equation 3.1, 3.2, and 3.3.

DQ®QE | Qw
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where,
) = weight of soil in cylinderlb
= volume of soil in cylinderft®

06 = moisturecontent %

The charts for maximum dry density were obtained by Christin Manning and are detailed
in ARainfall Simulator Construction and Evaluation of Erosion Control Practigdanning,

2021). The three soils, sand, loam, and clay, remain theiaahis workasher soil selection.

3.6 DRAINAGE

Seven plots were installed with French drain systemmsounding a plastic tufhe French
drain method was not always successful for the 3H:1V platswas susceptible to failufi®m
flooding. Therefore, aralternaé method forsecuringthe catchment basin tubs was devised. For
this method, three posts were levelertizontallyandpacked withNo. 57 stone at the elevation
of the bottom of the catchment basithe tub was placed onto thepestanchors andastened
Using amini-excavator and the spoil pile from excavation,ghpsaround the tub were filled and

compacted. This method wasibstantiallyless costlythan theFrench drais, whichrequired
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drainage pipg, soil fabrics, and additional No. 57 stofithe 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 systemwasinstalled to collechatural rainfall runoffA trench was space2D
ft (9.1 m) from the catchment basins to allow vehicle and equipment access to the bottom of the
plots This spacing wasansformednto a gravel road to protect the surface flogavy machinery
Both TRMsandECBswere applied in thishannelFirst, the rolledTRM was installed following
final earthworks. Next, topsoil was added and graded on top of the TRM and seeded with grass.

Finally, a rolled straECB was installed to protect the seed.
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(a) TRMinstallation | (b) ECB installation
FIGURE 3.10: Construction of Drainage Channel

A 24-inch (61 cm)diameter pipe was installed undergrodadmprove equipment access
andsafety The pipe and drainage ditch are shown in Fig8r¢l and 3.12The excavabn was

nearly 80ft (2.4 m)deepmaximum,and the pipe was over 100(& m)long.
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This pipewas connectetb a smaller ditch which dragalthrough another culvert into the
lower storage pond. Additionally, this ditetasused as a channel for future sediment research

applications.
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(a) Plot Zeulvert ( ' (b)>da|ngep|pe outlet
FIGURE 3.12: DrainagePipes

Due to flooding at théottom of 3H:1V plots, two culverts were installed near plots 7 and
12 as demonstrated igure 3.12. These were installed witl®-. (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 catchrasims. 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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3.7FLOW SUPPLY SYSTEM

A 3.0-in. (7.6cm) diametelPVC pipe was installedith six outlets and two end valves.
Each pair of identical plots had one supply connectiebeinveen them at the top of the slppe

which Figure 3.13 demonstrates

FIGURE 3.13: Supply Pipe Outlet
The pipe was placed at the top of the stdfpe 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

preveneddamage to the system as the pipedill
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To distribute flow from the water main to each rainfall tree, a manifakkhecessary. The
manifolddesignwas 3.0 ft (1.0 m) by 3.0 ft (1.0 mjth previously manufactured@in. (7.6 cm)

by 0.75in. (1.9cm)tees.Figure 3.14 containsnaoverhead congé drawingof the manifold.

A L/

\

3.0in. (7.6 cm
Brace/ — — ( by

0.75in. (1.9 cm)

| || Tee
— — 3.0in. (7.6 cm)
= | L= Intake
3.0in. (7.6 cm) 'y u
Ebow LA T T =T T T\

FIGURE 3.14: Manifold Design ConceptDrawing.

The manifold was constructed, and the braces were chémgedhe concept drawing in
Figure 3.14to bettersupport the intake and allow for forklift transpdfigure 3.15 displays the

constructed manifold.
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FIGURE 3.15: Supply Flow Manifold.

This solution allovedthe manifold to sit on either side of the water main-stuts 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 presdntultiple challenges. A low water lel/mean
that thepump wouldintake undesired material such as algae. Furthermore, the intakeontbe c
not always reach the water from the embankment. Therefore, two solutions were implemented.

First, an in-line filter was connected to the pipe systerthatintake.
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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. Figui@ 8isplays effectiveness of the filter by
showing the raterial caught by the filter after only 20in of pumping at medium throttle from

the highpressure pmp while the pond level was low.
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To allow theintake hosdo reach thevater 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 anmbnnectedlexible hose to the filter and intake pipe.
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a) r pI pond (b) fatindock
FIGURE 3.18: Pond and Floating Dock

One key cossaving measure of the plot design of these twelve new rainfall simukasrs
that the sprinkleravereshared 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
postswere easily movethetween apparatuses. The post sleawa®2.0 ft (0.6 m) deep and fit
4.0in. (10 cm)by 4.0 in. (10 cm)posts. One sprinkler system was created initidilye shared
sprinkler system ensuteontinuity between tests and redde¢ke cosof sprinkler trees by 92%
The gate valves alone cost arout® 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 $46¢500 on valve cost. Other costly

items for sprinkler systems include 600 ft (183 m) eftand wire, galvanized steel pipe, and
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sprinkler components, which have variable costs. Therefore, the shared elysii@aieshe cost

of components and labor fassemblindl1 sets of sprinkler trees.

' @) postsle withcap o (b pstsleeewith post
FIGURE 3.19: Post Sleeve

3.7RUNOFF COLLECTION

Some raindrops impaad outside of the plot borderBut 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 allownfimre effective sampling. Additionally,

diverters were installed where necessary at the bottom gldtsto prevent flow outside of the

plot from flowing into the catchment basin. Plastic sheeting was used to bridge the small gap

between the plot andehfunnel.Figure3.20displays the runoff collectiorkinally, an overhead

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

3.8ELECTRICAL SYSTEM

To meet the requirements of ABTD645919, which stipulate that intensity must be
variable between.g, 4.0, and 60in./hr (51, 102, and 152 mm/hg system of valves was devised.
The system for the twelve new rainfall simulators followed the successful implementation of a
similar sysem on theoriginal AU-SRFrainfall simulator with some improvements. The design
included three valves per rainfall tree, which each control flow to a sprinkler. Ban2hr (51
mm/hr)target intensity, one valve on each sprinklerasopen and powed. For 40in./hr (102
mm/hr) intensity, two valvesverepowered. For ® in./hr (152 mm/hr)intensity, all three valves
on each sprinkler tre@ere powered. The improvementgere thatthe electrical controllewas

portableandthatthe switchesvereonthe frontof the boxwith lights indicating theéargetintensity.
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The electrical controllewas powered by a 12V deep cycle marine battery inside a
protective case with a fuse connected to positive and negative splitters. A power switch @derrupt
the positive wire before reaching the positive splitter. The positive splitter then digttibtieee
more splitters which correspoedito each set of ten valves with another switch before connection
for each of the three positive splitters. Each eftiiree positive splitters connedto one valve
on each rainfall tree. A single negative wire from each rainfall tree thatdsahtbree valves on
the tree conneedto the negative splittekEigure 3.21 display$e interior of the finished electrica

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 (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)
65 (20)
55(17)
45(14)
30(9)

R ININININ

Fourstrand wire was used. Three positive wires connected to one valve each, and the same
negative wire was used for all three valves. The va@®0.75in. (1.9 cm) 12V DC electric
brass solenoid valves. Wires connected to the electricamtbxMilit ary Spec Signal/Power

connectors withiour poles.Appendix B contains parts listfor the electrical controller box.

3.9SOIL VERIFICATION AND ACQUISITION

TheASTM sand stockpile was exhausted after the constructiBlotsf 3 and 4Therefore,
sieve analsis was conducted on the stockpiles from the ssuecdocation to verify that the soil
was identicalASTM, 2014) The sourcewaS ki pper 6s Trucking near Abb
soil analysis was conducted aoils from Notasulga quarry near LoachiepoAL and other
stockpilesUltimately, &n truckloads of sqitotaling200 y# (153m)wer e del i vered by
trucking. With this acquisition, all soil quantities required for construction and testing proposed
by fEvaluation of ALDOTErosion Control Products Using Rainfall Simulation on Various Soil

Types and Slopes Gradients Phasaviére obtained.

To perform sieve testing,rapresentative ovedried sample that weigld approximately

200gwas taken and the weight recordediab il t is a mp | Mextwilee# 20 . bwet si e
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was usedo gently wasHines from thesample withminimal water. The remaining wet sample
from the sieve was drieith the oven at 220 FLO4 C) Then, it wasweighed andecorded as
AWei ght af t elhe sanmple was brekeniamdgieve stack was prepared with N
No. 10, No. 20, No. 40, No. 50, No. 80, No. 120, andNo. 200 sievesThe sievesverestacked in
order with the largest aperture size at the top and the smallest at the bottomwAsymeced
under all the sieves to collect samplBisen, the empty sieves were weighed individually, and the
massesvererecordedThe soilwas pourednto top of the stack of sievesd the lid was secured.
The sieve stack with soil was allowed to shake insibge shaker for 1&in. Then,the shaker
wasstopped and the masseadch sieve and retainathterial was recordedf the total weight of
the finished sampldeviatedmore than 2% from the initial weighhe procedure wagdone with
new soil which was required for one sampfieves were washed, dried, andaeighed after

each test.

The findings othis sieve testing are discusseimapter 5: Results and Discussidinese

results were used to identify and label as many soil piles as gyssitithhad becomeecessary
after the expansion of ASRF. Signs were constructed out@®@75in. (2.0 cm) plywood and
wooden stakes. Soil labels containing pertinent information such as soil classification and source
were printed and laminated. Finalthe labels were stapled onto the signs, and they staked
into the ground near each soil pile. An example sign is shiowigure 3.22vhich contains the

soil classification and the source.
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ASTM SAND

| SKIPPER'S TRUCKING "DIRT”

Ja') sign atokple R | (b) STMsadsig
FIGURE 3.22: Stockpile Signs

3.10 CONSTRUCTION SUMMARY

While largescale rainfall simulators can be costly and tooasuming to construct,
several efficient practices can reduce tleeessargost andabor. Following the standardized
ASTM D645919 plot design is keto communicable results, and thésearchseeks to share in
detail the specific techniques for constructing to this standard. Major finthinggghoutthe
course ofplot construction include that@in. (5.1-cm) thick lumber is suitable as a materfiat
plot bordersandthat anchored plastic tubs can be effective for catchnvéhile French drains
were first used for protecting catchment basins from flooding, the anchoring method proved more
effective. Drainage channels and culverts were also cordgdtatenitigating flood risk. To ensure

that tests were performed with appropriate soils, stockpiles of ASTM sand, clay, and loam were
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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
D645919. 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 pieisguthe 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 colter, 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 D645919 bare soil testing was completed on ¢higinal rainfall simulator plot
with the methods described in this section to renew accreditation with the Geosynthetic
Accreditation InstituteThe originalplot contains loam soil different from thative stockpileised
for the new apparatusebhis 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 thiajufier.
4.1.1 Intensity Calibration

To ensure that the rainfall simulator still output the target intensities0p#.D, and 60
in./hr (51, 102, 152 mm/hrll5-min calibrationtests were performed oncaveredsurface with a
total of 20 rainfall gauges &t on the plot on wooden wedges and stapiédl the soil. ASTM
D645919 specifies that the rainfall gauges are spread evenly from each othelOvit{0Z61 m)

spacing to borders, @gmonstrated bigigure2.2

To prevent cloggingn therainfall simuldor sprinklers, the pressure gauges on eaclelhin
tree were disconnected and water was puntipexighto wash out the pipes. Next, theessure
gauges were reconnected, aunping resumetb verify that each sprinkler was workingalves
and sprinklemozzles for any malfunctioning sprinkler were cleaned and checked for electrical
problems Each sprinkler contained a green nozzle, shown disconnected in Figguabave the

valve and below the disperser. This was the most common locaticiodging.
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FIGURE 4.1: Sprinkler Clog Location.

Finally, with the sprinklers all working, thealibration test was performed. On a calm day
with wind speeds less tharDIni/hr (1.6 km/hr) each intensityanfor 15min, andrainfall gauge
heights were recordedntensity inin./hr was calculated by multiplying th@veragemeasured
rainfall by four to normalize forin./hr units per Equation 2.1Additionally, Christiansen
uniformity, Cu,was calculatedising Equation 2.ZT'he results are shown irable 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 g g4 1) 1.00 (25) 1.50(38)
in. (mm)
Measured Intensity,
in./hr (mm/hr) 2.54(65) 3.98(101) 5.99(152)
Cu (%) 76.06 84.97 80.47
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The apparatus had three switches to power valves.dwattth corresponded to adding2
in./hr (51 mm/hr)to the target intensity. The switches were aligned verticahlys test used the

top switch for the D in./hr (102 mm/hr)target intensity and added the middle switch for tite 4

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

(b) durig4.0 in./hr (102 (c) during6.0 i./hr (152
mm/hr) mm/hr)
FIGURE 4.2: Rainfall Simulator Calibration .

(a)during2.0in./hr (51 mm/hr

Since the order adwitches 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 20 in./hr (51 mm/hr)target intensity on this rainfall simulator was performéde target
metrics were to reach 80% Christiansen uniformity and to be as close to the target intensity as
possible. The 4 and 60 in./hr (102 and 152 mm/htgsts achieved thiwith the initial switch

patternwhile the 20in./hr (51 mm/hr}est did notneet standards for either metric.

For the 20 in./hr (51 mm/hr}test, different switches were tested to determine the closest

to the target intensity. The results are shawhable 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 0.61(15) 0.46(12) 0.56(14)
in. (mm)
Measured Intensity,
in/hr (mm/hn) 2.42(61) 1.84(47) 2.24(57)
Cu (%) 80.00 78.91 80.18

The results indicated th#te bottom switch should be used for half of ghe in./hr (51
mm/hr)test and the middle switch should be used for the otherTietombined switch method
was tested experimentally ayiglded an intensity of @5in./hr (52)and a Christiansen uniformity
of 8220%. Therefore, this order of switch activation was utilized for testing on this apparatus to
ensure precise rainfall simulaii.
4.1.2 Bare Soil Testing

For recertification of the rainfall simulator, a bare soil test was performed to compare to
previous results and ensure that the soil loss yield was sii@lgve preparation began several
days before the test by tilling it thishovelsHowever, it is important tootethat 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 compaetdime.
However, this ovecompacted the soiklative to previous testing he Proctor Compaction test
results for bare soil test 1 are showmable 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 suspendiaigovethe ground was devised. During tagt only six rainfall
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gauges were used, and they were spaced @ftl(3.0-m) intervals with the gauges®ft (0.6-m)

from the plot borders.

A

FIRE 43 iII GugeSuspnsioMethod.

On test day, several containers were preparembltect runoff separately including two
barrelsand two metal troughs. Additionally, an electric sump pump was prepared and placed in
the barrelsto pump the 2 and 40 in./hr (51 mm/hr and 102 mm/hrunoff to separateérougts.

Four workers were required for thiest While one workeroperated the rainfall simulator,
monitored the sprinklers, monitored the pressuitiin the sprinkler treesand handled the pumps,
oneworker collected bottle flow samples for turbidity atmtal suspended solids (TS&)ery 3

min. Another twoworkersmeasured flow rate every twnin using a stopwatch ard0 gal. (3.8

L) container.
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The 20 in./hr (51 mm/hr)intensitystormran for twentymin. The sides of the plot were
observed to ensure no runoff outside the plot enteredattiment basinAll the runoff for the
2.0in./hr (51 mm/hrYestwas routednto thebarreland as much sedimeladen runoffas possible
was pumped to the first trough. 20 min, the test was pausgdnd abarrelwas placed in the
catch basin for thd.0 in./hr (102 mm/hr)flow. The intensities for the six rainfall gauges were
recordedo verify the R-factorin the RUSLE equatiariThe electric pump outlet was switched to
the second trough. Then, the second twenity portion of the test was performdénally, at forty
min, therainfall simulator was turned off again, tharrelwas removed, and gauge heights were
recorded. For the last twentyin, the 60 in./hr (152 mm/hr¥low routeddirectly into the catch
basin, and the pumps were shut off an@i@i so that gauge heights could be recorded. Following
the test, the plot was allowed to dry, and all containers were left undisturbed Hotd2dllow

settling.

At the 24hr mark followingthe test, supernatant was pumped off using a wet shop vacuum.
Then, the sediment was weighed in buckéisually distinct strata of sediment were sampled for
moisture content antthe distinct material wacorded separately for both troughs, bodinrek,
and the catch basiithe 20in./hr (51 mm/hr) target intensity runoff was in trough 1 and barrel 1,
the 40 in./hr (102 mm/hr) runoff was in trough 2 and barrel 2, and tBenghr (152 mm/hr)
runoff was in the catchment basin. Tiaebidity and tothsuspended solids of the sample bottles
weretestedand 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 turbidini®st 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 NTUh# 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 pa€ts water to 1 part turbidity sample

depending ondail characteristics with the Hach TL2300 Tungsten Lamp turbidimeter.

; TL2300 ©

FIGURE 4.4: Turbidimeter .
4.1.4 Total Suspended Solids Testing

The total suspended solids, or TSS, was determined from the samessasrtpke turbidity
First, the appropriate numbef crinkle dishes and filter membranegre preparedTheywere
washedby sprayingdeionized watefrom a bottle onto the dishes and driedtefs wereplaced
on the crinkle dishes. The filtewgerehandled with tweezers to prevent contaminatibext, he
crinkle dishes and filter membranes were dried in the oven for one Hoey.were weighed

together with a precise balance to thiethousandtlyrams. The filters were placed on the filtering
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machine individually. Using a pipette, 10 to 25 mL of thegle@ sedimentvater 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 sh 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 samipbEtion
4.1.Since the weights were in grams and the volume was in mL, a unit conversi@@000

was applied in the equation to find TSS in mg/L.

w &) .
YUY z plt mhw Tt 1 (4.1)

where,
"Y'Y'Y= total suspended solids, mgTSS/L
) = weight of sample after oven drying, g
= weight of crinkle dish and filter membrane, g

= volume of sample used, mL

(a) TSSvacuum (b) drying oven
FIGURE 4.5: TSS Equipment

63











































































































































































































































































































































































