CHAPTER 5
RAPI D | NFI LTRATI ON PROCESS DESI GN
5.1 Introduction

The design procedure for rapid infiltration (RI) 1is
diagramred in Figure 5-1. As indicated by this figure, there
are several mmjor elenents in the design process and the
design approach is sonewhat iterative. For exanple, the
anount of land required for an R systemis a function of the
| oading rate, which is affected by the | oading cycle and the
| evel of preapplication treatnent. If the engineer initially
assunes a |level of preapplication treatnment and a | oadi ng
cycle that result in a loading rate requiring nore |and than
is available at the selected site, the level of
preapplication treatnent and | oadi ng cycle can be reeval uated
to reduce the | and area required.

5.1.1 RI Hydraulic Pat hway

The engi neer and the community nust decide which hydraulic
pat hway (see Figure 1-2) is appropriate for their situation.
This decision is based on the hydrogeol ogi c characteristics
of the selected site and regul atory agency deci si ons.

5.1.2 Site Wrk

For Rl design, the results of the field investigations
(Chapter 3) nust be analyzed and interpreted. Backhoe pits
and drill holes are needed to establish the depth and
hydraulic conductivity of the perneable material and the
depth to ground water. Sufficient subsurface information nust
be obtained in the Phase 2 planning process (Chapter 2) to
all ow the engi neer to cal cul ate:

1. Infiltration rate (Section 5.4)
2. Subsurface flow (Section 5.7)
1 Potential for nounding
1 Drai nage (i f needed)
1 Nat ural seepage (if adequate)
3. M xing of percolate wth ground water (if
critical to neet performance requirenents)
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5.2 Process Performance

The R nechani sns for renoval of wastewater constituents such
as BOD, suspended solids, nitrogen, phosphorus, trace
el ements, mcroorgani sns, and trace organics are discussed
briefly along with typical results from various operating
systenms. Chapter 9 contains discussions of the health and
environnental effects of these constituents.

5.2.1 BOD and Suspended Soli ds

Particulate BOD and suspended solids are renoved by
filtration at or near the soil surface. Soluble BOD may be
adsorbed by the soil or may be renoved fromthe percolating
wast ewater by soil bacteria. Eventually, nost BOD and
suspended solids that are renoved initially by filtration are
degraded and consunmed by soil bacteria. BOD and suspended
solids renovals are generally not affected by the |evel of
preapplication treatnment. However, high hydraulic | oadi ngs of
wast ewaters with high concentrations of BOD and suspended
solids can cause clogging of the soil. Typical BOD | oadings
(Table 2-3) are less than 130 kg/haed (115 Ib/acresd) for
nmuni ci pal wastewaters. Renovals achieved at selected R
systens are presented in Table 5-4. Sone systens have been
oper ated successfully at hi gher | oadings.

5.2.2 N trogen

The primary nitrogen renoval nmechanism in R systens is
nitrification-denitrification. This mechani sm involves two
separate steps: the oxidation of ammobnia nitrogen to nitrate
(nitrification) and the subsequent conversion of nitrate to
nitrogen gas (denitrification). Ammonium adsorption also
pl ays an inportant internediate role in nitrogen renoval.

Both nitrification and denitrification are acconplished by
soi|l bacteria. The optinumtenperature for nitrogen renova
is 30 °Cto 35 °C (86 °F to 95 °F). Both processes proceed
slowy between 2 °C and 5 °C (36 °F and 41 °F) and stop near
the freezing point of water. Nitrification rates decline
sharply in acid conditions and reach a |limting value at
approximately pH 4.5. The denitrification reaction rate is
reduced substantially at pH val ues below 5.5. Thus, both soi
tenperature and pH nust be considered if nitrogen renoval is
i mportant (Section 5.4.3.1). Furthernore, alternating aerobic
and anaerobic conditions nust be provided for significant
nitrogen renoval (Section 5.4.2). Because aerobic bacteria
depl ete soil oxygen during flooding periods, resting and
fl oodi ng periods nust be alternated to result in alternating
aer obi ¢ and anaerobic soil conditions.
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TABLE 5-1
BOD REMOVAL DATA FOR
SELECTED Rl SYSTEMS [ 1- 6]

BOD
Average
loading Treated
Preapplication Sampling rate, a water concen- Removal,
Location treatment depth, m kg/ha-d tration, mg/L %
Calumet, Untreated 3.3 80 11° 86
Michigan
Fort Devens, Primary 20 87 12 86
Massachusetts
Hollister, Primary 8 177 8¢ 95
California
Lake George, Trickling 3 53 1.2 98
New York filters
Milton, Activated 8-29 155 1.0-19.0 88-99
Wisconsin sludge
Phoenix, Activated 6=-9 45 0-1 98-100
Arizona sludge
Vineland, Primary 2-14 48 6.5° 86

New Jersey

a. Total kg/ha-yr applied divided by the number of days in the operating
season (365 days for these cases).

b. Soluble total organic carbon.

c. Average value from several wells.

Note: See Appendix G for metric conversions,

Organic carbon is needed in the applied wastewater to supply
energy for the denitrification reaction. Approximtely 2 ng/L
of total organic carbon (TOC) is needed to denitrify 1 ng/L
of nitrogen. Because the BOD concentration decreases as the
| evel of preapplication treatnent increases, preapplication
treatment nust be limted if denitrification is to occur in
the soil. Thus, if the goal of R is nitrogen renoval,
primary preapplication treatnment is preferred.

N trogen renoval efficiencies at various operating R systens
are shown in Table 5-2. As shown in this table, nitrogen
renovals of approxinmately 50% are typical. G eater anounts
can be renoved using special nmanagenent procedures (Section
5.4.3.1).
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TABLE 5-2
NI TROGEN REMOVAL DATA FOR SELECTED Rl
SYSTEMS [1, 2, 4, 6- 9]

Concentration Concentration in

in applied Leading Flooding renovated water, mg/L Removal,
wastewater: rate, BOD:N to drying 3 of
Location total N, mg/L m/yr ratio time ratio NO3—N Total N total N
Boulder, 16.5 48.8 2.3:1 1:3 6-16 9-16 10-20
Colorado
Brookings, 10.9 12.2 2:1 1:2 5.3 6.2 43
South Dakota
Calumet, 24.4 17.1 3.6:1 1:2 3.4 7.1 71
Michigan
Disney World, -- 54.9 0.3:1 150:14 -- -- 12
Florida
Fort Devens, 50 30.5 2.4:1 2:12 13.5 19.6 61
Massachusetts
Hollister, 40.2 15.2 5.5:1 1:14 0.9 2.8 93
California
Lake George, 11.5 58.0 2:1 1:4 - 7.70 33
New York 12.0 58.0 2:1 1:4 - 7.50 38
Phoenix, 27.4 61.0 1:1 9:12 6.2 9.6. 65

Arizona

At sonme sites the goal of Rl may be only nitrification (for
exanpl e, Boul der, Colorado). Cenerally, nitrification occurs
i f wastewater application periods are short enough that the
upper soil layers remain aerobic. For this reason, if
nitrification is the objective of RI, short application
peri ods foll owed by sonewhat |onger drying periods are used.
Because the nitrification rate decreases during wnter
mont hs, reduced loading rates my be required in cold
climates. Under f avor abl e tenperature and noisture
conditions, up to 50 ppm amoni a nitrogen (as nitrogen) per
day (soil basis) may be converted to nitrate [10]. Assum ng
that nitrification only occurs in the top 10 cm (4 in.) of
soil, this corresponds to nitrification rates of up to 67
kg/ haed (60 | b/acreed). At the Boul der, Col orado, Rl system
t he percol ate amoni a concentrati on remai ned below 1 ng/L on
a year-round basis.

5.2.3 Phosphorus

The primary phosphorus renoval nmechanisns in Rl systens are
the sanme as described in Section 4.2.3 for SR Phosphorus
renoval s achieved at typical R systens are provided in Table
5- 3.
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TABLE 5-3
PHOSPHORUS REMOVAL DATA FOR SELECTED
R SYSTEMS [1, 2, 4-9]

Average Average
concentration concentration
in applied Distance of travel, m in renovated
wastewater, wastewater, Removal,
Location mg/L Vertical Horizontal ng /L 2
Boulder, 6.2 2.4-3.0 0 0.2-4.5 40-97
Colorado
Brookings, 3.0 0.8 [ 0.45 85
South Dakota
Calumet, 3.5 3-9 0-125 0.1-0.4 89-97
Michigan 3.5 B 1,700 0.03 39
Fort Devens, 9.0 15 30 0.1 99
Massachusetts
Hollister, 10.5 6.8 0 7.4 29
California
Lake George, 2.1 3 0 <1l >52
New York 2.1 --C 600€¢ 0.014 99
Phoenix, 8~11 9.1 0 2-5 40-80
Arizona® 7.9 6 30 0.51 94
Vineland, 4.8 2~18 0 1.54 68
New Jersey 4.8 4-16 260-530 0.27 94
a. Total phosphate measured.
b. Soluble phosphate measured.
c. Seepage.
5.2.4 Trace Elenments
Trace elenent renoval i nvol ves essentially the sane

mechani snms di scussed in Section 4.2.4 for SR systens. The
results presented in Table 5-4 conpare trace elenent
concentrations in wastewater at Hollister, California, to
drinking water and irrigation requirenents.

At Rl sites, trace elenents accunulate in the upper soil
| ayers. Data from Cape Cod, Massachusetts, reflect this
phenonmenon and are presented in Table 5-5. As indicated in
this table, the percent retention of nost of the netals is
quite high. For exanple, 85% of the copper applied over 33
years was retained in the top 0.52 m (1.7 ft). The
distribution of the retained netals is also shown in Table 5-
5.
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TABLE 5-4
COMPARI SON OF TRACE ELEMENT LEVELS TO
| RRI GATI ON AND DRI NKI NG WATER LI M TS [ 6]

nmg/ L
Hollister,
Maximum California,
Recommended maximum concentration average
in irrigation in drinking wastewater

Element waters waters concentration
Ag (silver) --a 0.05 <0.008
As (arsenic) 0.1 0.05 <0.01
Ba (barium) --a 1.0 <0.13
Cd (cadmium) 0.01 0.010 <0.004
Co (cobalt) 0.1 --2 <0.008
Cr (chromium) 0.05 0.05 <0.014
Cu {copper) 0.2 --a 0.034
Fe (iron) 5.0 --2 0.39
Hg (mercury) --a 0.002 <0.001
Mn (manganese) 0.2 --2 0.070
Ni (nickel) 0.2 --a 0.051
Pb (lead) 5.0 0.05 0.054
Se {(selenium) 0.02 0.01 <0.001
zn (zinc) 2.0 --2 0.048
a. None set.

TABLE 5-5
HEAVY METAL RETENTI ON I N AN
| NFI LTRATI ON BASI N
Per cent
Depth, m Cadmium Chromium Copper Lead Zinc
0-0.04 84 87 76 88 82
0.04-0.06 12 10 23 12 13
0.14-0.16 1 0 0.4 0 1
0.24-0.26 1 2 0.4 0 2
0.29-0.31 1 0 0.1 0 0.8
0.44-0.46 0.5 1 6.1 ¢] 1.2
0.50-0.52 0.5 _0 0.0 0 0
Total 100 100 100 100 100
Percent;
retention
of 33 year
loads
0-0.52 113 62 85 129 49

a. Adapted

from reference [1l1].



5.2.5 M croorgani sns

Renoval nmechanisns for mcroorganisns are discussed in
Section 4. 2.5.

Fecal coliformrenoval efficiencies obtained at sel ected R
sites are given in Table 5-6. As shown in this table,
effective renoval of fecal colifornms can be achieved with
adequat e travel distance.

TABLE 5- 6
FECAL COLI FORM REMOVAL DATA FOR
SELECTED RI SYSTEMS [1, 3-6, 12]

Fecal coliforms, MPN/100 mL
Distance of

Locatilon Soil type Applied wastewater Renovated water travel, m
Hemet, Sand 60,000 11 2
California
Hollister, Sandy 12,406,000 171,000 7
California loam
Lake George, Sand 359,000 72 2
New York 359,000 0 7
Landis, Sand and TNTC? 16 1-2
New Jersey gravel
Milton, Gravelly oNTC? Q 8-17
Wisconsin sands
Phoenix, Sand 244,071 104 30
Arizona 244,071 9] 90
Santee, Gravelly 130,000 580 61
California sands 130,000 <2 762
Vineland, Sand and TNTC® 0 6-7
New Jersey gravel

a. At least one sample too numerous to count.

The primary renoval nmechanism for viruses is adsorption.
Because of their small size, viruses are not renoved by
filtration at the soil surface, but instead, travel into the
soil profile. Only a limted nunber of studies have been
conducted to determ ne the efficiency of virus renoval. At
Phoeni x, Arizona, results indicate that 90 to 99% of the
applied virus is renmoved within 10 cm (4 in.) of travel when
either primary or secondary effluent is applied [13, 14] and
that 99.99% renoval is achieved during travel through 9 m (30
ft) of soil follow ng the application of secondary effl uent
[ 15].

The only Rl sites at which viruses have been detected in

ground water, and the distances traveled by the virus prior
to detection are listed in Table 5-7. As noted in the table,
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all four of these sites are |ocated on coarse sand and gravel
type soils. Infiltration rates on these soils are relatively
hi gh, allowng constituents in the applied wastewater to
travel greater distances than normally expected. Thus, the
coarser the soil is, the higher the loading rate, and the
hi gher the virus concentration, the greater the risk of virus
m gration.

TABLE 5-7
REPORTED | SCLATI ONS CF VIRUS AT Rl SI TES [ 16]

Distance of migration, m

Location Soil type Vertical Horizontal

East Meadows, Sands and 11.3 3

New York gravel

Fort Devens, Sands and 18.3 183
Massachusetts gravel

Holbrook, Sands and 6.1 45.7
New York gravel

Vineland, Sands and 16.8 250
New Jersey gravel

a. Application of unchlorinated primary effluent.
5.2.6 Trace Organics

Trace organics can be renoved by volatilization, sorption,
and degradation. Degradation may be either chem cal or
bi ol ogical; trace organic renoval fromthe soil is primarily
the result of biological degradation.

Studies to determne trace organic renoval efficiencies
during Rl were conducted at the Vineland and MIlton sites [3,
5]. At these two systens, applied effluent and ground water
were analyzed for six pesticides and the results of the
studies are sunmarized in Table 5-8. At both |ocations, the
concentrations of 2,4-D, 2,4,5-TP silvex, and |lindane were
wel |l below the maxi mum concentrations for donestic water
supplies established in the National Primary Drinking Water
Regul ati ons.

If local industries contribute large concentrations of
synthetic organic chemcals and the R system overlies a
potable aquifer, i ndustri al pr et r eat ment should be

considered. Further, since chlorination prior to |I|and
application causes formation of chlorinated trace organics
that may be nore difficult to renmove, chlorination before
application should be avoi ded whenever possi bl e.

5-9



TABLE 5-8
RECORDED TRACE ORGANI C CONCENTRATI ONS
AT SELECTED R SITES [ 3, 5]

ng/ L
Vineland, New Jersey? Milton, Wisconsin
Shallow Control Shallow Control
ground ground groungd Down- c ground
Pesticide Applied water water Applied water gradient water
Endrin <0.03 <0.03 <0.03 <0.03 <0.03 <0.03 <0.03
Lindane 2,830- 453- 21.3 41 157.6 3.9 7.4
1,227 1,172
Methoxychlor <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Toxaphene <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
2,4-D 9.5- 16.4- 10.4 53.8 92.4 23.6 31.0
10.5 13.0
2,4,5-TP 72 26.8- 185 16.2 41.2 38.7 76.8
silvex 120

a. If two values are listed, the first is for the Vineland site and the second
is for the Landis site (see reference [5]). If one value is listed, results
were the same at both sites.

Shallow ground water was sampled directly below infiltration basins.

Ground water sampled approximately 45 m (148 ft) downgradient from the infil-
tration basins.

5.3 Determnation of Preapplication Treatnent Level

The first step in designing an Rl systemis to determ ne the
appropriate |level of preapplication treatnent. This section
describes the factors that should be considered as well as
the | evels of preapplication treatnent that should be used to
nmeet various treatnent objectives.

5.3.1 EPA Cui dance

EPA has issued gui delines suggesting the follow ng | evel s of
preapplication treatnent for R systens [17]:

I Primary treatnent in isolated |ocations that
have restricted public access

Bi ol ogical treatnent by |agoons or in—plant
processes at urban sites that have controlled
public access

5.3.2 Water Quality Requirenents and Treatnent Coal s
Preapplication treatnent is used to reduce soil clogging and
to reduce the potential for nuisance conditions (particularly

odors) devel oping during tenporary storage at the application
site. |If surface discharge is required and ammoni a di scharge
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requi rements are stringent, the treatnment objective should be
to maximze nitrification. In all other cases, system design
is based on achieving the maxi mum cost—effective |oading
rate that provides the required | evel of overall treatnent.

For all systens, the equivalent of primary treatment is the
m ni mum r ecomrended preapplication treatnent. This | evel of
treatment reduces wear on the distribution system prevents
unmanageabl e soils clogging, reduces the potential for
nui sance conditions, and allows the potential for maxinmm
nitrogen renoval

Nitrification nay be achieved using either prinmary or
secondary preapplication treatnent. For this reason, the
selection of a preapplication treatnent |evel to maxim ze
nitrification at a specific site is based on the sane factors
that influence the selection of a preapplication treatnent
level for maximzing infiltration rates.

In mld climates, ponds can be used if land is relatively
pl enti ful and not expensive. In areas that experience cold
wi nter weather, it may not be possible to operate Rl systens
t hat use ponds for preapplication treatnment. Al so, if ponds
are used prior to infiltration, algae carryover may increase
the potential for soil clogging. Ponds can also be used to
reduce the nitrogen | oading (Section 4.4.1).

Recommended | evel s of preapplication treatnment are sunmmari zed
in Table 5-9. This table should be used only as a guide; the
desi gner should select preapplication treatnent facilities
that reflect local conditions, including |ocal preapplication
treatment requirenents and existing wastewater treatnent
facilities.

TABLE 5-9
SUGGESTED PREAPPLI CATI ON TREATMENT LEVELS

Preapplication
RI system objective treatment level
Maximize infiltration
rates or nitrification
General case Primary
Limited land Secondary
High quality effluent Secondary or
polishing higher
Maximize nitrogen
removal
General case Primary
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5.4 Determnation of Hydraulic Loading Rate

Selection of a hydraulic |loading rate is the nost inportant
and, at the sane tinme, the nost difficult step in the design
procedure. The loading rate is a function of the site--
specific hydraulic capacity, the |loading cycle, the quality
of the applied wastewater, and the treatnent requirenents.

5.4.1 Measured Hydraulic Capacity

Hydraulic capacity varies from site to site and is a
difficult paranmeter to neasure. For design purposes,
infiltration tests are usually used to estimate hydraulic
capacity. The nobst commonly enployed neasurenent for R
desi gn IS t he basin infiltration t est; cyl i nder
infiltrometers are used when basin testing is not feasible.
Bot h net hods are described in Section 3.4.

Saturated vertical hydraulic conductivity (also called
perneability) is sonetinmes neasured. However, saturated
vertical hydraulic conductivity is a constant with tineg,
whereas infiltration rates decrease as wastewater solids clog
the soil surface. Thus, vertical conductivity neasurenments
overestimate the wastewater infiltration rates that can be
mai nt ai ned over |ong periods of time. For this reason, and to
al l ow adequate tine for drying periods and for proper basin
managenent, annual hydraulic |loading rates should be limted
to between 4 and 10% of the neasured clear water perneability
of the nost restrictive soil |ayer.

Al though basin infiltration tests are nore accurate than soi
hydraulic conductivity neasurenments and are the preferred
nmet hod, the small areas usually used allow a larger fraction
of the wastewater to flow horizontally through the soil from
the test site than from an operating basin. The result is
that infiltration rates at the test sites are higher than
rates operating systenms would achieve. Thus, design annual
hydraulic | oading rates should be no greater than 10 to 15%
of neasured basin infiltration rates.

Cylinder infiltroneters greatly overestimte operating
infiltration rates. Wien cylinder infiltrometer neasurenents
are used, annual hydraulic |oading rates should be no greater
than 2 to 4% of the mninmum neasured infiltration rates.
Annual hydraulic | oading rates based on air entry pernmeaneter
test results should be in the same range. Annual | oading
rates and corresponding infiltration rates for several
operating R systens are presented in Table 5-10. Suggested
| oading rates are summari zed in Table 5-11
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TABLE 5-11
SUGGESTED ANNUAL HYDRAULI C LOADI NG RATES

Field measurement Annual loading rate
Basin infiltration test 10-15% of minimum measured
infiltration rate
Cylinder infiltrometer 2-4% of minimum measured
and air entry permeameter infiltration rate
measurements
Vertical hydraulic 4-10% of conductivity of most

conductivity measurements restricting soil layer

The total hydraulic load includes both precipitation and
wastewater. |If the local precipitation is significant,
wast ewat er | oadi ng rates shoul d be adjusted accordingly.

Once the hydraulic capacity has been neasured, the engineer
nmust cal cul ate an annual hydraulic | oading rate. Experience
inthe United States with treatnent systens using R has been
l[imted to annual |oading rates of about 120 m (400 ft) or
| ess.

filtration rate is 3.6 cmh

For exanple, if the basin test infil
| oading rate is cal cul ated

n
(1.4 in./h), the annual hydraulic
to equal

3.6 cmh x 24 h/d x 365 d/yr x 1 mM100 cmx (0.1 to 0.15)
=31.5to 47.3 in/yr (103 to 155 ft/yr)

It is necessary to ensure that BOD and suspended solids are
within typical ranges (Sections 2.2.1.1 and 5.2.1) at the
cal cul ated annual l|oading rate. If the applied wastewater
contains 150 ng/L BOD and 100 ng/L suspended solids, at a
loading rate of 31 in/yr (102 ft/yr), the BOD and SS | oadi ngs
woul d average 127 kg/had (114 | b/acreed) and 85 kg/haed (76
| b/ acreed), respectively. These quantities are within the
typi cal BOD range given in Table 2-3 and the suspended solids
range di scussed in Section 2.2.1.1.

5.4.2 Selection of Hydraulic Loading Cycle and
Application Rate

Wast ewater application is not continuous in R, instead,
application periods are alternated with drying periods. This
i nproves wastewater treatnment efficiency, maxi mzes | ong—term
infiltration rates, and allows for periodic basin
mai nt enance.
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Loading cycles are selected to maxim ze either the infil-
tration rate, nitrogen renoval, or nitrification. To maxi mze
infiltration rates, the engineer should include drying
periods that are long enough for soil reaeration and for
drying and oxidation of filtered solids.

Loadi ng cycles used to nmaximze nitrogen renoval vary with
the | evel of preapplication treatnment and with the climte
and season. In general, application periods nust be |ong
enough for soil bacteria to deplete soil oxygen, resulting in
anaer obi ¢ conditions.

Nitrification requires short application periods foll owed by
| onger drying periods. Thus, hydraulic |oading cycles used to
achieve nitrification are essentially the sane as the cycles
used to maxim ze infiltration rates.

Hydraulic | oading cycles at selected RI sites are presented
in Table 5-12. Recommended cycles are sumari zed in Table 5-
13. Cenerally, the shorter drying periods shown in Table 5-13
should be used only in mld climates; R systens in cooler
climates should use the longer drying periods. In areas that
experience extrenely cold weat her, even |onger drying periods
than those presented in Table 5-13 may be necessary. The
cycles suggested in Table 5-13 are presented only as
gui del i nes; the actual cycle selected should be suitable and
fl exi ble enough for the community*s climate, flow, and
treatnment site characteristics.

Application rates can be cal cul ated fromthe annual | oading
rate and the | oading cycle. For exanple, the annual | oading
rate is 31 in/yr (102 ft/yr) and the |oading cycle is 3 days
of application followed by 11 days of drying.

1 Total cycle time = 3 + 11 = 14 d
1 Nunmber of cycles per year = 365/14 = 26
I Loadi ng per cycle = 31/26 = 1.19 in/cycle
1 Application rate = (1.19 mcycle)/ (3 d)
= 0.4 md

The application rate can then be used to calculate the
maxi mum depth of applied wastewater. For exanple, if the
basin infiltration test rate of 3.6 cmh (1.4 in./h) is
mai nt ai ned over the 3 day application period, the application
rate of 0.4 md (1.3 ft/d) should not result in standing
wat er at the end of 3 days:
(0.4 md x 100 cmlin) — (3.6 cmh x 24 h/d)
= -46.4 cm (-18.3 in.)
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TABLE 5-12
TYPI CAL HYDRAULI C LOADI NG CYCLES [6, 9,

18,

19]

Preapplication Application Resting
Locatien treatment Cycle objective period period Bed surface
Boulder, Trickline filters Maximize nitrifi- <1 d <3 1/2 & sSand {(disked),
Colorado cation and infil- solids turned
tration rates into soil
Calumet, Untreated Maximize infil- 1-2 a 7-14 4 Sand (not
Michigan tration rates cleaned)
Flushing Meadows, Activated sludge
Arizona
Year-round Maximize nitrifi- 2.d 5 d sand (cleaned)?®
cation
Summer Maximize infil- 2 wk 10 d sand (cleaned)?
tration rates
Wincer Maximize infil- 2 wk 20 d Sand (cleaned)?
tration rates
Year-round Maximize nitrogen 9 d 12 d Sand (cleaned)}?
remeval
Fort Devens, Primary
Massachusetts
Year-round Maximize infil- 24 14 & Weeds (not
tration rates cleaned
Year-round Maximize nitrogen 7 4° 14 4 Weeds (not
removal cleaned)
Hellister, Primary
California
Summer Maximize infil- 14 14-21 4 Sand
tration rates
Winter Maximize infil- 1d 10-16 4 Sand
tration rates
Lake George, Trickling filters
New York
Summer Maximize infil- 9 h 4-5 d sand (cleaned)?
tration rates
Winter Maximize infil- 9 h 5-10 4 sSand (cleaned;?®
tration rates
Tel Aviv, Ponds, lime preci- Maximize 5-6 d 10~12 & Sand®
Israel pitation, and polishing
ammonia stripping
Vineland, Primary Maximize infil- 1-2 d 7-1C0 @ Sand (disked)
New Jersey tration rates solids turned
into soil
Westby, Trickling filters Maximize infil- 2 wk 2 wk Grassed
Wisconsin tration rates
Activated sludge Maximize infil- 9 h 15 h Pea gravel

Whittier Narrows,
California

with filtrationd

tration rates

a. Cleaning usually involved physical removal of surface solids.
b. Caused clogging and reduced long-term hydraulic capacity.

c. Maintenance of sand cover is unknown.
d. Treated wastewater blended with surface waters before application.
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TABLE 5-13
SUGGESTED LOADI NG CYCLES

Load%ng gycle Applied Application Drying
objective wastewater Season period, d2 period, d
Maximize Primary Summer 1-2 5-7
infiltration Winter 1-2 7-12
rates
Secondary Summer 1-3 4-5
Winter 1-3 5-10
ngimize Primary Summer 1-2 10-14
nitrogen Winter 1-2 12-16
removal
Secondary Summer 7-9 10-15
Winter 9-12 12-16
Maximize Primary Summer 1-2 5-7
nitrification Winter 1-2 7-12
Secondary Summer 1-3 4-5
Winter 1-3 5-10

a. Reggrdless of season or cycle objective, application
periods for primary effluent should be limited to
1-2 days to prevent excessive soil clogging.

If the calculated depth is a positive nunber, the maxi mum
desi gn wast ewat er depth should not exceed 46 cm (18 in.); a
maxi mum depth of 30 cm (12 in.) is preferable because soi
cl oggi ng and al gae grow h decrease as the | oading depth and
detention tinme decrease. If the cal cul ated depth exceeds 46
cm (18 in.) either the application period nust be | engthened
or the loading rate decreased. Fromthis exanple, it is clear
that infiltration rates nmust be determ ned as accurately as
possible. If the infiltration rate is overesti mted, basin
depth will be underestimated and difficulties will arise when
system operati on begins.

5.4.3 O her Considerations

The follow ng three subsections describe other factors that
can affect the loading cycle and | oading rate and nust be
consi dered by the designer.

5.4.3.1 Ni t rogen Renova

The anount of nitrogen that theoretically (under optimal
conditions) can be renoved by denitrification can be
descri bed by the equation [19].

TOC - K (5-1)

N =
A 2
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where )N

change in total nitrogen concentration, ng/L

TOC = total organic carbon concentration in the
applied wastewater, ng/L (see Table 2-1)

K= TOC remaining in percolate, assuned to
equal 5 ng/L

The equation is based on experinental data that indicated 2
grans of wastewater carbon are needed to denitrify 1 gram of
wast ewat er nitrogen [19].

Equation 5-1 can be used to determ ne whether a wastewater
contains enough carbon to renove the desired amount of
nitrogen. For exanple, if the applied wastewater contains 42
ng/L TOC and 25.8 ng/L total nitrogen, it is only possible to
remove (42-5)/2 ng/L or 18.5 ng/L of nitrogen and to reduce
the total nitrogen concentration from25.8 ng/L to 7.3 ny/L.
Thus, using this wastewater, conplete nitrogen renoval could
not be achieved. If the applied wastewater contains 248 ny/L
TOC and 40.2 ng/L total nitrogen, there is sufficient carbon
to renmove 121 ng/L of nitrogen. This means that,
t heoretically, under proper managenent, all of the nitrogen
could be renmoved during R (although total renoval m ght

never be achieved in practice). If nitrogen renoval is
i nportant, the engineer should use Equation 5-1 to determ ne
whet her nitrogen renoval is feasible using R. If so, a

| oadi ng cycle should be selected that maximzes nitrogen
renoval .

Ni trogen renoval from secondary effluent is nore difficult
than nitrogen renoval from a wastewater that contains high
concentrations of organic carbon. Ntrogen renoval s
especially difficult when infiltration rates are high,
because nitrates tend to pass through the soil profile before
they can be converted to nitrogen gas. In fact, nitrogen
removal from secondary effluent increases exponentially as
the infiltration rate decreases [20]. This relationship is
shown in Figure 5-2.

Al though Figure 5-2 is based on data fromsoil colum studies
using loany sand, data from operating systenms in warm
climates indicate that the figure can be used to obtain
conservative estimates of a simlar soil*s nitrogen renoval
potential. Thus, if secondary effluent infiltrates at a rate
of 30 cmd (12 in./d), using a |loading cycle that pronotes
nitrogen renoval, it should be possible to renove at |east
30% of the applied nitrogen. To achi eve 80% nitrogen renoval ,
the soil colum studies indicated maximuminfiltration rates
ar e:
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20 cmd (8 in./d) for primary preapplication
t r eat ment

15 cmd (6 in./d) for secondary preapplication
t r eat ment

If nitrogen renoval is inportant and these suggested rates
are exceeded, soil colum studies or pilot testing should be
conducted to determne how much nitrogen can be renoved

Also, infiltration rates can be reduced sonmewhat by
decreasing the depth of the applied wastewater, or by
conpacting the soil surface.
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5.4.3.2 phosphor us Renova

The anount of phosphorus that is renmoved during R at neutral
pH can be estimated fromthe follow ng equation [19, 21]:

Cy = coe-kt (5-2)
wher e C, = total phosphorus concentration at a
di stance x along the percolate flow path,

ng/ L

G = total phosphorus concentration in the
appl i ed wastewater, ng/L

k = instantaneous rate constant and equals
0.002 h! at neutral pH
t = detention time = X2/1, h
where x = distance along the flow path, cm

2 = volunetric wat er cont ent ,
cnt/ cn¥, use 0.4

= infiltration rate during system
operation, cmh (use basin test
results, 20%of cylinder infiltration
results, or horizontal conductivity
for horizontal flow

Because the m ni mum phosphorus precipitation rate occurs at
neutral pH, this equation can be used to conservatively
estimate phosphorus renoval. I|f the cal cul ated phosphorus
concentration is an acceptable value, phosphorus con-
centrations froman operating R systemshould be well within
limts. However, if the cal cul ated phosphorus concentration
at a distance x exceeds acceptable values, a phosphorus
adsorption test should be perforned. This test neasures the
ability of a specific soil to renove phosphorus and is
described in Section 3.7.2.

For exanple, consider a site where wastewater percolates
through the soil to the ground water table, which is 15 m (49
ft) below the soil surface. The initial phosphor us
concentration is 10 ng/L and the basin infiltration test rate
is 40 cnmd (16 in./d). By the tinme the water reaches the
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ground water table, the phosphorus concentration should be
| ess than:

15 m x 0.40\/24 h
_ -1 = 4,9 mg/L
(10 mg/L)e~0-002h < 0.4 m/d )( d >

If the novenent is then predom nantly horizontal, with the
renovated water seeping into a creek 200 m (650 ft) fromthe
infiltration site, and the horizontal hydraulic conductivity
is 120 cmd (47 in./d), the phosphorus concentration in the
seepage shoul d be | ess than:

200 m x 0.40\/24 h)_
_ -1 = 0.2 mg/L
(4.9 mg/L)e~0.002h ( 1.2 m/d )< d

/

5.4.3.3 Cimte

In regions that experience cold weather, |onger | oading
cycles may be necessary during winter nonths (Section 5.4.2).
Nitrification, denitrification, oxidation (of accunulated
organics), and drying rates all decrease during cold weat her,
particularly as the tenperature of the applied wastewater
decreases. Longer application periods are needed for
denitrification so that the application rate can be reduced
as the rate of nitrogen renoval decreases. Simlarly, |onger
resting periods are needed to conpensate for reduced
nitrification and drying rates.

Conmbined with the reduced hydraulic capacity experienced
during cold weather, the need for |onger |oading cycles
changes the all owabl e wastewat er | oading rate. Cold weat her
| oading rates are sonewhat |ower than warm weat her rates;
therefore, nore land is required during cold weat her as | ong
as winter and sunmer wastewater flows are equal. If |oading
rates nust be reduced during cold weather, either the cold
weat her |oading rate should be used to determne |and
requi renents or cold weat her storage should be included.

In communities that use ponds as preapplication treatnent and
experience cold wnter weather, wnter storage nmay be
required. This is because the tenperature of the wastewater
becomes quite low prior to land treatnent and nakes the
appl i ed wastewater susceptible to long-termfreezing in the
basin. Alternatively, R may be continued through cold
weat her if warner wastewater fromthe first cell of the pond
system (if possible) is applied. In such communities, the
engi neer nust keep in mnd that the annual |oading rate
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actually applies only to the portion of the year when Rl is
used.

5.5 Land Requi renents

An Rl site nust have adequate land for infiltration basins,
buf fer zones, and access roads. At sone systens, land is al so
needed for preapplication treatnent facilities, storage, or
future expansion.

5.5.1 Infiltration Basin Area

If wastewater flow equalization is provided (including
treatnent ponds), the land area required for infiltration
only (ignoring land required between and around basins) is
sinply the average annual wastewater flow divided by the
annual wastewater |oading rate. For exanple, if the annual
average daily flow is 0.3 n¥/s (6.8 Mal/d) and the
wastewater |oading rate is 25 in/yr (82 ft/yr), the area
required for infiltration is:

(0.3 m3/s) (86,400 5/d) (365 d/Yr) - 37.8 ha (93.5 acres)
(25 m/yr) (104 m?/ha)

If the wastewater flow varies with season and seasonal flows
are not equalized, the highest average seasonal flow should
be used. An R site nust either have enough basins so that at
| east one basin can be dosed at all tinmes or have adequate
storage for equalization between application periods.

5.5.2 Preapplication Treatnment Facilities

The communities that already have preapplication treatnent
facilities wll, in general, only need additional |and for
facilities to convey wastewater to the R site. In
communities that are constructing a conpletely new treatnent
facility, land requirenents for preapplication treatnment wl|
vary with the |l evel and nethod of preapplication treatnent.

5.5.3 Oher Land Requirenents

Addi tional |and may be needed for buffer zones, access roads,
storage or flow equalization (when provided), and future
expansi on. Buffer zones can be used to screen Rl sites from
public view. Preapplication treatnent facilities, access
roads, and storage or flow equalization may be included in
the buffer area.
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Access roads nust be provided so that equi pnent and | abor can
reach the infiltration basins. Mintenance equi pnment nust be
able to enter each basin (for scarification or surface
mai nt enance).

Typically, access roads should be 3 to 3.7 in (10 to 12 ft)
wi de. In any case, access roads should be w de enough for the
sel ect ed mai nt enance equi pnent and curves shoul d have | arge
enough radii to all ow mai ntenance equi pnment to turn safely.

Land requirenents for flow equalization or storage vary with
the type and anmount of storage provided. This subject is
di scussed in greater detail in Section 5.6.2.

5.6 Infiltration System Design

Itens that nmust be addressed during Rl system design include
wast ewat er distribution, basin |ayout and di nensi ons, basin
surfaces, and flow equalization or storage. In areas that
experience cold wnter weather, <cold weather system
nodi fi cations should al so be consi dered.

5.6.1 Distribution and Basin Layout

Al t hough sprinklers may be used, wastewater distribution is
usually by surface spreading. This distribution technique
enpl oys gravity flow from pi ping systens or ditches to fl ood
the application area. To ensure uniform basin application,
basi n surfaces should be reasonably flat.

Overflow weirs may be used to regul ate basin water depth.
Water that flows over the weirs is either collected and
conveyed to holding ponds for recirculation or distributed to
other infiltration basins. If each basin is to receive equal
flow, the distribution piping channels should be sized so
that hydraulic |osses between outlets to basins are
insignificant. Design standards for distribution systens and
for flow control and neasurenent techni ques are published by
the Anerican Society of Agricultural Engineers (ASAE)
Qutlets used at currently operating systens include valved
risers for underground piping systens and turnout gates from
distribution ditches. An infiltration basin outlet and spl ash
pad are shown in Figure 5-3. An adjustable weir used as an
interbasin transfer structure is shown in Figure 5-4.

Basin layout and dinensions are controlled by topography,
di stribution systemhydraulics, and | oading rate. The nunber
of basins is also affected by the selected | oading cycle. As
a mninmm the system should have enough basins
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FIGURE 5-3
INFILTRATION BASIN OUTLET AND

SPLASH PAD
| 150 cwm |
{- —1 REMOVABLE RINGS
(W00D, PLASTIC, OR NONCORRODING
METAL ALL SUITABLE)

(15 cm INCREMENTS)

40 cm

CONCRETE FILL

FI1GURE 5-4
INTERBASIN TRANSFER STRUCTURE WITH ADJUSTABLE WEIR
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so that at |east one basin can be |oaded at all tines, unless
storage is provided. The m ni mnum nunber of basins required
for continuous wastewater application is presented as a
function of |oading cycle in Table 5—24. The engi neer should
keep in mnd that if the m ni rum nunber of basins is used,
the resulting | oading cycle may not be exactly as planned.
For exanple, if the selected |oading cycle is 2 application
days followed by 6 days of drying and 4 basins are
constructed, the resulting |oading cycle will be the sane as
the sel ected | oading cycle. However, if a cycle of 2 days of
application followed by 9 days of drying is selected
initially and 6 basins are constructed, the resulting | oading
cycle will actually be 2 days of application followed by 10
days of drying.

TABLE 5314
M NI MUM NUMBER OF BASI NS REQUI RED FOR
CONTI NUOUS WASTEWATER APPLI CATI ON

Loading Cycle Minimum

application drying number of
period, period, infiltration

d d basins
1 5-7 6-8

2 5-7 4-5
1 7-12 8-13
2 7-12 5-7

1 4-5 5-6

2 4-5 3-4

3 4-5 3

1 5-10 6-11
2 5-10 4-6

3 5-10 3-5

1 10-14 11-15/
2 10-14 6-8

1 12-16 13-17
2 12-16 7-9

7 10-15 3-4

8 10-15 3

9 10-15 3

7 12-16 3-4

8 12-16 3

9 12-16 3

The nunber of basins al so depends on the total area required
for infiltration. Qptinum basin size can range fromO0.2 to 2
ha (0.5 to 5 acres) for small to nediumsized systens to 2 to
8 ha (5 to 20 acres) for large systens. For a 25 ha (62 acre)
system if the selected |oading cycle is 1 day of wastewater
application alternated with 10 days of drying, a typica
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desi gn woul d include 22 basins of 1.14 ha (2.8 acres) each.
Using 22 basins, 2 basins would be flooded at a tinme and
there would be anple tinme for basin maintenance before each
fl oodi ng peri od.

At many sites, t opography nmakes equal -sized basins
inpractical. Instead, basin size is limted to what wll fit
into areas having suitable slope and soil type (Section
2.3.1). Relatively uniformloading rates and | oadi ng cycl es
can be maintained if nultiple basins are constructed.
However, sone sites will require that |oading rates or cycles
vary with individual basins.

In flat areas, basins should be adjoining and should be
square or rectangular to maxim ze |and use. In areas where
ground water nmounding is a potential problem (Section 5.7.2),
| ess nmoundi ng occurs when long, narrow basins with their
| ength normal to the prevailing ground water flow are used
t han when square or round basins are constructed. Basins
should be at least 30 cm (12 in.) deeper than the maxi num
design wastewater depth, in case initial infiltration is
sl ower than expected and for enmergencies. Basin walls are
normal |y conpacted soil with slopes ranging from1l:1 to 1:2
(vertical distance to horizontal distance). In areas that
experience severe winds or heavy rains, basin walls should be
planted with grass or covered with riprap to prevent erosion.

| f basin nmaintenance will be conducted from within the
basins, entry ranps should be provided. These ranps are
formed of conpacted soil at grades of 10 to 20% and are from
3.0to 3.7 m(10 to 12 ft) wide. Basin surface area for these
ranps and for wall slopes should not be considered as part of
the necessary infiltration area.

The basin surface may be bare or covered with vegetation

Veget ati ve covers tend to renove suspended solids by filtra-
tion and maintain infiltration rates. However, vegetation
also limts the application depth to a value that avoids
drowni ng of vegetation, increases basin maintenance needs,
requires an increased application frequency to pronote
grow h, and reduces the soil drying rate. At Lake CGeorge, New
York, allowng grass to grow in the basins inproved the
infiltration rate when floodi ng depths exceeded 0.3 m (1 ft)
but decreased the rate at shallower wastewater depths [1]
Gravel covered basins are not recommended. The |ong-term
infiltration capacity of gravel covered basins is |ower than
the capacity of sand covered basins, because sludge-Ilike
solids collect in the voids between gravel particles and
because gravel prevents the underlying soil fromdrying [4]
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5.6.2 Storage and Fl ow Equal i zation

Al t hough Rl systens usually are capabl e of operating during
adverse climatic conditions, storage may be needed to
regul ate wastewater application rates or for energencies.
Fl ow equalization may be required if significant daily or
seasonal flow peaking occurs. Equalization also nay be
necessary to store wastewater between application periods,
particularly when only one or two infiltration basins are
used and drying periods are nuch |onger than application
peri ods.

One exanple of flow equalization at an Rl site occurs at the
MIton, Wsconsin, system MIlton discharges secondary
effluent to three | agoons. One of these | agoons is used as an
infiltration basin; the other two |agoons are used for
storage. In this way, MIton is able to maintain a continuous
flowinto the infiltration basin [3].

In contrast, the Gty of Hollister fornmerly equalized flow
with an earthen reservoir that was ahead of the treatnent
pl ant headworks. In addition, one infiltration basin was kept
in reserve for primry effluent during periods when
wast ewater flows were excessive [6].

Wnter storage may be needed if the soil perneability is on
the low end for RI. In such cases, the water may not drain
fromthe profile fast enough to avoid freezing.

5.6.3 Cold Wather Modifications

Rapid infiltration systens that operate successfully during
cold winter weather w thout any cold weather nodifications
can be found in Victor, Montana; Calunet, M chigan; and Fort
Devens, Massachusetts. However, a few different basin
nmodi fications have been wused to inprove cold weather
treatnment in other communities. First, basin surfaces that
are covered with grass or weeds should be nowed during fall.
Mow ng fol |l owed by disking should prevent ice fromfreezing
to vegetation near the soil surface. Floating ice helps
insul ate the applied wastewater, whereas ice that freezes at
the soil surface prevents infiltration. Problens with ice
freezing to vegetati on have been reported at Brookings, South
Dakota, where basins were not nowed and ponds are used for
preapplication treatnment [7].

Anot her cold weather nodification involves digging a ridge
and furrow systemin the basin surface. Follow ng wastewater
application, ice forns on the surface of the water and forns
bridges between the ridges as the water |evel drops.
Subsequent | oadings are applied beneath the surface of the
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ice, which insulates the wastewater and the soil surface. For
bridging to occur, a thick layer of ice nmust formbefore the
wast ewat er surface drops below the top of the ridges. This
nmodi fi cati on has been used successfully in Boul der, Col orado,
and West by, W sconsi n.

The third type of basin nodification involves the use of snow
fencing or other materials to keep a snow cover over the
infiltration basins. The snow insulates both applied
wast ewat er and soil .

5.7 Drai nage

Rapid infiltration systens require adequate drainage to
maintain infiltration rates and treatnment efficiencies. The
infiltration rate may be limted by the horizontal hydraulic
conductivity of the underlying aquifer. Also, if there is
i nsufficient drainage, the soil will remain saturated with
water and reaeration will be inadequate for oxidation of
ammoni a nitrogen to occur.

Renovated water may be isolated to protect either or both the
ground water or the renovated water. In both cases, there
nmust be sone net hod of engi neered drai nage to keep renovated
water fromm xing with native ground water.

Nat ural drainage often involves subsurface flow to surface
waters. If water rights are inportant, the engineer nust
determ ne whether the renovated water will drain to the
correct watershed or whether wells or underdrains will be
needed to convey the renovated water to the required surface
wat er . In all cases, the engineer needs to determne the
direction of subsurface flow due to drainage from Rl basins.

5.7.1 Subsurface Drainage to Surface Waters

| f natural subsurface drainage to surface water is planned,
soil characteristics can be analyzed to determne if the
renovated water will flow from the recharge site to the
surface water. For subsurface discharge to a surface water to
occur, the width of the infiltration area nust be limted to
values equal to or less than the width calculated in the
foll ow ng equation [22]:

W = KDH dL (5-3)

where W= total width of infiltration area in direction of
ground water flow, n(ft)
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K= perneability of aqui fer in direction of
groundwater flow, md (ft/d)

D= average thickness of aquifer below the water
table and perpendicular to the direction of
flow, m(ft)

H = elevation difference between the water |evel
of the water course and the maxi num al |l owabl e
wat er table bel ow the spreading area, m(ft)

d = lateral flow distance frominfiltration area to
surface water, m(ft)

L = annual hydraulic loading rate (expressed as
daily rate), nmd (ft/d)

Exanpl es of these paraneters are shown in Figure 5-5.

WATER TABLE A= /

\’ JNPERMEABLE LAYER

FIGURE 5-5
NATURAL DRAINAGE OF RENOVATED WATER
INTO SURFACE WATER [22]
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As an exanple, consider an infiltration site | ocated above an
aqui fer whose perneability is 1.1 in/d (3.6 ft/d) and whose
average thickness is 9 m (30 ft). The annual hydraulic
| oading rate is 30 in/yr or 0.082 md (98 ft/yr or O0.27
ft/d). The surface water elevationis 6 m (20 ft) below the
infiltration site, and the water table should remain at | east
1.5 m(5 ft) below the soil surface. The infiltration site is
251in (82 ft) fromthe surface water. Thus,

W= (L1 d) (9 m(6 m—1.51) =22 m(72 ft)
(25 m (0.082 nid)

Under these conditions, either a single basin 22 m (72 ft)
wi de or nmultiple basins having a conbined wdth of 22 mcould
be constructed. If nore infiltration area is needed,
additional basins could be built in the two directions
perpendicular to the direction of ground water flow Four
basins oriented in this manner are illustrated in Figure 5-6.

If the calculated wdth is quite small (less than about 10 m
or 33 ft), natural subsurface drainage to surface waters is
not feasi ble and engi neered drai nage shoul d be provided.

5.7.2 Gound Water Mundi ng

During R, the applied wastewater travels initially downward
to the ground water, resulting in a tenporary ground water
mound beneath the infiltration site. This condition is shown
schematically in Figure 5-7. Munds continue to rise during
the flooding period and only recede during the resting
peri od.

Excessive mounding will inhibit infiltration and reduce the
effectiveness of treatnment. For this reason, the capillary
fringe above the ground water nound should never be closer
than 0.6 m (2 ft) to the bottom of the infiltration basin
[23]. This distance corresponds to a water table depth of
about 1 to 2 m(3 to 7 ft), depending on the soil texture.
The distance to ground water should be 1.5 to 3 m(5 to 10
ft) below the soil surface within 2 to 3 days following a
wast ewat er application. The foll owi ng paragraphs describe an
anal ysis that can be used to estimate the nmound hei ght that
wi Il occur at various |oading conditions. This nmethod can be
used to estimate whether a site has adequate natural drainage
or whether mounding will exceed the recommended val ues
W t hout constructed drai nage.
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SURFACE WATER

LENGTH BASED ON NECESSARY
INFILTRATION AREA

DIRECTION OF
GROUND WATER FLOW

FIGURE 5-6
EXAMPLE DESIGN FOR SUBSURFACE FLOW TO SURFACE WATER
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FI1GURE 5-7

SCHEMATIC OF GROUND WATER MOUND
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G ound wat er nmoundi ng can be estimted by applying heat-fl ow
theory and the Dupuit—orchhei mer assunptions [24]. These
assunptions are as foll ows:

1. Fl ow wi t hi n ground water occurs al ong hori zont al
flow lines whose velocity is independent of
dept h.

2. The velocity along these horizontal streanlines
is proportional to the slope of the free water
sur f ace.

Using these assunptions, heat #+low theory has been
successfully conpared to actual ground water depths at
several existing R sites.

To conpute the height at the center of the ground water
mound, one nust calculate the values of y//z5¢ and Rt

wher e W= width of the recharge basin, m(ft)
"= KDV, nt/d (ft?d)

where K = aquifer (horizontal) hydraulic
conductivity, md (ft/d)

D = saturated thickness of the
aquifer, m(ft)

V = specific yield or fillable pore space
of the soil, n¥/n¥ (ft3/ft3)
(Figures 3-5 and 3-6)

t

| ength of wastewater application, d

R=1/V, md (ft/d)
where | = infiltration rate or volune of water
per wunit area gf soil surface,
n*H,0/ nfed (ft3H,0/ ft2ed)
The paraneters that can be shown schematically are illustra-

ted in Figure 5-5.

Once the value of y//4q¢ is obtained, one can use di mension-
|l ess plots of y,/zq¢ versus h,/Rt, provided as Figures 5-8
(for square recharge areas) and 5-9 (for rectangul ar recharge
areas), to obtain the value of h/ R, where h, is the rise at
the center of the nound. Using the cal cul ated value of Rt
one can solve for h,.
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FIGURE 5-8

MOUNDING CURYE FOR CENTER OF A SQUARE
RECHARGE AREA (24]

(=)
FIGURE 5-9
MOUNDING CURVE FOR CENTER OF A RECTANGULAR RECHARGE AREA AT
DIFFERENT RATIOS OF LENGTH (L) TO WIDTH (W) [24]
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For exanple, an R systemis planned above an aquifer that is
4 m(13 ft) thick. Auger hole nmeasurenments (Section 3.6.2.1)
have indicated that the hydraulic conductivity is (5 nB/d)/
4 mor 1.25 md (4.1 ft/d). Using Figure 3—6 with this hy-
raulic conductivity, the specific yield is 15% The basins
are to be 12 m (39 ft) wide and square; the basin infiltra-
tionrate is 0.20 md (7.9 in./d); and the application period
will be 1 day long. Using these data, the follow ng
cal cul ati ons are perforned.

o = (1.25 m/d)(4 m)

0.15
= 33.3 m2/d (360 ft2/d)
2 - 0.20 m/d
0.15
= 1.3 m/d (4.3 ft/d)
Rt = (1.3 m/d)(1 d)
= 1.3 m (4.3 ft)
12 m
-
W/vant = T I n2 a) L d) 172
- 1.0

Using Figure 5-8, ho/Rt equals 0.53.

Thus, ho equals (0.53)(1.3 m or O. m 2.3 ft). If the
initial ground water depth is 6.0 n1(20 ft), the depth after
wast ewat er application is still 5.3 m (17 ft) and engi neered
drai nage i s unnecessary. Should the cal culations indicate
that the ground water table will rise to within less than 1
to 2 m(3.3to 6.6 ft) bel ow the basin, additional drainage
w |l be needed.

Figures 530 (for square recharge areas) and 5-41 (for
recharge areas that are twice as long as they are wi de) can
be used to estimate the depth to the nound at various
di stances fromthe center of the recharge basin. Again the
values of y,//75¢ and Rt nust be determined first. Then, for
a given value of x/'W where x equals the horizontal distance
fromthe center of the recharge basin, one can obtain the
value of ho/Rt fromthe correct plot. NUItipIying t hi s nunber
by the calculated value of Rt results in the rise of the
mound, h,, at a distance x fromthe center of the recharge
site. The depth to the nmound fromthe soil surface is sinply
the difference between the distance to the ground water
before recharge and the rise due to the nound.
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To eval uate noundi ng beneath adjacent basins, Figures 5-30
and 5—1 should be used to plot ground water table nounds as
functions of distance fromthe center of the plot and tine
el apsed since initiation of wastewater application. Then

critical mounding tinmes should be determ ned, such as when
adj acent or relatively close basins are being flooded, and
t he noundi ng curves of each basin at these tinmes should be
superinposed. At sites where drainage is critical because of
severe land limtations or extrenely high ground water
tabl es, the engineer should use the approach described in
reference [25] to eval uate noundi ng.

In areas where both the water table and the inperneabl e | ayer
underneath the aquifer are relatively close to the soi
surface, it may be possible to avoid the conplicated noundi ng
anal ysis by using the foll ow ng procedure:

1. Assume underdrai ns are needed and cal cul ate the
underdrai n spacing (Section 5.7.3).

2. | f the <calculated underdrain spacing is
relatively narrow, between 15 and 50 m (50 and
160 ft), underdrains wll be required and there

is no need to verify that the nound will reach
the soil surface.
3. I f the cal cul ated spacing is | ess than about 10

m (30 ft), the loading rate may have to be
reduced for the project to be economcally
f easi bl e.

4. | f the cal cul ated spacing is greater than about
50 m (160 ft), nounding should be evaluated to
determne if any underdrains will be necessary.

This procedure is not appropriate for wunconfined or
rel atively deep aquifers. For such aquifers, nmounding should
al ways be eval uat ed.

5.7.3 Underdrains

For RI systens |located in areas where both the water table
and the inperneable |ayer underneath the aquifer are
relatively close to the soil surface, renovated water can be
collected by open or closed drains. In such areas, when
drains can be installed at depths of 5 m (16 ft) or |ess,
underdrains are nore effective and |less costly than wells for
renovi ng renovated water fromthe aquifer. Horizontal drains
have been used to collect renovated river water from R
systens in western Holland, where polluted Rhine water is
treated, and at Dortnund, Germany, where water fromthe Ruhr
River is pretreated for a nunicipal water supply [23]. At
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Santee, California, an open ditch was used to intercept
reclai med water [23].

Rapid infiltration systens using underdrains may consi st of
two parallel infiltration strips with a drain m dway between
the strips or a series of strips and drains. These two types
of configurations are shown in Figures 512 and 5—23. In the
first system the drains are left open at all tinmes during
the | oading cycle. If the second systemis used, the drains
below the strips receiving wastewater are closed and
renovated water is collected fromdrains beneath the resting
strips. Wien infiltration beds are rotated, the drains that
were closed before are opened and those that were open are
cl osed. This procedure allows maxi num under ground detention
times and travel distance.

To determne drain placenent, the following equation is
useful [27]:

- [ _4xH 1/2 (5-4)
s = [m(zd + H)]

where S = drain spacing, m(ft)

K = horizontal hydraulic conductivity of the soil,
md (ft/d)
H = height of the ground water nound above the

drains, m(ft)

L, = annual wastewater |oading rate, expressed as a
daily rate, md (ft/d)

P = average annual precipitation rate, expressed as
a daily rate, md (ft/d)

d = distance fromdrains to underlying inperneable
layer, m(ft)

| MPERMEABLE

FIGURE 5-12
CENTRALLY LOCATED UNDERDRAIN [26]
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FIGURE 5-13
UNDERDRAIN SYSTEM USING ALTERNATING
INFILTRATION AND DRYING STRIPS [26]

For clarification, these paraneters are shown in Figure 5-24.
When L, P, K, and the maxi num acceptable value of H are
known, this equation can be used to determne S for various
val ues of d. For exanple, consider an RI system | oaded at an
average rate of 44 myr or 0.12 mid (144 ft/yr or 0.40 ft/d).
Usi ng Equation 54, the drain spacing can be cal cul ated usi ng
the foll ow ng data:

K=12 md (39 ft/d)
H=1m(3.28 ft)
d=106m(2ft)
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FIGURE 5-14
PARAMETERS USED IN DRAIN DESIGN [26]

The application rate nmust include precipitation as well as
wast ewat er. Therefore, a design stormof 0.03 mid (0.10 ft/d)
is added to the 0.12 mid (0.40 ft/d) wastewater |oad for a

total of 0.15 md (0.50 ft/d). The drain spacing 1is
cal cul ated as:

S = [4KH L, + P)] (2d + H

= 42 m/d)(1m _13(0.6 m) + 1 m]

0.12 m/d + 0.03 m/d

704 nt

S

26 m (85 ft)

Cenerally, drains are spaced 15 m (50 ft) or nore apart and
are at depths of 2.5 to 5.0 m (8 to 16 ft). In soils with
high lateral perneability, spacing may approach 150 m (500
ft). Al though closer drain spacing allows nore control over
the depth of the ground water table, as drain spacing
decreases the cost of providing underdrains increases. Wen
designing a drainage system different values of d should be
selected and used to calculate S, so that the optinum
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conbination of d, H and S can be determned. Detailed
informati on on drainage may be found in the U S. Bureau of
Recl amati on Drai nage Manual [28] and in the Anerican Society
of Agronony manual, Drainage for Agriculture [29].

Once the drain spacing has been calculated, drain sizing
shoul d be determ ned, usually, 15 or 20 cm (6 in. or 8 in.)
drainage laterals are used. The laterals connect to a
collector main that nust be sized to convey the expected
drai nage flows. Drainage |laterals should be placed so that
they will be free flow ng; the engi neer shoul d check drai nage
hydraulics to determ ne necessary drain sl opes.

5.7.4 \Wlls

Rapid infiltration systens that wutilize wunconfined and
relatively deep aquifers should use wells to inprove drai nage
or to renove renovated water. Wells are used to collect
renovated water directly fromthe R sites at both phoeni x,
Arizona, and Fresno, California. Wells are also involved in
the reuse of recharged wastewater at Wiittier Narrows,
California; however, the wells punp ground water that happens
to contain reclainmed water, rather than punping specifically
for renovated water.

The arrangenent of wells and recharge areas varies; wells may
be | ocated m dway between two recharge areas, may be pl aced
on either side of a single recharge strip, or may surround a
central infiltration area. These three configurations are
illustrated in Figure 5-15. Well design is beyond the scope
of this manual but is described in detail in reference [30].

5.8 Mnitoring and M ntenance Requirenents

The purpose of discussing nonitoring and maintenance
requirenents is to enable the engineer to determne | abor and
equi pnment needs. The engineer nust know these needs to
conplete a thorough cost estimate and to ensure that the
necessary | abor and equi pnent are avail abl e.

5.8.1 Monitoring
There are two distinct reasons for nonitoring R systens:
1. To docunent t hat the system neets any
requi renents est abl i shed by appropriate

regul atory agencies and to confirm that the
desi gn provi des adequate treatnent
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2. To provide data needed to nmake managenent
deci si ons

A noni toring program may include neasurenents of ground water
quality, soil characteristics applied water quality, and,
when appropriate, the quality of water renoved from the
aqui fer for reuse. Representative neasurenents of ground
water quality are difficult to obtain. Because constituent
movenent is slower than in surface water, a ground water
sanpl e can contain contributions fromseveral years past that
do not accurately reflect treatnment occurring at the R site.
For this reason, it is inportant to place sanpling wells in
positions that mnimze the tinme period between wastewater
appl i cation and appearance of wastewater constituents in the
observation wells. Techniques for nonitoring well design and
sanmpling procedures are included in references [31, 32].
Gui dance in determ ning what paraneters and site conditions
to nonitor can be obtained from federal, state, and |oca
agenci es.

Al t hough soil nmonitoring is not required at many sites, it is
periodically desirable. Below pH 6.5, soil retention of
nmet al s decreases substantially and the possibility of ground
wat er contam nation by heavy netals increases. Potential soi
perneability problens nmay be indicated by either a high pH
(above 8.5) or a high percent of sodiumon the soil exchange
conpl ex (over 10 to 15%. H gh soil pH can indicate a high
sodiumcontent. This condition nmay be corrected by displ acing
the sodiumw th sol ubl e cal ci um

Both applied wastewater and any renovated water collected
fromthe aquifer for reuse or discharge should be nonitored.
Appl i ed wast ewat er anal yses are necessary for process control
to ensure that the design hydraulic |oading is maintained.
Renovated water that is recovered for any purpose mnmust neet
what ever water quality criteria have been established for
t hose purposes.

5.8.2 Mai ntenance

Basi ¢ mai ntenance requirenents are as foll ows:

1 Periodic scarification or scraping of R basin
surfaces
1 Peri odi ¢ now ng of vegetated surfaces

As a result of bacterial activity and solids deposition, a
mat forns on the surfaces of infiltration areas and reduces
infiltration rates. Furthernore, wastewater applications my
cause classification of the underlying soils, allow ng the
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fines to mgrate to the top and to seal the soil surface.
Periodically, basin surfaces nust be scarified (raked,
harrowed, or disked) to break up the mat and | oosen the soi
surface. Alternatively, the mat nay be scraped fromthe soi
surface with a front-end | oader [4] and landfilled or buried.
These operations shoul d be perforned whenever regul ar drying
fails to restore infiltration rates to acceptable levels. If
scraping alone does not restore the initial infiltration
rate, the soil surface should be |oosened by disking or
harrow ng. Basin surfaces may be scarified follow ng each
drying period if time, |abor, and equi pnent are avail abl e;
basin scarification or scraping should be done at | east once
every 6 nonths to 1 year.

| f grasses or other vegetation are grown on basin surfaces,
the vegetation can be allowed to grow and die wthout
mai nt enance. Heavy nechani cal equi pnent that woul d conpact
the soil surface should not be operated on the infiltration
basi ns. For aesthetic reasons, periodic now ng of the grass
or harrow ng of the soil surface may be desirable. In cold
weat her climtes, vegetation should be nowed during |ate
Cctober or early Novenber to prevent ice chunks fromfreezing
to the vegetation and thereby cooling the applied wastewater.

5.9 Design and Construction CGui dance

Sonme specific itenms that are unique to R design and
construction should be consi dered:

1 Underdrains will operate only in saturated soil.
If the water table does not rise, or is not
already at the elevation of the drains, they
w Il not recover any water.

A filter sock can be used in place of a gravel
envel ope around plastic drain pipe in sandy
soil. The filter sock wll clog, however, wth
fines if used alone in silty clay soils.

Rl basins, when constructed, should be ripped to
alleviate traffic conpaction. After ripping, the
surface should be snoothed and |eveled, but
never conpact ed.

If soils at the R site contain varying
percentages of clay or silt, the heavier soils
shoul d be segregated and used for berns. Berns
shoul d be conpacted, but infiltration surfaces
shoul d not be conpact ed.
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