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EXECUTIVE SUMMARY

Stormwater management plays an increasingly important role in the design of roadway
projects. New Jersey Department of Transportation (NJDOT) is required to assess and
mitigate the stormwater runoff impacts of certain roadway projects. Quantification of
runoff is typically conducted using well established rainfall-runoff models that are widely
accepted. Two acceptable runoff quantification methods outlined in N.J.A.C. 7:8-5.7
“Calculation of stormwater runoff and groundwater recharge” include the Natural
Resources Conservation Service (NRCS) Method and the Rational Method. They have
been applied in many roadway projects throughout New Jersey and beyond and proved
to successfully predict runoff with acceptable accuracy. An agency may need to
reconstruct unpaved areas within the Right of Way (ROW), median, and/or under
guiderails in roadway projects by applying land treatments. Surface materials that have
recently been utilized by NJDOT under and adjacent to guiderails include gravel,
vegetation, porous hot mix asphalt (HMA), etc. To current methods for runoff
calculation, these materials along with their in-situ configurations are new and unique.
The increased use of these land treatments prompted a demand for further evaluation
of the applicability of the current methods for runoff calculation, especially for land
treatments that were not examined before for the runoff calculation methods (e.g.,
porous HMA, etc.). Particularly, in the current methods for runoff calculation, the existing
coefficients are often insufficient for representing land treatments utilized in roadway
design but have never been investigated before. Therefore, there is a need to evaluate
and develop new coefficients for these new land treatments. The objective of this
NJDOT-sponsored research project was to develop new curve numbers (CN) for these
land treatments: (1) bare soil, (2) gravel, (3) vegetation, and (4) porous hot mix asphalt
(HMA). To achieve this objective, measurements of rainfall and runoff were conducted
in the laboratory for these four land treatments. The NJDOT construction specifications
for the land treatments were followed in the design of laboratory setup. Each land
treatment was tested as a composite column, where the treatment was installed on top
of specific subsoils. The subsoils utilized in this project had ten different hydraulic
conductivities, covering all four Hydrologic Soil Groups A, B, C, and D, that may be
encountered at NJDOT roadway projects. Measurements of rainfall, infiltration, and
runoff were collected and analyzed to quantify CNs for the four land treatments under
laboratory conditions. Laboratory derived CNs were then applied to NJDOT field
conditions and compared with established CNs of corresponding land treatments, where
available, in the NRCS Technical Release 55 (TR-55). CNs for bare soil and vegetation
agreed well with existing values, CNs of gravel were significantly smaller than existing
values, and CNs of porous HMA were not established prior to this project and were not
available for comparison. The CNs developed during this project can be used to predict
quantity of runoff from these four land treatments for any given storm events.



BACKGROUND

Stormwater management plays an increasingly important role in the design of roadway
projects. New Jersey Department of Transportation (NJDOT) is required to quantify and
mitigate the stormwater impacts of certain roadway projects. The methods for runoff
calculations for all NJDOT projects that require New Jersey Department of
Environmental Protection (NJDEP) Stormwater Permits are outlined in N.J.A.C. 7:8-5.7
“Calculation of stormwater runoff and groundwater recharge”. (" Runoff calculations are
currently performed using the National Resources Conservation Service (NRCS)
Method at N.J.A.C. 7:8-5.7(a)1i and Rational and Modified Rational Method at N.J.A.C.
7:8-5.7(a)1ii in this guidance. They are both based upon the application of a runoff
coefficient that is applied to determine the relative contribution of a land treatment to the
runoff. The runoff coefficient is specified as Curve Number (CN) in the NRCS Method
and as Runoff Coefficient (C) in the Rational Method. Both methodologies apply rainfall-
runoff models that are well defined, developed, and accepted throughout the industry.
They have been employed at many sites throughout New Jersey and throughout the
United States, successfully to estimate the quantity of runoff that results from a
particular storm. These current methods are based on observations of rainfall-runoff
curves for various land treatments and watershed characteristics. However, existing
coefficients are often insufficient for representing land treatments utilized in roadway
design but have never been investigated before. Therefore, for proper use and
application of these current methods, there is a need to obtain runoff-related coefficients
for these land treatments.



OBJECTIVES

The objective of this NJDOT-sponsored research project was to evaluate and develop
new CNs for the NRCS Method. The following four land treatments within the Right of
Way (ROW), median, and/or under guiderails were evaluated, which included (1) bare
soil, (2) gravel, (3) vegetation, and (4) porous hot mix asphalt (HMA). The new CNs
were quantified for a series of hydraulic conductivities, typical of NJDOT roadway
projects. According to the New Jersey Stormwater Best Management Practices Manual
(BMP manual), “the classification of Hydrologic Soil Group (HSG) is in accordance with
the NRCS National Engineering Handbook, Part 630 — Hydrology (NEH), Chapter 7
Hydrologic Soil Groups, January 2009.” @ Table 7-1 of NEH Chapter 7 lists the criteria
for assignment of HSG, which varies with “saturated hydraulic conductivity”, “depth to
water impermeable layer”, and “depth to high water table”. ) To facilitate the
applications of results from this project, the research team correlated CNs with HSGs
and the new CNs were assigned for each hydrologic soil group A, B, C and D.



INTRODUCTION

Evaluation of the impacts of runoff from roadway projects is essential to certain roadway
projects. Runoff calculations are currently performed using the NRCS Method and
Rational Method. These two methods, accepted as standard operation procedures in
the Stormwater Management rules at N.J.A.C. 7:8-5.7, are well-defined and widely
accepted runoff modeling methodologies. They have been applied in many roadway
projects throughout New Jersey and beyond and proved to successfully predict runoff
with acceptable accuracy. An agency may need to reconstruct the unpaved areas within
the Right of Way (ROW), median, and/or under guiderails in roadway projects by
applying land treatments. Surface materials that have recently been employed by
NJDOT include gravel, vegetation, porous HMA, etc. To current methods for runoff
calculation, these materials along with their in-situ configurations are new and unique.
Despite the increased use of these land treatments, their true applicability to current
methods for runoff calculation still needs further evaluation, especially for land
treatments that were never examined before (e.g., porous HMA, etc.). A research
project is critical to validate existing coefficients and quantify new coefficients to
determine runoff from different land treatments utilized in roadway design. This study
was intended to evaluate and develop coefficients for runoff analysis to reflect
conditions associated with roadway projects. To achieve the objective of this research,
first an extensive literature search and review was conducted for the existing laboratory
testing and field monitoring methodologies and results. The literature did not reveal data
that could be directly used or adopted. Then laboratory tests were designed and
implemented using the hydrology apparatus available at Rutgers University’s Fluid
Mechanics Laboratory under controlled rainfall conditions. The NJDOT construction
specifications for the land treatments were followed in the design of laboratory setup.
The hydrology apparatus was used to quantify the infiltration and runoff for roadway-
related land treatments (i.e., bare soil, gravel, vegetation, and porous HMA) under a
prescribed set of rainfall intensities and time intervals. The research methods and a
series of empirical equations, curves, and tables were developed and shared with the
NJDOT’s Technical Advisory Panel (TAP) for guidance and enhancement.
Recommendations and guidelines for the use of new runoff-related coefficients were
developed and presented. The use of new runoff-related coefficients, upon acceptance
by hydrology and stormwater professionals as well as approval by regulatory agencies,
will provide scientifically defensible runoff estimates for these land treatments.



SUMMARY OF THE LITERATURE REVIEW

The research team conducted an extensive and detailed literature search and review of
hydrologic analysis for the four land treatments including bare soil, gravel, vegetation,
and porous HMA. Methodologies for determining runoff based on the NRCS Method
and Rational Method were assessed, with proposed modifications to the NRCS runoff
methodologies included. Runoff-related coefficients established by federal and local
agencies were identified and listed. Runoff-related coefficients quantified by other
researchers through laboratory testing, field monitoring, mathematical modeling, and/or
regression analysis were found and summarized. Existing datasets in the literature and
the International Stormwater BMP Database with 700 existing studies including some
for green infrastructure measures were also evaluated. NJDOT specifications were also
investigated for construction requirements for all four land treatments, with which test
conditions used within viable literature studies were compared. The literature did not
reveal data that could be directly used or adopted due to the discrepancy in field
conditions between existing studies and NJDOT specifications.

NRCS Method and Rational Method for Hydrologic Analysis

The two methods for runoff calculation, the NRCS Method and the Rational Method,
outlined in N.J.A.C. 7:8-5.7 “Calculation of stormwater runoff and groundwater
recharge”, are discussed below.

NRCS Method

The Curve Number Method for prediction of runoff is based upon the observation that
the amount of runoff expected from a given watershed is equal to the quantity of rainfall,
minus any losses to the system from surface retention/abstraction or infiltration. The
method was first presented in the NRCS National Engineering Handbook, Section 4,
Hydrology. @) It was later updated as Technical Release 55 (TR-55) to encompass
urban lands. ¥ It is a methodology that was originally created in the 1950s and has
continued to be used to the present. It has been updated many times. (See references 4,5, 6,
and7.) The most recent update was proposed by an ASCE-WERI Task Committee in
2017 but it is not yet adopted by NRCS. @ The basis of the methodology is as follows:

_ (P=Iy)?
0= P>, (1)
Q=0 P<lI, (2)
I, = 0.2S 3)

where Q = Runoff (in)
P = Rainfall (in)
S = Potential maximum retention after runoff begins (in)
la = Initial Abstraction (in)



This original model estimated that the initial abstraction (la) had a value of 0.2S. Recently,
a new equation has been proposed in draft form in the ASCE-WERI Task Committee
guidance. @ The update has been proposed to reflect that la = 0.05S, which will directly
impact the runoff result. It is important to note that this guidance is new and has yet to be
adopted by NRCS.

To use either value of the initial abstraction (la), it is necessary to determine the value of
S. S is a site-specific variable that can be estimated as a function of the watershed
conditions. This includes the characteristics of the land surface, slope, and soil
condition. These characteristics are then used to determine a CN by the equation:

CN = 1000 4)

T s+10

where CN = Curve number

The CN is then used to describe the runoff from a watershed as a function not only of
the surface, but also the rainfall depth.

The plot shown in figure 1 presents the rainfall-runoff relationships for a variety of CNs
from 40 to 100. ©® 40 is typical of vegetated areas with soils that have relatively high
hydraulic conductivities. 100 is a completely impervious surface that has no storage
capabilities. Typically, paved areas will have a CN of 98 to reflect the fact that water can
be retained on the surface or lost due to evaporation.

Curves on this sheed ang fof lhe
case |, = 025, so lhal

_ {P-0.25) @:
P 088

Q

Chreszl munaff (), inches

Reaintall (F), mches

Figure 1. Rainfall-Runoff Relationships for CN 40 through 100

These curves were developed through intensive observations over the past 70 years. In
each update of the method (1986, 1997, 2004, 2009), CN values have been updated
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and validated, and new land treatments have been added. (See references 4, 5,6, and 7.)

Development of CNs for new land treatments will require a procedure based upon
previous developments, those of existing land treatments. This procedure should be the
application of a wide range of rainfall depths to a well characterized surface and
quantification of runoff depths. Characterization of the surface will include information
regarding the surface characteristics (e.g., soil, gravel, vegetation, green infrastructure,
etc.), surface morphology (e.g., slope, undulations, etc.), and the underlying soil
characteristics (e.g., soil texture, antecedent runoff condition (ARC), etc.). The
equations presented above are then fit to the data to provide statistically defensible
estimates of CN values for specific surface types. This procedure can be used for
laboratory measurements, in-situ experiments, and reanalysis of existing
measurements. The newly calculated CNs should be statistically defensible values that
can accurately represent field conditions for old and new land treatments commonly
utilized in New Jersey. Existing CN values are readily available in tabular form in TR-55
as shown in table 1. 4

Table 1 - Runoff CNs for Urban Areas

Curve numbers for
hydrologic soil group

Cover description
Average percent
Cover type and hydrologic condition impervious area 2/ A B C D

Fully developed urban areas (vegetation established)

Open space (lawns, parks, golf courses, cemeteries, etc.) 2:

Poor condition (grass cover < 5096) ..o 68 79 86 89
Fair condition (grass cover 50% to 75%) .. 49 69 79 84
Good condition (grass cover > 75%) ....cooerrceenseeceeaeeeens 39 61 74 80

Impervious areas:
Paved parking lots, roofs, driveways, etc.
(excluding right-0f-Way) ......coeeoeeerreeecee e e seeeaas 98 98 98 98
Streets and roads:
Paved; curbs and storm sewers (excluding

nght-of way) .. 98 98 98 98
Paved; open dltches (mcludmg rlght of way) 83 89 92 93
Gravi el (including right-of-way) ... 76 85 89 91
Dirt (including right-of-way) ... 72 82 87 89

Western desert urban areas:
Natural desert landscaping (pervious areas only) & .........ccceeeee 63 77 85 88
Artificial desert landscaping (impervious weed barrier,
desert shrub with 1- to 2-inch sand or gravel mulch

and basin DOTders) .........cccocovevereeee e e e cee s esseaenenee 96 96 96 96
Urban districts:
Commercial and business .. 85 89 92 94 95
Industrial .. - 72 81 88 91 93
Residential d.lStrlCtS bv avi erage lot size:
1/8 acre or less (town houses) ... 65 7 85 90 92
1A ACTe oo 38 61 75 83 87
1/3 acre ..... 30 57 72 81 86
1/2 acre ..... 25 54 70 80 85
lacre ........ 20 51 68 79 84
2 UBCTES «oe et eecectet e ree et es e e e ae et e s e et esesea s eae s e s ea s e e st nanannee 12 46 65 77 82

During the latest proposed TR-55 update, CNs for low impact development land
treatments were included in the guidance. ® These included green roofs and permeable
pavement over hydrologic soil group (HSG) subbases. CNs for green roofs (table 2)
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were found to be a function of depth of the planting media based upon work completed
by Fassman-Beck et al. (19

Table 2 - Green Roof CNs

Depth of Planting Media (in)

2

3

4

6

8

CN

92

89

84

80

70

CNs were also proposed for porous concrete pavement (table 3) based upon the work
of Schwartz and other sources. ('") They assumed there is adequate positive drainage
within the pavement conditions. If there is no positive drainage, the CN is equal to fallow

or bare soil.

Table 3 - Permeable Pavement CNs

Subbase (inches) HSG B HSG C HSG D
6 69 79 90
9 53 57 70
12 32 46 62

Both tables were developed from observed data.

Rational Method

The Rational Method (and later the Modified Rational Method) for calculating runoff is
applicable for small (< 200 acres) watersheds. ('213) In practice, it is typically used for
watersheds not greater than 20 acres. (") In its most simplistic form, runoff peak rate is
calculated as the product of the rainfall intensity, the area, and a “runoff coefficient”.

where Qp = Peak rate of runoff (ft%/s)

C = Runoff coefficient

i = Rainfall intensity (in/h)

Q, = CiA

A = Area of watershed/catchment (acre)

()

The runoff coefficient is a dimensionless constant that describes the potential runoff
based on surface types, slopes, and underlying soil conditions. The actual numerical
value of the runoff coefficient is:

where R = Total depth of runoff (in)

P = Total depth of precipitation (in)

AR

(6)




Specific values identified in N.J.A.C. 7:8-5.7(a)1i by the State of New Jersey and further
described in the NJDOT Drainage Design Manual are tabulated in table 4. (" For
comparison, existing runoff coefficient values readily available from other sources are
included in table 5, which shows runoff coefficient values for more land treatments.
These values have been developed through laboratory and field measurements.

Table 4 - Recommended Coefficient of Runoff Values for Various Selected Land Uses

Hydrologic Soils Group

Land Use Description A B c D

Cultivated Land without conservation treatment | 0.49 | 0.67 | 0.81 0.88
with conservation treatment 0.27 | 043 | 0.67 | 0.67

Pasture or Range poor condition 0.38 | 0.63 | 0.78 | 0.84

Land good condition - 0.25 | 0.51 | 0.65

Meadow good condition — — 0.41 | 0.61

Wood or Forest tmer} nga”d’ poor cover, no — | 034 | 059 | 0.70

Land good cover - - 0.45 | 0.59

Open Spaces,

Lawns, Parks, Golf

Courses, grass cover on 75% or more --- 0.25 | 0.51 | 0.65

Cemeteries grass cover on 50% to 75% - 0.45 | 0.63 | 0.74

Good Condition

Fair Condition

gommerc'a' and 85% impervious 0.84 | 0.90 | 093 | 0.96

usiness Area

Industrial Districts 72% impervious 0.67 | 0.81 0.88 | 0.92

Residential Average o/ ,

Lot Size (acres) average % impervious

1/8 65 0.59 | 0.76 | 0.86 0.9

1/4 38 0.29 | 0.55 0.7 0.8

1/3 30 --- 049 | 0.67 | 0.78

1/2 25 --- 045 | 0.65 | 0.76

1 20 --- 041 | 0.63 | 0.74

Paved Areas parking lots, roofs, driveways, | .99 | 0.99 | 0.99 | 0.99
paved with curbs & storm 099 | 099 | 099 | 099
sewers

Streets and Roads | o\ 057 | 0.76 | 0.84 | 0.88
dirt 049 | 0.69 | 0.80 | 0.84




Table 5 - Values of Runoff Coefficient (C) for Rational Method

Land Use C Land Use C
Agricultural land:
Bare packed soil
*Smooth 0.30 - 0.60
*Rough 0.20 - 0.50
Residential: Cultivated rows
Single-family areas 0.30-0.50 *Heavy soil, no crop 0.30-0.60
Multi units, detached 0.40 - 0.60 *Heavy soil, with crop 0.20-0.50
Multi units, attached 0.60-0.75 *Sandy soil, no crop 0.20-0.40
Suburban 0.25-0.40 *Sandy soil, with crop 0.10-0.25
Pasture
*Heavy soil 0.15-0.45
*Sandy soil 0.05-0.25
Woodlands 0.05-0.25
Lawns:
Sandy soil, flat, 2% 0.05-0.10
Business: Sandy soil, avg., 2-7% 0.10-0.15
Downtown areas 0.70-0.95 Sandy soil, steep, 7% 0.15-0.20
Neighborhood areas 0.50 - 0.70 Heavy soaill, flat, 2% 0.13-0.17
Heavy soil, avg., 2-7% 0.18-0.22
Heavy soil, steep, 7% 0.25-0.35
Industrial: Streets:
Light areas 0.50 - 0.80 | Asphaltic 0.70-0.95
Heavy areas 0.60-0.90 | Concrete 0.80-0.95
Brick 0.70-0.85
Parks, cemeteries 0.10 - 0.25 | Unimproved areas 0.10-0.30
Playgrounds 0.20 - 0.35 | Drives and walks 0.75-0.85
Railroad yard areas 0.20 - 0.40 | Roofs 0.75-0.95

Source: http://abe-research.illinois.edu/courses/tsm352/lectures/runoffcoeffs.html.

values.

Note: The designer must use judgement to select the appropriate "C" value within
the range. Generally, larger areas with permeable soils, flat slopes, and dense
vegetation should have the lowest "C" values. Smaller areas with dense soils,
moderate to steep slopes, and sparse vegetation should be assigned the highest "C"

The methodology for development of these C values is similar to the methodology
described for the NRCS CN values in the previous section. Observations of rainfall and
resulting runoff are collected from a well described surface under a wide range of

storms events. The ratio of the runoff depth to rainfall depth will then be calculated using
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a statistically rigorous procedure to predict the C value for that surface. This
methodology was employed by Fassman-Beck et al. for the development of runoff
coefficients for green roof installations. (*6) Data was compiled from several sites
throughout the world under various operating parameters. The results generally
indicated that the calculated runoff coefficients decreased with larger substrate depth
and increased with higher rainfall intensity. As expected with in-situ field studies,
Fassman-Beck’s study showed significant site-to-site variation of runoff coefficients.

Construction Specifications and Materials

The four land treatments to be characterized with values for C and CN are land
treatments that NJDOT has recently been employing. Therefore, to address stormwater
runoff calculations associated with NJDEP Stormwater Permits, scientifically defensible
values of C and CN must be developed for all potential conditions in which these land
treatments may be used. A summary of the NJDOT specifications for each land
treatment is presented in table 6. References and specifications are described in detail
in table 13 in appendix A.

Table 6 - Specifications of NJDOT Land Treatment (Summary)

Land Gradation
Layer (Nominal | Depth (in) | Compaction Notes
Treatment :
Size)
Porous Hot 95-97% of
Mix Asphalt | 3/8"/ 3/16" 4/6 theoretical
Porous (HMA) max density
Aggregate " <8 _ /
HMA Base 3/4 (per lift) Q >=0.36
= 0
Subsoil / / >= 95% of
max density
Topsoil 4
Scarified 12 / Vegetation
Vegetation Subsail / coverage >=
: >= 95% of 95%
Subsoil / .
max density
Bare Soill Polyester
with Matting / >0.25 / /
Polyester Subsoil / >= 95% of
Matting * max density
Broken Stone 2" 4 /
— (o)
Gravel Subsoil / / >=95% of /
max density

* The scope of the project was changed after the literature review phase. The land
treatment of “bare soil with polyester matting” was changed to “bare soil” as
recommended by NJDOT.
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Existing Values of Curve Number and Runoff Coefficient

The research team extensively reviewed existing literature from databases including
Web of Science, Engineering Village, Transportation Research Record, Google Scholar,
and China National Knowledge Infrastructure for studies that present CN and C values
for land treatments that are similar to the four land treatments to be studied in this
project. There is a large existing body of literature for CN and C values. Values of
runoff-related coefficients for these four land treatments are summarized below. Tables
listing runoff-related coefficient information and test conditions in all existing studies are
presented in appendix B. International Stormwater BMP Databases were evaluated
available rainfall-runoff databases and were presented in appendix C.

Bare Soil with Polyester Matting

Polyester matting is a material typically used to cover bare soil to avoid soil erosion in
unvegetated areas. The matting is a composite of polyester base fiber and vinyl chloride
resin with a minimum thickness of 1/4 in. According to roadway design manuals, the
range of runoff coefficient is about 0.2-0.4. A large amount of in-lab and on-site
experiments of various geotextiles including polyester matting have been conducted,
showing that natural geotextiles have similar effect on runoff reduction as compared to
synthetic geotextiles. The runoff coefficient (table 14 in appendix B) was quantified to be
from 0.0041 to 0.91 and 17-66 percent runoff reduction was observed with different
coverage percentages, slopes, rainfall durations, and rainfall intensities. However, it
was found that under extreme conditions such as steep slope (10 percent) or long ramp
(10 m), runoff coefficients might become significantly higher or lower than normal. It
should be noted that the scope of the project was changed after the literature review
phase. The land treatment of “bare soil with polyester matting” was changed to “bare
soil” as recommended by NJDOT.

Gravel

Gravel land treatment is applied in roadway design to keep even the runoff discharged
from roads and provide a skid-resistant surface for safety. Research has been
conducted under lab and field conditions studying the hydrologic characteristics of
gravel areas. Results showed that runoff coefficients (table 15 in appendix B) varied
from 0.15 to 0.80. The wide range of runoff coefficients indicates the sensitivity of the
gravel land treatment to external conditions.

Vegetation

Vegetative strips or grass swales are commonly constructed in the median of highways
to capture and treat surface runoff. The hydrologic performance of different vegetative
types has been investigated by researchers. Wide ranges of runoff-related coefficients
(table 16 in appendix B) were found, including 0.02-0.98 for runoff coefficient, 36-94 for
CN, and 5-60 percent for runoff reduction, depending on rainfall, subsoil condition,
slope, antecedent runoff condition, vegetation coverage, etc. As a result, some
researchers suggested that runoff-related coefficients for vegetation land treatment
need to be calibrated site by site to obtain accurate runoff predictions.
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Porous HVIA

Porous HMA is an open-graded material designed to intercept runoff from roadways
with a hydraulic conductivity that is significantly greater than conventional HMA. A wide
range of runoff-related coefficients were observed in studies with different conditions,
including rainfall, pavement depth, porosity of storage layer, subsoil infiltration, and
temporal variation. Ranges of runoff-related coefficients (table 17 in appendix B) are
0.001 to 1.0 for runoff coefficients, 44-97 for CN, and 25.0-97.6 percent for runoff
reduction of porous HMA as compared to conventional dense-graded (impermeable)

pavement.

Investigation of Studies with Similar Conditions as NJDOT Specifications

NJDOT specifications were investigated and requirements for each land treatment were
presented in an earlier section. Among all studies mentioned above, those which have
similar or different conditions as NJDOT specifications are indicated in table 14, 15, 16,
and 17 in appendix B. To focus on studies of greater interest to this project, box plots
showing runoff-related coefficient distributions of all land treatments from studies with
similar test conditions as NJDOT specifications are included as figure 2 and figure 3. In
figure 2, CN distributions of only porous HMA and vegetation were plotted because
studies that report CN of bare soil and gravel were not found.

100
95
90
85
80
75
70
65
60
Sio]

Curve Number

—|oo

00—

outliers
90™ percentile

75" percentile

mean
median

25" percentile

10" percentile
outliers

50

= Porous HMA = Vegetation

Figure 2. CN Distribution of Porous HMA and Vegetation
(n is number of data points)
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After excluding studies which had conditions different from standard NJDOT conditions,
the ranges of the runoff-related coefficients for each of the four land treatments either
become narrower or remain unchanged compared to the total range. For porous HMA,
an increase in the lower bound of CN is attributed to the removal of a research site with
a gravel layer over 10 inches thick, subsoil of HSG A, as well as underdrain systems;
excluding a study of a traditional asphalt road covered with porous HMA decreases the
upper limit of runoff coefficient from 1.0 to 0.84. In terms of vegetation, the increase in
CN lower bound can be explained by the exclusion of studies without test conditions
provided. As for gravel, the lower limit of runoff coefficient increases because of the
removal of a study analyzing the hydrologic performance of soil-gravel mixture, which
has a different structure from gravel land treatment.

However, the runoff-related coefficients from studies with similar conditions as NJDOT
specifications still show large variations. For porous HMA, the large ranges of rainfall-
related coefficients mainly result from a significant deviation of rainfall depths ranging
from 0.39 to 34.4 in. For vegetation, the variability of rainfall, slope, vegetation
coverage, antecedent runoff condition, and HSG can explain the wide ranges of runoff-
related coefficients. For example, with soil moisture content ranging from 0.20-0.30 cm?®/
cm? and slope ranging from 5 to 15 degrees, the runoff coefficient of the same site
varied from 0.02 to 0.55; with other variables equal, rainfall of 2.0 to 4.9 in and
vegetation coverage of 0 to 100 percent led to runoff coefficient variation of 0.02 to 0.7
and 0.38 to 0.98, respectively; differences in slope, rainfall, and HSG explained the wide
range of CNs, (Seereferences 17,18,19, 20,and 21) |n terms of bare soil with polyester matting,
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the wide range of the runoff coefficients can be attributed to site and plot characteristics
of various field sites and the use of different geotextiles; the extremely low runoff
coefficient (0.0041) was calculated from a study conducted on a site over an entire year
with relatively small cumulative rainfall (24.4 in annually), good subsoil condition (HSG
B), and a rather long runoff travel distance (10-m ramp). As for gravel, the effect of
rainfall depth on runoff coefficients was found to be significant: runoff coefficients varied
from 0.65 to 0.80 with rainfall depths varying from 0.3 to 0.5 in. ?2) It is worth noting that
even though the number of studies of gravel with similar conditions was very limited
(only one), the result (runoff coefficient of 0.65 to 0.80) is reliable and helpful. This is
because the study was conducted by the University of Washington and Washington
State Department of Transportation, with similar test conditions as expected in New
Jersey.

Runoff coefficients for bare soil with and without matting were searched and reviewed
(figure 3). Runoff coefficients of bare soil areas with matting (0.0041 to 0.91 for the total
range, 0.080 to 0.21 for the middle half range, the range of 25 percent to 75 percent of
the distribution of a dataset) are lower than the range of bare soil areas without matting
(0.0033 to 1.0 for the total range, 0.12 to 0.51 for the middle half range) as shown in
figure 3. This is due to the runoff reduction effect of matting. The wide range can also be
attributed to variability in site conditions and matting type. It should be noted that the
lower limits of bare soil both with and without matting are from the same study, and
there is no significant difference between these two runoff coefficients due to high
variation of testing conditions and low sample count included in the test. 2% Besides, the
upper bound of runoff coefficient of bare soil areas without matting is calculated from
the conclusion that upper bound of runoff coefficient of bare soil areas with matting is
0.91, and the matting has an average runoff reduction rate of 46 percent compared to
uncovered surfaces. 24

To compare values obtained from NJDOT specifications and studies that have similar
conditions, box plots showing comparison of runoff-related coefficients between
referenced research and NJDOT specifications are included as figure 4 and figure 5. It
should be noted that comparison is presented in the plots only when values are
available both in studies and specifications. The comparison indicates that C values
obtained from research on vegetation generally agree with existing values in NJDOT
manuals and the obtained CN values generally agree with existing values in NRCS TR-
55 referred to in NJDOT manuals. The significant discrepancy between runoff
coefficients of bare soil from studies and NJDOT specifications as well as the lack of
results for porous HMA and gravel emphasize the necessity of this project.

The literature search showed that this research project is of great importance to validate
existing values and obtain new values of CN and C for the four proposed land
treatments. Furthermore, during lab and field tests, a careful control of variables (e.qg.,
rainfall intensity, rainfall duration, hydraulic conductivity, etc.) must be applied for a
better understanding of their independent effects, and these values should be carefully
designed for higher result repeatability and accuracy.
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Lab-Testing and Field-Testing Settings and Conditions

To better understand how tests were conducted in referenced studies, lab-testing and
field-testing settings and conditions are presented below.

Lab-Testing Setup

The testing method presented by Yang et al. represents the typical lab-testing settings
and conditions of research on soil hydrologic analysis. % A large-scale soil column
apparatus was employed in this study. The major instruments for the soil column
apparatus consisted of a tensiometer-transducer system, data acquisition system, time-
domain reflectometry, and electronic weighing balance. The schematic diagram of the
infiltration column apparatus is presented in figure 6. Results suggest that this soil
column apparatus is capable of performing comprehensive infiltration studies and
infiltration behavior of any soil configuration (single, two-layered, or multilayered soil)
can be studied using this apparatus for different infiltration rates.

Water storage tank

Flow regulator\ = Constant level

\ / water tank
=]

Top cover

Rainfall simulator

Soil column x
N

Constant level
v / water tank

4 / Runoff

7 collection

Computer 4 / /

b Excess water

Datadnggee | / / collection
N[O sl

Crh AN
N DN

Percolation collection Steel base plate

Sensor/TDR

Figure 6. Schematic Diagram of Infiltration Column Apparatus %

Field-Testing Setup

The testing method of a project conducted by the University of Washington and
Washington DOT represents the typical field-testing settings and conditions of research
on runoff from road shoulders (figure 7). ?2) Different types of shoulder materials (e.g.,
gravel, porous asphalt, etc.) were tested. Runoff from the road flowed onto the shoulder
test sections and was collected in a stormwater collection system at the base through
slot drains installed at the edge of the test sections. Pipes were attached to the outlet of
each drain and directed the runoff into flow splitters. Rectangular PVC gutter material
was used to convey the sampled stormwater from the flow splitter vein to an enclosed
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sampling container for volume monitoring. Similarly, Barrett, M. E. had a collection
system installed along the edge of pavement and the runoff was routed to an H-flume,
where runoff rates were recorded and water quality samples were collected using an
automatic sampler (figure 8). (26)
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Figure 7. Plan View of Road Shoulder Test Sections and Stormwater Runoff Collection
System (22)

R N
Figure 8. Photograph of Installed Sampler at Edge of Pavement (26)

To summarize, the methods and data obtained from the literature review have helped
identify independent factors (e.g., rainfall intensity, rainfall duration, soil permeability,
land cover type) that would affect runoff-related coefficients and would guide further the
research design.
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SUMMARY OF THE WORK PERFORMED

This section summarizes the work performed and results obtained, including laboratory
setup, sample preparation, laboratory experiments, laboratory test results, data
processing and analysis, and data analysis results.

Laboratory Setup

A laboratory setup was developed and implemented following the typical lab-testing
design found in the literature review. This setup helped achieve the objective of this
project: to evaluate and develop coefficients for runoff analysis that can reflect
conditions associated with roadway projects.

Soil Column Apparatus

The soil column apparatus (figure 9 and figure 10) consisted of an acrylic cylinder with
an internal diameter of 6 in and a length of 12 in. The wall thickness of the cylinder was
0.25 in, being rigid enough to reduce deformation of the soil column during compaction.
The top of the column was covered with a piece of cotton pad with a diameter of 6 in
and a thickness of 0.5 in to evenly distribute rainfall falling on the soil surface, dissipate
excessive impact of artificial raindrops, and minimize evaporation from the soil. A plastic
ring (runoff collection ring) was attached to the exterior of the cylinder surrounding the
top edge. A piece of tube was connected to the opening at the lower end of the ring.
The bottom of the cylinder was covered by a No. 200 metallic mesh (opening size:
0.0029 in). The mesh was secured by a 3/8-in width hose clamp and the gap between
the cylinder and the mesh was sealed with waterproof tape to prevent water leakage.
The metallic mesh was intended to provide the conditions of free drainage and
structural support of soil.

Nozzle from . —
hydrology apparatus

Cottom Pad

Soil-cover complex

Runoff collection ring —— il Runoff bucket

Acrylic cylinder

Metallic mesh
(not visible)

Infiltration bucket

Balance

Figure 9. Sketch of Instrumental Setup
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Water Flow System

The water flow system for the experiments included three parts: (1) rainfall simulation,
(2) runoff quantification, and (3) infiltration quantification. The first part, rainfall
simulation, was conducted using a hydrology apparatus (TQ Group, model H313)
(figure 11) inside the Fluid Mechanics Laboratory. The apparatus is composed of a
metal frame which holds a rectangular stainless-steel tank, with a catchment area of
21.54 ft? (2 m?) and a reservoir tank. Above the catchment area, a manifold with three
spray nozzles simulates different rainfall intensities. One pressure transducer (Walfront
LLC) was connected to the manifold to monitor the rainfall intensity. A pump was used
to take water from the reservoir and continuously feed the overhead nozzles.

Second, runoff was collected using the runoff collection ring described in the previous
section. Water that did not penetrate the soil column became runoff which would flow
over the exterior of the cylinder to be collected in the ring, and would ultimately flow into
a runoff collection bucket.

Third, as shown in figure 9 and figure 10, the soil column was placed over a stand that
collected infiltration exiting from the bottom (or called exfiltration). The infiltration was
then diverted to the infiltration collection bucket through a tube. Both runoff and
infiltration collection buckets were placed on balances (OHAUS Corp., model Navigator
NVT12000) that continuously recorded mass values to achieve the quantifications of
runoff and infiltration.
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Figure 11. Photo of Hydrology Apparatus

Data Acquisition System

The pressure transducer and balances were connected to a data logger (CAMPBELL
SCIENTIFIC, INC., model CR1000) and a personal computer (figure 12). Pressure and
mass value were recorded on the hard drive of the computer at a time interval of 1
minute.
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Figure 12. Photo of Data Acquisition System
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Sample Preparation

This section describes the preliminary procedures for raw materials and preliminary
testing of samples prior to experiments.

Raw Soil Processing

The raw soil (figure 13) was obtained from a NJDOT certified local quarry (EME Corp.)
in New Egypt, New Jersey. This material was utilized in the experiments, so that the
physical and chemical characteristics of natural soil were well represented in lab. The
quarry soil was oven dried at 110 + 5°C for 24 hours following the Standard Test
Methods for Laboratory Determination of Water (Moisture) Content of Soil and Rock by
Mass (ASTM D2216-19). Then the soil was and sieved with No. 4 mesh (opening size:
0.187 in) to remove large particles (e.g., roots, non-organic material). Following the
Standard Test Methods for Moisture, Ash, and Organic Matter of Peat and Other
Organic Soils (ASTM D2974), the raw soil was ashed in a furnace and the organic
content was calculated by the weight difference before and after. The organic content
was less than 1 percent (with an average value of 0.889% from the three samples,
0.835%, 1.000%, and 0.833%, respectively). The grain size analysis was conducted by
the research team following the Standard Test for Particle-Size Analysis (ASTM D422)
and the soil contained 15.3 percent of coarse sand, 69.5 percent of fine sand, and 15.2
percent of silt and clay. The soil was classified as clayey sand (ASTM D2488).
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Figure 13. Photo of Soil Sourced from the Quarry

Subsoil Preparation

The subsoils were prepared by mixing the raw soil with washed sand (washed with
water to remove dust, clay, salt, and silt), and mineral filler (finely ground mineral
powders with the same diameter range as silt and clay) in a ratio of 55:35:10 (mass-
based). Sand and mineral filler were obtained from a NJDOT certified local quarry (Trap
Rock Industries, LLC) in Kingston, New Jersey. The subsoils were produced to mimic
the physical and chemical characteristics of natural soils for roadway projects and the
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properties of natural and laboratory soils are shown in appendix D. The properties of
subsoils included hydraulic conductivity, porosity, bulk density, field capacity, and
organic content and the values quantified for subsoils are shown in appendix E.

Hydraulic Conductivity-Bulk Density Relationship Determination

Subsoils were produced for a total of 10 hydraulic conductivities covering 4 HSGs
typical of subsoil conditions in New Jersey. Hydraulic conductivities of the subsoils were
found to be related to bulk densities of the subsoil. ?7) In this project, different hydraulic
conductivities were realized by different bulk densities. The bulk density to match the
desired hydraulic conductivity was first estimated from the soil compositions and
targeted hydraulic conductivities using an available computer program (Rosetta) for
estimating soil hydraulic parameters. ¢7) The subsoil would then be loaded into a
permeameter with a mass value calculated by the estimated bulk density and the
hydraulic conductivity was measured following the ASTM Standard D5856: Standard
Test Method for Measurement of Hydraulic Conductivity of Porous Material Using a
Rigid-Wall, Compaction-Mold Permeameter. This standard test method is typically used
to measure hydraulic conductivity of (porous/semi-porous) soil samples. If the measured
soil hydraulic conductivity was larger than the desired hydraulic conductivity, more soil
was added and compacted into the permeameter to increase the bulk density (while
keeping the soil composition the same) and decrease the hydraulic conductivity, and
vice versa. This process was done for all 10 hydraulic conductivities and a hydraulic
conductivity-bulk density relationship was determined. This relationship was used as
guidance in the construction of soil columns with all 10 subsoil hydraulic conductivities.

Land Treatment Preparation

The land treatments selected for this research project were designed to match current
standards utilized in New Jersey by NJDOT as summarized in table 6. Four land
treatments were tested: (1) bare soil, (2) gravel, (3) vegetation, and (4) porous HMA.
Following the Roadway Design Manual and the Standard Specifications for Road and
Bridge Construction, the depth of gravel, vegetation, and porous HMA under guiderail
was set as 4 in for consistency. (%28 For the bare soil land treatment, the top 4 in of
land treatment was constructed with the same soil mix as the subsoil. For the gravel
land treatment (figure 14 (a)), crushed aggregate (Aggregate No.3) obtained from Trap
Rock Industries, LLC was used. ?® For the vegetation land treatment (figure 14 (b)),
Kentucky Bluegrass sod obtained from The Yard LLC Topsoil & Mulch Depot was used.
(28) The 1-in-thick sod was nurtured on topsoil with a depth of 3 in for 1 month following
standard protocols and recommendations from the supplier to allow necessary root
growth. For the porous asphalt land treatment (figure 14 (c)), cylindrical porous Hot Mix
Asphalt (HMA) gyratory samples with a diameter of 6 in and a depth of 4 in were
manufactured at Rutgers CAIT Asphalt Pavement Lab. The mix design utilized to
manufacture the HMA met the requirements of the Open-graded Friction Course in the
Updated Standard Specifications for Road and Bridge Construction 2007. ?°) The land
treatments utilized in the experiments represented well the physical and chemical
characteristics of land treatments applied in field conditions for roadway projects.
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(a) Gravel (b) Vegetation (c) Porous HMA
Figure 14. Pictures of (a) Gravel, (b) Vegetation, and (c) Porous HMA

S

Soil Column Construction

The processed subsoil was loaded and compacted to the desired mass (calculated by
the bulk density related to the desired hydraulic conductivity) in 2-in increments. The
compaction was performed by a hammer compactor with a mass of 5.5 Ib, a drop of 12
in, and a diameter of 2 in (a standard soil compaction hammer). The hammer compactor
was dropped at a level of 12 in for 7 times per increment, with a total effort of 14,120 ft-
Ib/ft3. The same amount of compaction was applied to each layer until reaching a depth
of 8 in with the desired mass of soil (to reach the targeted bulk density) compacted in
the column. The masses of the soil columns were measured and recorded to calculate
the bulk density of the subsoil. A total of three soil columns were created as replicates
per hydraulic conductivity.

After the subsoil was constructed, 4 in of land treatments (i.e., bare soil, gravel,
vegetation, porous HMA) were placed on top, making a total depth of 12 in. The design
of soil columns with different land treatments is shown in figure 15.

61n
Roots r
within Vegetation Porous .
: 41n
soil N Layer GravSly HMA
Subsoil Subsoil Subsoil Subsoil 8in

Vegetation Bare Gravel Porous
Soil HMA

Figure 15. Sketch of Soil Columns with Different Land Treatments
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Soil Column Prewetting

After being constructed, soil columns were fully saturated for 240 minutes. The
stabilization of infiltration rate over time indicated the saturated status of the soils.
Afterwards, soil columns were gravitationally drained for 2 days to ensure that the water
content of the soil reached field capacity. 3% Test results of soil water content following
ASTM Standard D5856 (appendix F) showed that field capacity was reached after 2
days. Soil columns were weighed once reached field capacity. The 4-in land treatment
layer of gravel, vegetation, and porous HMA were fully saturated and gravitationally
drained for 2 days to reach field capacity. The masses of both statuses were measured
and monitored, and the differences (AM) were used to calculate the drainable porosity
(i.e., porosity — field capacity) of land treatments.

Sample Property Measurement
The bulk density, porosity, and field capacity of subsoils were calculated as follows: (30

M
Pp = V_: (7)
_1_ _ Pb
n= 1 Pparticle (8)
Field Capacity = @ (9)
b

where pb = Bulk density (g/cm?)
Mqs= Mass of dry subsoil (after construction and before prewetting) (g)
Vb = Volume of dry subsoil (cm?3)
n = Porosity of subsoil

prarticle= Particle density (g/cm3). The particle densities of the subsoils were
measured to be 2.674, 2.681, and 2.660 g/cm?, respectively, following
ASTM D7263-21 and averaged value was 2.671 g/cm?

M= Mass of subsoil at field capacity (g)

The drainable porosity of each land treatments was calculated as follows:

AM
Ne = (10)

where nd = Drainable porosity of land treatments
AM = Mass difference between saturation and field capacity (g)
pw = Density of water. 1.00 g/cm?3 under lab conditions
V = Volume of land treatments (cm?3)
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The drainable porosity of gravel, vegetation, and porous HMA were measured to be
0.41, 0.20, and 0.11, respectively.

Laboratory Experiments

Measurements of rainfall and runoff were conducted at the laboratory for the four land
treatments within the Right of Way (ROW), median, and/or under guiderails, which
included (1) bare sail, (2) gravel, (3) vegetation, and (4) porous hot mix asphalt (HMA).
Each land treatment was tested as a composite column, where the treatment was
positioned above the subsoil. Each land treatment was prepared according to the
specifications provided by NJDOT. The subsoils utilized in this experiment were
prepared to simulate those typically found within the State of New Jersey, with ten
different hydraulic conductivities covering hydrologic soil groups A, B, C, and D. The
rainfall covered a full range of intensities and depths, from very small to very large
storms (up to 24-h 100-year storm), encountered in the State of New Jersey. ®1) The
laboratory tests simultaneously and continuously measured surface runoff and
subsurface infiltration for each soil column as well as the rainfall intensity.

Laboratory Test Matrix

The subsoils utilized in this experiment were prepared to simulate those typically found
within the State of New Jersey, with ten different hydraulic conductivities. Four rainfall
intensities were simulated to cover the full range of depths and intensities typically
encountered in the State of New Jersey. The shortest duration of rainfall was set to 120
minutes (2 hours) and the longest duration was set to 240 minutes (4 hours). The
laboratory test matrix is shown in figure 16.

Land Rainfall Rainfall
Treatment Intensity (in/h) Duration (h)
Bare Soil 10.0 9.0 Varies from
Grave 8.0 4.0 2to4
Vegetation 6.0 1.0
Porous HMA 5.5 0.3
4.0
2.0
1.5
1.0
0.5
0.1

Figure 16. Laboratory Test Matrix

Laboratory Instrument Calibration
The calibration was conducted in three steps. First, the flow capacity of the spray
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nozzles was assessed. The nozzles were able to produce rainfall intensities from 0.2 to
26.0 in/h, large enough to simulate the 100-year storm of short duration (for the duration
of 6 minutes, the rainfall intensity for the 100-year storm is about 10.0 in/h in New
Jersey). @Y Second, a preliminary test was carried out to assess the stability of rainfall
intensity over time. Rainfalls were simulated for 30 minutes for three times at rainfall
intensities of 9.0, 8.0, 7.0, 6.0, 5.0, 4.0, 3.0, 2.0, 1.0, 0.5, and 0.3 in/h, respectively. The
test concluded that the rainfall intensity could be maintained steadily over time, with a
maximum percentage difference of £ 0.9 percent/h in rainfall intensity. Third, a
calibration curve was obtained to relate the voltage outputs of the pressure transducer
to rainfall intensities. The calibration curve (figure 35 in appendix G) was obtained by
plotting voltage readings versus corresponding rainfall intensities manually measured
during the preliminary test. The balances, with a resolution of 0.1 g, were factory-
calibrated and installed on a steady and level platform. The calibration and inspection
report is attached as figure 36 in appendix H. The mass of the buckets was tared before
experiments.

Laboratory Test Procedure

In each laboratory experiment, one soil column, along with two replicates were tested
under one rainfall intensity. This set of soil columns represented one subsoil hydraulic
conductivity and one land treatment. The same laboratory test procedure was followed
for all tests proposed in the laboratory test matrix (figure 15). The laboratory tests were
conducted following the steps below:

1. At the beginning of each laboratory experiment, the water system flow was
turned on and adjusted to the desired rainfall intensity for 30 minutes to achieve
steady inflow.

2. The masses of soil columns (gravitationally drained for 2 days after being
saturated) were measured and recorded, and field capacities were calculated.

3. Soil columns were then placed on the test stands under each spray nozzle.

4. Rainfall was simulated until both rates of runoff and infiltration of the soil column
remained steady (with a percentage difference in flow rate per unit cross-
sectional area lower than 5 percent/minute) for 120 minutes.

5. Once the rainfall stopped, runoff and infiltration rates were continuously recorded
until the relative percentage difference was lower than 5 percent/minute.

6. After being tested in one experiment, soil columns became saturated and would
be gravitationally drained for 2 days to ensure that the water content of the soill
reached field capacity. Then, these columns were ready for the next test with a
different rainfall intensity. A total of four tests with different rainfall intensities
were conducted using the same soil composite columns. After the four tests for
one land treatment were finished, the land treatment would be removed and the
subsoil would be reused. The subsoil was then loaded with a new land treatment
and went through the aforementioned procedure in “soil column prewetting”.

The experiments were carried out at water temperature of 23.0 £ 1.0 °C. The
evaporation and interception of the soil columns were estimated to be minimal and thus
neglected. This was due to the cotton pad placed on top of the soil column that greatly
limited evaporation without intercepting rainfall. Surface depression on top of the soil
column was observed to be minimal and thus neglected. This was because no ponding
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occurred on the surface of soil columns during laboratory experiments.

Laboratory Test Results

Pressure readings from the pressure transducer, connected to the manifold, were
recorded by the data acquisition system every minute. Rainfall intensity was converted
from pressure values by the calibration curve of the pressure transducer (figure 35 in
appendix G). Infiltration and runoff masses were recorded at 1 minute interval. The
water temperature in the laboratory apparatus was monitored and recorded at 23.0 +
1.0 °C (where density of water is 1.00 g/cm?). The infiltration and runoff volumes were
calculated by dividing the mass by the density of water. Infiltration and runoff flow rates
per unit cross-sectional area were calculated by dividing the volume increase of water
every minute by the cross-sectional area (28.27 in?) of the soil column. An example of
the time variations of flow rate per unit cross-sectional area (in/h) of runoff, infiltration,
and rainfall from a soil column experiment (land treatment of bare soil, subsoil hydraulic
conductivity of 1.5 in/h, rainfall intensity of 4.0 in/h) is shown in figure 17.
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Figure 17. Time Variations of Runoff, Infiltration, and Rainfall

As the soil column reached saturation, the infiltration rate became steady and was
recorded. When the steady state was achieved, the soil column was saturated and
there was no water ponding on top of the land treatment. This steady infiltration rate is
thus the hydraulic conductivity of the entire soil column. The hydraulic conductivity of
the composite soil column (land treatments plus subsoils) was named as the “composite
hydraulic conductivity” in this research project. The composite hydraulic conductivity is
equal to the product of subsoil hydraulic conductivity and hydraulic gradient along the
subsoil depth. The hydraulic gradient was quantified by the hydraulic head difference
divided by the depth of the subsoil (length of the vertical flow path). The relationships
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are expressed by the equations below:

dh

Ksat—Comp = X Ksat—Base (11)

dh _ 4h
a oAl (12)

where Ksat-comp = Composite hydraulic conductivity (in/h)
Ksat-Base = Subsoil hydraulic conductivity (in/h)
% = Hydraulic gradient

Ah = Hydraulic head difference along the subsoil column (in), Ah = 12 in in this
study

Al = Depth of the subsoil (in), Al = 8 in in this study

All conditions of land treatment, soil hydraulic conductivity, and rainfall intensity under
which the laboratory tests were conducted are shown in table 7. The test conditions
followed the test matrix in figure 15 as close as possible.
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Table 7 - Laboratory Test Conditions

Bare Soil Gravel Vegetation Porous HMA
Composite Rainfall Composite Rainfall Composite Rainfall Composite Rainfall
Hydraulic Intensity Hydraulic Intensity Hydraulic Intensity Hydraulic Intensity
Conductivity (in/h) Conductivity (in/h) Conductivity (in/h) Conductivity (in/h)
(In/h) *% *kk (ln/h) *% *kk (ln/h) *%k *kk (ln/h) *%k *kk
9.04 +0.05 8.61+0.10 8.64 £ 0.02 8.27 +0.03
3.96 + 0.07 4.25+0.03 4.02 £0.02 3.89+0.02
0.11+£0.02 0.18 £ 0.02 0.20 £ 0.03 0.20 £ 0.02
1.00 £ 0.02 1.49 £ 0.01 1.51£0.01 1.53 £0.02
0.51+0.01* 1.04 £0.02 1.02+0.01* 1.05+0.02*
8.95+0.13 9.03 £0.03 9.02+0.12 9.03 +0.02
4.03+0.12 4.04 £0.03 3.98 +0.05 3.96 +0.03
0.37 £0.03 0.49 + 0.05 0.41+0.04 0.44 £ 0.07
1.06 £ 0.11 1.49 £ 0.01 1.98 £ 0.06 2.50 £ 0.00
0.54+0.10 * 1.03+0.04* 1.02+0.08* 1.06 £ 0.06 *
8.62 +0.21 9.01 £0.02 9.02 £0.01 8.94 +0.07
4.37 £0.09 3.95+0.04 4.01£0.01 3.99+0.02
0.87 £0.12 1.50 £ 0.02 1.49 £ 0.03 1.51+£0.02
1.43 £0.09 3.45+0.03 2.57 £0.04 257 £0.05
1.03+0.10* 0.95+0.05* 1.03+0.03* 1.02+0.10*
9.15+0.11 9.01 £0.02 8.71+0.21 8.94 £ 0.07
8.20+0.10 4.02 £0.02 3.95+0.07 3.99+0.02
1.59 £ 0.09 2.21+0.07 2.01+0.03 2.11+£0.04
4.04 £0.03 3.43+0.09 2.52+0.02 3.50 +0.03
2.13+0.08 1.05+0.15* 1.03+0.05* 1.04+0.10*
9.00 + 0.00 9.07 £ 0.04 8.97 £ 0.05 8.52+0.20
4.22£0.04 5.03 +0.08 6.00 £ 0.02 4.97 £0.05
2.01£0.06 3.05+0.14 2.98 +0.31 2.73+0.16
7.06 £ 0.09 3.92+0.11 4.02 £0.02 3.97 £0.02
2.49+0.02 1.04£0.11* 0.98+0.03 * 1.03+0.10*
9.02 +0.02 8.95+0.32 9.02+0.25 9.23 +0.02
8.09+0.10 8.03 £0.01 8.07 £0.30 8.10 + 0.00
4.09 £ 0.06 6.49 +0.22 6.37 £0.12 6.65 + 0.04
5.02 £+ 0.02 7.00 £ 0.01 7.09 £ 0.03 7.35+0.10
4.02+0.05* 3.99+0.14* 403+0.11* 4.05+0.05*
8.74 +0.21
8.00 £ 0.00
5.52+0.05 8.49+0.19 9.07£0.01* 8.57 +0.15 9.02+0.02* 8.45+0.14 9.03+0.04 *
7.02 £ 0.04
550+0.11*
9.01£0.01
8.05+0.04
5.92+0.05 8.99+0.15 8.99+0.01* 9.03+0.16 9.01+0.02* 9.05+0.16 9.02+0.05*
7.09 +0.04
6.02£0.03 *
9.01+£0.02
8.05 +0.06 10.06 £ 0.15 8.97+0.12* 10.13+0.15 9.03+0.05* 10.05+0.10 9.09+0.06 *
8.02+0.03 *
10.02 £ 0.05 9.03+0.03* No test No test No test No test No test No test

* No runoff was observed during laboratory tests. ** The composite hydraulic
conductivities are presented by the arithmetic means and standard deviations of three
replicates for up to four rainfall intensities. *** The rainfall intensities are presented by
the arithmetic means and standard deviations of three replicates.
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In table 7, under each land treatment, each row represents one test (i.e., one soil
column replicate under one rainfall intensity). Note there were three replicates of the soil
column. Initially, a total of 160 test conditions were intended to be performed according
to the lab test matrix in figure 15, but only a total of 113 tests were actually conducted.
When a soil column did not produce runoff under a certain rainfall intensity over 2 hours
in the laboratory test matrix, the lower rainfall intensities were not tested. For example,
the soil column with land treatment of bare soil and hydraulic conductivity of 8.0 in/h did
not produce runoff under the rainfall intensity of 8.0 in/h. Therefore, the other lower
rainfall intensities proposed in the matrix (i.e., 4.0, 1.0, and 0.3 in/h) were not tested.
The 113 test scenarios that were conducted are listed in table 7. For each test, time-
varied flow rates per unit cross-sectional area (in/h) of runoff, infiltration, and rainfall
were measured and recorded at a 1-minute interval.

Data Processing and Analysis

This section presents how the data obtained from laboratory tests was prepared,
processed, and analyzed.

Data Preparation

A dataset consists of one soil column of one land treatment subjected to four rainfall
intensities. Each dataset contains up to 16 data points configured as 1 land treatment, 1
hydraulic conductivity, 1 soil column, up to 4 rainfall intensities, and up to 4 time
intervals under 1 rainfall intensity. Each data point corresponds cumulative runoff depth
to cumulative rainfall depth at a certain time interval in the format of a data point (rainfall
depth, runoff depth). The configuration of a dataset (land treatment of bare soil, subsoil
hydraulic conductivity of 2.0 in/h, soil column replicate #1) is shown in table 8.
Cumulative depths were calculated by dividing the cumulative volume of water at a
certain time interval by the cross-sectional area (28.27 in?) of the soil column. Data with
operational error was removed, and the corresponding test was repeated.

Table 8 - Dataset Configuration (land treatment of bare soil, subsoil hydraulic
conductivity of 2.0 in/h, soil column replicate #1)

Rainfall Time

Intensity Interval Rainfa]l Runoff
(in/h) (minute) Depth (in) Depth (in)
30 4.52 3.34
60 9.04 6.84
9.0 90 - -
120 - -
30 3.50 244
60 7.01 4.94
7.0 % 3 a
120 - -
30 2.02 0.92
4.0 60 4.04 2.04
’ 90 6.06 3.15
120 8.08 4.26
60 2.10 0.01
21 90 3.15 0.05
’ 120 4.20 0.10
150 5.25 0.16
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The data truncation rules were as follows:

1. Data points at four time intervals were taken every 30 minutes after runoff
occurred. For example, if runoff occurred at minute 34, data points would be
taken at minutes 60, 90, 120, and 150.

2. Cumulative rainfall depth shall not exceed 10.0 in (i.e., New Jersey 24-hour
rainfall depth during 100-year storm). ¢

Data Analysis Methods

Four data analysis methods were investigated in this project, including (1) the original
NRCS Method, (2) the current simplified NRCS Method (TR-55) with la = 0.2S, (3) the
proposed simplified NRCS Method with la = 0.05S, and (4) the Rational Method. (S¢¢

references 3, 8, 12, and 4.)

In the original NRCS Method, the initial abstraction was related to the impact of rainfall
intensity. ) By contrast, the initial abstraction was assumed to be linearly related to the
potential maximum retention by a factor of 0.2 in the current simplified NRCS described
in TR-55. 4) Data analysis results from this research project indicate that the original
NRCS Method has a better statistical performance and can be used to provide a more
accurate runoff prediction. However, the original NRCS Method is much more
complicated to apply than the simplified NRCS method as input of the rainfall intensity
will be additionally needed. Therefore, the original NRCS Method is not recommended
for the calculation of runoff in stormwater management. As explained above, the original
NRCS Method does not set the initial abstraction (la) as a ratio of the potential
maximum retention after runoff begins (S), but the simplified NRCS Method does. The
simplified NRCS (where la is set to 0.2S) is the current standard NRCS method. The
original NRCS Method is presented in appendix I.

An update to the original NRCS Method has been proposed by an ASCE-EWRI Task
Committee to reflect that la = 0.05S. (8) It is important to note that the update of la =
0.05S is new and has yet to be adopted by NRCS that is a national technical assistance
provider. The simplified NRCS Method with the update of la = 0.05S was also
investigated in this project and found to have a statistical performance that is similar to
the current simplified NRCS Method where |a was set to be 0.2S. The results of the
investigation are presented in appendix J.

In the main body of this report, the Rational Method and the current simplified NRCS
Method outlined in the TR-55 are presented and discussed. (124

Rational Method

The method of least squares was applied for data analysis to calculate runoff
coefficients. This is a statistical procedure to find the best fit for a set of data points by
minimizing the sum of residuals of points from the plotted curve. A predicted runoff
depth was calculated by an observed rainfall depth and an assumed C value:

R re
Cfit =P (13)

where Rpre = Predicted runoff depth (in)



Pobs = Observed rainfall depth (in)
Ciit = Runoff Coefficient to be fitted

One C value was assumed to calculate the Rpre values of all data points within a
dataset. The coefficient of determination (R?) of the dataset was calculated by: 2

21 1(R0bs1 Robs)(Rpre —Rpre)

R?
\/Zl 1 Robsl Robs Ei=1(Rprei—Rpre)

=] (14)

where Robs = Observed runoff depth (in)
R,,s = Arithmetic mean of observed runoff depths (in)

Rpre = predicted runoff depth (in);

R, = arithmetic mean of predicted runoff depths (in)

The solver function in Microsoft Excel was applied to maximize the R? of the dataset
(i.e., minimizing the sum of residuals of data points from the P-Rpre curve) by varying the
C. The best fit of C was obtained when the maximal R? was reached.

The coefficients of determination (R?) of the precipitation-runoff (P-Qpre) curve shall
meet the statistical requirement for acceptance (i.e., R? = 0.60, performance evaluation
criteria of “satisfactory”). 2 An example of bare soil land treatment with subsoil
hydraulic conductivity of 1.5 in/h is included as figure 18 to illustrate the data analysis
method (i.e., calculation of individual runoff coefficient and individual R? values) for one

soil column.
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Figure 18. Data Analysis using Rational Method (land treatment of bare soil, subsoil
hydraulic conductivity of 1.5 in/h, soil column replicate #2)
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NRCS Method

The method of least squares was applied for data analysis to fit CNs. For each soil
column (combination of a subsoil and a land treatment), a predicted runoff depth was
calculated by an observed rainfall depth and an assumed S value with the current
simplified NRCS (i.e., TR-55) equation:

(Pobs—0.25it)?
==t 15
Qpre Pops+0.85fit (15)

where Qpre = Predicted runoff depth (in)
Pobs = Observed rainfall depth (in)
Siit = Potential maximum retention after runoff begins (in) to be fitted

One S value was assumed to calculate Qpre values of all data points within a dataset.
The coefficient of determination (R?) of the NRCS Runoff Equation was calculated by:

Rz — Z?:l(Qobsi_m)(Qprei_m)
JE 4 (Qobs~Tobs)” S Qpre;~Tpre)

where Qobs = Observed runoff depth (in)

=] (16)

Q.ps = Arithmetic mean of observed runoff depths (in)
Qpre = predicted runoff depth (in);
Q,re = arithmetic mean of predicted runoff depths (in)

The solver function in Microsoft Excel was applied to maximize the R? of the dataset
(i.e., minimizing the sum of residuals of data points from the P-Qpre curve) by varying the
S. The best fit of S was obtained when the maximal R? was reached. The best fit of CN
was calculated from the best fit S by the established NRCS relation presented above as
equation 4:

1000
CN =
Sfit+10

(17)
where CN = Curve number

Siit = Fitted potential maximum retention after runoff begins (in)

The coefficients of determination (R?) of the precipitation-runoff (P-Qpre) curve shall
meet the statistical requirement for acceptance (i.e., R? = 0.60, performance evaluation
criteria of “satisfactory”). An example of bare soil land treatment with subsoil hydraulic
conductivity of 1.5 in/h is included as figure 19 to illustrate the data analysis method
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(i.e., calculation of individual CN and individual R? values) for one soil column.
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Figure 19. Data Analysis Using NRCS Method (land treatment of bare soil, subsoil
hydraulic conductivity of 1.5 in/h, soil column replicate #2)

All the above-fitted individual CNs of bare soil, gravel, vegetation, and porous HMA are
tabulated in table 9 and plotted versus composite hydraulic conductivities. The
composite hydraulic conductivity is the measured infiltration rate at steady state (after
the soil saturation) as shown in figure 17. A regression analysis (curve fitting) was
conducted for each land treatment by using the trendline tool in Microsoft Excel. The
exponential function was selected as the model for curve fitting because it had the best
fit to the data points. The coefficients of determination (R?) of the CN-composite
hydraulic conductivity curve were calculated by the equation below and shall meet the
statistical requirement for acceptance (lower limit of 0.60).

RZ _ Z?=1(CNfiti _Wﬁt)(CNprei—CNpre) 2

JZ?:l(CNfiti ‘Wﬁt)2 ZP=1(CNprei ‘CNpre)2

(18)

where CNrit = Fitted individual CN
CNpre = CN predicted by the fitted curve
CNg; = Arithmetic mean of fitted CNs for all the individual soil columns

CNpre = Arithmetic mean of predicted CNs for all the individual soil columns

Runoff predictions were plotted versus runoff observations of all datasets and the

Nash-Sutcliffe Efficiency Coefficient (NSE) of each land treatment was calculated by:
(33)
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Z{l:l(QObSi _Qprei)z

NSE =1 — —
Z?:l(Qobsi_Qobs)z

(19)

where Qobs = Observed runoff depth (in)
Qpre = Predicted runoff depth (in)
Qo.ps = Arithmetic mean of observed runoff depths (in)

The NSE shall meet the statistical requirements for acceptance (0.64, the lower limit of
a good fit). 33)

Furthermore, the three soil columns in one test (running simultaneously under the same
test conditions) could be treated as replicates rather than as individual samples as done
above. An uncertainty analysis for the treatment as replicates was conducted and
shown in appendix K.

Data Analysis Results

Data analysis results are presented below for the Rational Method and the NRCS
Method.

Rational Method

R? values of fitted runoff coefficient for individual soil column of all tested soil hydraulic
conductivities and land treatments are listed in table 9. The ranges of R? values for bare
soil, gravel, vegetation, and porous HMA are 0.52-0.68, 0.37-0.82, 0.50-0.92, and 0.52-
0.97, respectively. The coefficients of determination (R?) had the lowest value of 0.37
when runoff coefficients were fitted, which is far from meeting the statistical
requirements for acceptance (0.60). This result points out the limitations in the Rational
Method and thus its low accuracy in runoff prediction. Therefore, this method is not
recommended for stormwater management design by agencies and their consultants
and no further data analysis was conducted.
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Table 9 - R? Values of Fitted Runoff Coefficient for Individual Soil Column of All Tested
Soil Hydraulic Conductivities and Land Treatments

Soil Targetgd Bare Soil Gravel Vegetation Porous HMA
Column Subsm_l Composi_te o Composi_te N Composi_te N Compos?te -
Replicate Hydrau_llc_: Hydrauﬁg Individual Hydraulllc.: Individual Hydraulllc.: Individual Hydraulllc.: Individual
4 Conductivity | Conductivity R? Conductivity R? Conductivity R? Conductivity R?
(in/h) (in/h) (in/h) (in/h) (in/h)
1 0.96 0.81 0.91 0.95
2 0.1 0.11 0.96 0.18 0.82 0.20 0.91 0.20 0.94
3 0.96 0.79 0.91 0.95
1 0.92 0.74 0.92 0.95
2 0.5 0.37 0.91 0.49 0.74 0.41 0.90 0.44 0.97
3 0.90 0.65 0.91 0.95
1 0.87 0.69 0.69 0.79
2 1.0 0.87 0.90 1.50 0.65 1.49 0.70 1.51 0.80
3 0.88 0.67 0.71 0.80
1 0.73 0.50 0.50 0.68
2 1.5 1.59 0.72 2.21 0.48 2.01 0.51 2.1 0.68
3 0.67 0.44 0.55 0.70
1 0.58 0.40 0.67 0.63
2 2.0 2.01 0.59 3.05 0.41 2.98 0.64 2.73 0.70
3 0.56 0.37 0.52 0.65
1 0.57 0.49 0.48 0.52
2 4.0 4.09 0.53 6.49 0.47 6.37 0.57 6.65 0.55
3 0.52 0.51 0.57 0.59
1 0.71
2 55 5.52 0.75
3 0.76
1 0.72
2 6.0 5.92 0.67
:13 0.73 No runoff No runoff No runoff
2 8.0
3
1 No runoff
2 10.0
3
Range of / 0.52 - 0.96 0.37-0.82 0.50 - 0.92 0.52-0.97

NRCS Method

The CN and R? values of fitted CNs for individual soil columns of all tested soil hydraulic
conductivities and land treatments are listed in table 10. The curve fitting plots used to
calculate these R? values are presented in appendix L. The ranges of R? values for bare
soil, gravel, vegetation, and porous HMA are 0.61 to 0.98, 0.62 to 0.97, 0.61 to 0.99,
and 0.60 to 0.99, respectively. All R? values are higher than or equal to the lower limit of

0.60.
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Table 10 - CN and R? Values of Fitted CN for Individual Soil Column of All Tested Soil
Composite Hydraulic Conductivities (Ksat-comp) and Land Treatments

Soil Targeted Bare Soil Gravel Vegetation Porous HMA
coom | Stisel K K K
O | conauatiy | TR | ON | R T ON | R TR on R T o R
1 0.12 95 | 0.98 0.18 79 | 0.96 0.20 87 | 0.98 0.17 92 | 0.99
2 0.1 0.09 94 | 0.98 0.19 79 | 0.97 0.21 87 | 0.99 0.22 91 | 0.99
3 0.11 95 | 0.98 0.17 78 | 0.95 0.20 87 | 0.98 0.20 91 | 0.99
1 0.39 91 | 0.95 0.45 74 | 0.93 0.37 86 | 0.98 0.41 89 | 0.99
2 0.5 0.32 92 | 0.96 0.53 73 | 0.86 0.46 86 | 0.98 0.41 90 | 0.99
3 0.36 91 | 0.96 0.48 73 | 0.94 0.40 85 | 0.98 0.50 89 | 0.99
1 0.90 86 | 0.95 1.53 64 | 0.84 1.46 69 | 0.85 1.52 75 | 0.91
2 1.0 0.72 87 | 0.94 1.50 64 | 0.80 1.51 69 | 0.85 1.52 75 | 0.91
3 0.98 86 | 0.95 1.50 66 | 0.87 1.51 69 | 0.87 1.50 74 | 0.91
1 1.65 76 | 0.78 2.12 55 | 0.69 2.03 61 | 0.70 2.12 67 | 0.79
2 15 1.50 78 | 0.83 2.21 54 | 0.66 1.99 62 | 0.72 2.12 67 | 0.79
3 1.62 77 | 0.82 2.28 54 | 0.62 2.01 62 | 0.75 2.10 67 | 0.80
1 2.00 72 | 0.65 3.06 50 | 0.65 2.90 59 | 0.74 2.65 62 | 0.64
2 2.0 2.03 71 | 0.66 2.87 51 | 0.64 2.66 61 | 0.77 2.85 65 | 0.75
3 1.98 71 | 0.68 3.20 48 | 0.64 3.34 53 | 0.61 2.68 64 | 0.69
1 4.04 61 | 0.80 6.36 36 | 0.85 6.46 37 | 0.71 6.62 38 | 0.60
2 4.0 4.16 60 | 0.77 6.67 34 | 0.88 6.39 39 | 0.77 6.69 41 | 0.60
3 4.05 60 | 0.77 6.46 36 | 0.89 6.26 41 | 0.81 6.62 42 | 0.62
1 5.55 52 | 0.61
2 5.5 5.50 54 | 0.67
3 5.49 54 | 0.68
1 5.93 49 | 0.64
2 6.0 5.92 50 | 0.63
3 5.96 49 | 063 No runoff No runoff No runoff
1
2 8.0
3
p No runoff
2 10.0
3
Ra”nge of / 0.61-0.98 0.62-0.97 0.61-0.99 0.60 - 0.99

The fitted CNs versus measured composite hydraulic conductivity of the four land
treatments are presented below. The CNs for the individual test column of bare soil
(figure 20), gravel (figure 21), vegetation (figure 22), and porous HMA (figure 23),
respectively, are plotted versus the measured composite hydraulic conductivity. The
measured composite hydraulic conductivity (the steady infiltration rate) varied slightly
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over the testing duration (e.g., over 2 hours) under different rainfall intensities (up to
four) and were averaged before the regression analysis. The coefficients of
determination ranged from 0.97 to 0.99 and met the statistical requirements for
acceptance (lower limit of 0.60). These results indicate that there is an exponential
relationship between CN and hydraulic conductivity.

The current practice of CN selection is relating one CN to one hydrologic soil group,
which covers a wide range of hydraulic conductivities in most cases. This is essentially
a many-to-one relationship, where several elements from the domain (i.e., various
hydraulic conductivities from one soil group) correspond to a single element in the
codomain (i.e., CN). The uncertainty due to the fact that one soil group covers a wide
range of hydraulic conductivities will inevitably lead to errors in runoff prediction. As
pointed out by Hawkins (2009), runoff calculation is more sensitive to the choice of CN
than it is to the precision of the input rainfall P. ) By contrast, the exponential equations
obtained in this research established a one-to-one relationship between CN and
hydraulic conductivity. As a result, a more realistic CN can be selected based on the
actual hydraulic conductivity (when available), and a more accurate runoff prediction
can be expected.

100 Individual CN

Fitted Curve
80

60

40

Curve Number

y = 93.48¢011x

R>=0.99
20

0 1 2 3 4 5 6 7
Composite Hydraulic Conductivity (in/h)

Figure 20. Relationship Between CN and Composite Hydraulic Conductivity of Bare Soil
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Figure 21. Relationship Between CN and Composite Hydraulic Conductivity of Gravel
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Figure 22. Relationship Between CN and Composite Hydraulic Conductivity of
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Figure 23. Relationship Between CN and Composite Hydraulic Conductivity of Porous
HMA

40



Runoff predicted by the NRCS Method are compared to runoff observed in laboratory
experiments. This comparison helped to determine how representative the NRCS
Method is of the rainfall-runoff measurements. NSE values were calculated by equation
16 to statistically quantify this representativeness. NSE values are shown for bare soil
(figure 24), gravel (figure 25), vegetation (figure 26), and porous HMA (figure 27),
respectively. The NSE ranged from 0.88 to 0.93 and met the statistical requirements for
acceptance (lower limit of 0.64). It should be noted that each point in the plots
represents one “data point” defined earlier in section “Data Preparation”.

® Runoff Y

— = X

NSE = 0.89

Runoff Prediction (in)
S = N W A O N9 0 O
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Runoff Observation (in)
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[\

Figure 24. Comparison Between Runoff Prediction and Observation of Bare Soil
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Figure 25. Comparison Between Runoff Prediction and Observation of Gravel
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Figure 26. Comparison Between Runoff Prediction and Observation of Vegetation
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Figure 27. Comparison Between Runoff Prediction and Observation of Porous HMA

Translation of Lab Results to Field Applications

The field conditions should be the same or close to the laboratory testing conditions
when applying the results obtained from the laboratory directly to the actual field. The
laboratory-test design in this research project reflects typical field conditions (subsoils
and land treatments) found throughout the State of New Jersey. However, there are two
laboratory conditions that may deviate significantly from the field conditions. First, the
laboratory tests were conducted in a vertical soil column without lateral flow. Therefore,
to apply the laboratory results, infiltration in the field should be one-dimensional and
vertical with negligible lateral flow. Second, the laboratory tests were conducted with the
height of subsoil column of 8 in that is equivalent to depth to the groundwater table of 8
in from the bottom of the land treatment layers. The tested groundwater table was much
shallower than those typical in the field. The initial abstraction was fully reached in every
laboratory test as the subsoil was fully saturated and the steady infiltration was
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achieved (figure 17). That is, the 8-in height of the subsoil columns in the laboratory was
sufficient to simulate the initial abstraction in the field. However, the hydraulic gradient
imposed on the subsoil test column in the laboratory after the initial abstraction was
reached (after the soil was saturated) was significantly larger than that in the field with
much deeper groundwater tables. Direct translations in this regard were made (below)
for applications of CNs obtained from the laboratory tests to field conditions.

According to equation 11, the composite hydraulic conductivity of a soil column is equal
to the product of hydraulic gradient and subsoil hydraulic conductivity. In field
conditions, depth to the groundwater table is usually deeper than 40 in. The hydraulic
gradient of the composite soil column is close to 1.0. For example, according to
equation 12, the hydraulic gradient is equal to 1.1 when depth of the land treatment is 4
inches and depth of the subsoil is 40 inches ((40+4)/40 = 1.1) and can be idealized as
1.0, as shown in figure 28. Therefore, in field conditions, composite hydraulic
conductivities are equal to subsoil hydraulic conductivities. To validate this translation, a
44-in-high soil column was employed to evaluate CNs of four land treatments under the
condition of large depth to groundwater table. Results (presented in appendix M) agreed
well with the derivation.

L [4in 4in
Ah
| |8in
(Al
| 40in
Subsoil (AD Ah
Shallow Groundwater Deep Groundwater

Under Lab Conditions  Under Field Conditions

Figure 28. Translation of Results from Shallow Groundwater Table to Deep
Groundwater Table in Subsoils

Therefore, in this section, the equation of CN versus composite hydraulic conductivity
obtained in the data analysis was translated to the equation of CN versus subsoil
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hydraulic conductivity for field application.

In Table 7—1 Criteria for assignment of hydrologic soil group (table 11) in the National
Engineering Handbook, Section 4, Hydrology, “Depth to Water Impermeable Layer”,
“Depth to High Water Table”, and “saturated hydraulic conductivity” determine the
hydraulic conductivity criteria for assignment of HSG. )

Table 11 - Criteria for assignment of hydrologic soil group (HSG) (")

Depth to water Depth to high K., of least transmissive K., depth HSG ¥
impermeable layer V water table ¥ layer in depth range range
<50 em
(<20 in] - - - D
>40.0 pm/s 0to 60 cm AD
(=5.67 in/h) [0 to 24 in]
>10.0 to £40.0 pm/s 0to 60 cm B/D
<60 em (>1.42 to <5.67 in/h) [0 to 24 in]
[<24 in] >1.0 to <10.0 pm/s 0 to 60 cm oD
(>0.14 to 1.42 in/h) [0 to 24 in] g
<1.0 pm/s 0to 60 cm b
50 to 100 cm (<0.14 in/h) [0 to 24 in]
[20 to 40 in] >40.0 pm/s 0 to 50 cm A
(>5.67 in/h) [0 to 20 in]
>10.0 to 40.0 pm/s 0to 50 cm B
>60 cm (>1.42 to <5.67 invh) [0 to 20 in]
[224 in] >1.0 to <10.0 pm/s 0to 50 em C
(>0.14 to €1.42 in/h) [0 to 20 in] -
<1.0 p/s 0to 50 cm D
(<0.14 invh) [0 to 20 in]
>10.0 pmv/s 0to 100 cm AD
(>1.42 invh) [0 to 40 in]
>4.0 to <10.0 pm/s 0to 100 cm B/D
<60 em (>0.57 to <1.42 in/h) [0 to 40 in]
[<24 in] =0.40 to <4.0 pm/s 0 to 100 em oD
(>0.06 to <0.57 in/h) [0 to 40 in] ’
<0.40 pr/s 0to 100 cm b
=100 em (£0.06 in/h) [0 to 40 in]
[>40 in] =>40.0 pm/s 0 to 50 em A
(>5.67 in/h) [0 to 20 in]
>10.0 to £40.0 pnv/s 0to 50 em B
60 to 100 em (>1.42 to <5.67 in/h) [0 to 20 in]
(24 t0 40 in] >1.0 to <10.0 pm/s 0to 50 cm C
(>0.14 to £1.42 invh) [0 to 20 in] B
<1.0 pm/s 0to 50 cm D
(<0.14 in/h) [0 to 20 in]
>10.0 pmv/s 0to 100 cm A
(>1.42 in/h) [0 to 40 in]
>4.0 to < 10.0 pr/s 0 to 100 em B
=100 em (>0.57 to €1.42 in/h) [0 to 40 in]
[>40 in] >0.40 to <4.0 pm/s 0 to 100 em c
(>0.06 to <0.57 in/h) [0 to 40 in] B
<0.40 pr/s 0to 100 cm D
(<0.06 in/h) [0 to 40 in]

The depth to the groundwater table is commonly larger than 40 in under the field
conditions. In addition, according to Standard Test Method for Infiltration Rate of Soils in
Field Using Double-Ring Infiltrometer (ASTM D3385-18), infiltration rate should be
tested when the water table is lower than 100 cm (39.4 in, approximately 40 in).
Therefore, condition of deep groundwater table (depth to groundwater table (DTGT) >
40 in) was selected to be the condition for the assignment of hydrologic soil group in the
CN curves and tables. In this case, HSG A/B, B/C, and C/D are differentiated by
hydraulic conductivities of 1.42, 0.57, and 0.06 in/h.
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Application CN curves of bare soil (figure 29), gravel (figure 30), vegetation (figure 31),
porous HMA (figure 32), and the four land treatments combined (figure 33) are plotted
versus subsoil hydraulic conductivity along with hydrologic soil group where applicable,
respectively. It is recommended to select CNs through the measured in-situ hydraulic
conductivity from the CN-hydraulic conductivity relationships presented for four different
land treatments in figures 33 or regression equations 20, 21, 22, and 23, respectively.
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Figure 29. Application Curve for CN of Bare Soil (Depth to Groundwater Table > 40 in)
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Figure 30. Application Curve for CN of Gravel (Depth to Groundwater Table > 40 in)
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Figure 31. Application Curve for CN of Vegetation (Depth to Groundwater Table > 40 in)
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Figure 32. Application Curve for CN of Porous HMA
(Depth to Groundwater Table > 40 in)
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Figure 33. Application Curves and Equations for CN of Bare Soil, Gravel, Vegetation, and Porous HMA (Depth to
Groundwater Table > 40 in)
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The regression equations for the relationships between curve number (CN) and
saturated hydraulic conductivity of subsoil (Ks) for bare soil, gravel, vegetation, and
porous HMA land treatments (depth to groundwater table > 40 in):

Bare soil land cover: CN =94 ¢~ 011%s (20)
Gravel land cover: CN =77 e 013Ks (21)
Vegetation land cover: CN = 86 ¢ 013Ks (22)
Porous HMA land cover: CN =91 ¢ 012Ks (23)
where CN = Curve number
Ks = Saturated hydraulic conductivity of subsoil (in/h)
Table 12 - Comparison of Established and Fitted Curve Numbers
Bare Soil Gravel Vegetation Porous HMA
Hydrologic
Soil Group Hydraulic TR-55 for
(Depthto 1 1 uctivity fz Ir?bslft Rutgers | TR-55 Rutgers LZ:M;';S Rutgers TR-55 Rutgers
Groundwater (in/h) (NRCS Research | (NRCS Research | . dition) Research | (NRCS | Research
Tab'ii; 40 1086) | Results | 1986) Results (NRCS Results 1986) Results
1986)
A >1.42 72 <79 76 <64 49 <72 <76
B 0.57-1.42 82 79-87 85 64-72 69 72-80 Not 76-85
c 0.06-0.57 87 87-92 89 72-76 79 80-86 | Available | g5.gg
D <0.06 89 >92 91 >76 84 >86 >90

Fitted CNs of bare soil, gravel, vegetation, and porous are compared in table 12 to
established CNs of dirt (including right-of-way), gravel (including right-of-way), open
space (lawns, fair condition), and porous HMA, respectively, found in the Natural
Resources Conservation Services (NRCS) Technical Release 55 Method (TR-55). )

As can be seen from table 12 above, the CNs for bare soil and vegetation are similar to
the established CNs for dirt (including right-of-way) and open space (lawns, fair
condition) in TR-55, respectively. The CNs for gravel are significantly smaller than the
established CNs for gravel (including right-of-way) in TR-55. The CNs for porous HMA
were obtained from the research project but are not available in TR-55 for comparison.
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CONCLUSIONS AND RECOMMENDATIONS

The objective of this project was to evaluate and develop curve numbers (CNs) for the
Natural Resources Conservation Service (NRCS) Method and runoff coefficients (C) for
the Rational Method. The following four land treatments within the Right of Way (ROW),
median, and/or under guiderails were evaluated, which included (1) bare soll, (2) gravel,
(3) vegetation, and (4) porous hot mix asphalt (HMA). A total of 113 soil column tests
were conducted at the laboratory under various conditions of land treatment, subsoil
hydraulic conductivity, rainfall intensity, and rainfall time interval. Measurements of
rainfall, runoff, and infiltration were obtained, processed, and analyzed to quantify
runoff-related coefficients. Laboratory results were translated to the conditions in the
field (e.g., depth to the groundwater table larger than 40 inches), and the translated
results were compared with established CNs of corresponding land treatments, where
available, in NRCS TR-55. Based on the results of this project, the following conclusions
and recommendations can be provided:

e Literature review found a significant variation in existing runoff-related coefficients.
These coefficients varied by conditions such as rainfall intensity, rainfall duration,
soil hydraulic conductivity, and our laboratory design has addressed these variable
conditions.

e A lab-testing setting (i.e., soil column apparatus) was successfully designed and
applied for research on soil hydrologic analysis. The results suggest that this soil
column apparatus can be utilized to perform comprehensive rainfall-runoff studies,
and runoff and infiltration behaviors of any permeable land treatments can be
studied using this apparatus for different subsoil hydraulic conductivities.

e A data processing and analysis procedure (i.e., data truncation, regression
analysis, uncertainty analysis) was successfully developed and applied for
research on soil hydrologic analysis. The results suggest that this procedure can
be used to perform comprehensive analysis of any rainfall-runoff data.

e Translation of CNs derived from the laboratory testing results to field applications
was justified and is scientifically defensible.

e CNs for the NRCS Method were established for the four land treatments (i.e., bare
soil, gravel, vegetation, and porous HMA) with 10 different subsoil hydraulic
conductivities. Comparing with established CNs of corresponding land treatments,
where available, in NRCS TR-55, CNs of bare soil and vegetation agreed well with
existing values, CNs of gravel were significantly smaller than existing values, and
CNs of porous HMA provided new data to this land treatment for which values were
never established before.

e Exponential relationships were found between CNs and subsoil hydraulic
conductivities for the four land treatments. These relationships enable a more
accurate selection of CN based on the specific subsoil hydraulic conductivity. The
introduction of this relationship reduces uncertainty in CNs by the fact that soil
groups A, B, and C correspond to a wide range of subsoil hydraulic conductivities.

e The difference in CNs among land treatments is due to the variation in effective
storage depths within land treatment layers. A larger effective storage depth can
lead to a larger runoff reduction and a lower CN.
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The original NRCS Method has a better statistical performance and can be used
to provide a more accurate runoff prediction compared to the current simplified
NRCS Method. However, it is much more complicated to apply than the current
simplified NRCS method as input of the rainfall intensity will be additionally
needed. A relationship between initial abstraction and rainfall intensity excess over
subsoil hydraulic conductivity was found. An initial abstraction model for gravel,
vegetation, and porous HMA were also established. The relationship and model
should be used if the original NRCS Method is applied.

The current simplified NRCS Method with a proposed update of la = 0.05S has a
statistical performance that is similar to the current simplified NRCS Method where
la was set to be 0.2S.

The Rational Method has significant uncertainties in runoff quantification and
cannot meet common statistical requirements for acceptance.
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IMPLEMENTATION AND TRAINING

The research methods and the developed empirical equations, curves, and tables were
shared with the NJDOT’s Technical Advisory Panel (TAP).

The research methods and findings will be presented at the NJDOT Virtual Research
Showcase Lunchtime Edition on April 26, 2023. The abstract was submitted and
accepted for the presentation.

The research methods and findings will be presented during the Curve Number
Hydrology Session at the ASCE-EWRI World Environmental and Water Resources
Congress 2023 in Henderson, Nevada on May 26, 2023. The abstract was submitted
and accepted for the presentation.
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APPENDIX A SPECIFICATIONS OF NJDOT LAND TREATMENT

Table 13 — Specifications of NJDOT Land Treatment

Gradation
Land Use Layer (Nominal Depth (in) Compaction Notes
Size)
Porous HMA ™ 0.1343,, {112) 43606 | 9597% ggag?t?/rglcal max
Porous Aggregate , <8 /
Pavement base ©7) 3/4 (per lift) © Q>=0.36©
Subsoil / / >= 95% of max density (1)
Topsoil (M 4 (1213)
Scarified / Vegetation
Vegetated : / 12 (14) coverage >=
subsoil 95% (19
Subsoil / >= 95% of max density (1)
Polyester
Unvggetat matgng fm) / >0.25 (19 / | )
Subsoil / >=95% of max density (1)
Broken stone
(Aggregate 2" 40 /
Gravel No.3) (i7.18) /
Subsoil / / >= 95% of max density (1)
Reference Specification Page Section Subsection
(1) NJDOT 2019 299 608 608.02.01
(2) NJDOT 2019 392 902 Table 902.02.03-1
3) NJDOT 2015 8-19 8.3.5 Table 8-5
(4) NJDOT 2016 56 CD-606-5.4 Figure Type D
(5) NJDOT 2019 394 902 Table 902.02.04-1
(6) NJDOT 2019 142 302 302.02.01
(7) NJDOT 2019 385 901 Table 901.10.01-1, Table 901.10.03-1
(8) NJDOT 2019 142 302 302.03.01
9) NJDOT 2019 143 302 302.03.01
(10) NJDOT 2019 139 203 203.03.02-B-2-b
(11) NJDOT 2019 496 917 Table 917.01-2
(12) NJDOT 2019 365 803 803.03.01
(13) NJDOT 2016 61 CD-608-1.1 /
(14) NJDOT 2019 365 804 804.03.01
(15) NJDOT 2019 368 806 806.03.01-E
(16) NJDOT 2019 516 919 919.15
(17) NJDOT 2019 300 608 608.03.03
(18) NJDOT 2019 378 901 Table 901.03-1
2015 Roadway Design Manual
2016 Standard Construction Details
2019 Standard Specifications for Road and Bridge Constructions
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APPENDIX B RUNOFF-RELATED COEFFICIENTS OBTAINED FROM LITERATURE REVIEW

Table 14 — Runoff-Related Coefficients for Bare Soil with Polyester Matting

Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Bare soil with Average Similar conditions: other types of
Bhattacharyya et al. ; o 9 matting with the same
different / 66% / .
2010 . ; hydrologic performance as
geotextiles reduction :
polyester matting
Code for outdoor
drainage Bare soil / 0.25-0.35 / Conditions unknown
engineering, 2006
Similar conditions: other types of
Davies etal. 2006 | am-mat D 0.0041 / matting with the same
geotextiles hydrologic performance as
polyester matting
Non-woven Similar conditions: other types of
fabri 0.19 ) .
Luo et al. 2013 abrics / / mattlng with the same
' Shade net 0.14 hydrologic performance as
Straw mats 0.06 polyester matting
oo Average
Ba_re soil with 62.1%
Jute mat reduction
Similar conditions: other types of
Bare soil with Average matting with the same
Shao et al. 2013 / 57.7% / ;
polyester mat . hydrologic performance as
reduction .
polyester matting
oo Average
Bare soil with o
polyester net 16.6%
reduction
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Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Bare soil with Average Similar co_nditian?: rc:ther types of
Smets et al. 2011 four different / 46% / h mattmg with the same
. . ydrologic performance as
geotextiles reduction ;
polyester matting
0.40-0.65
Specifications for (fine soil)
Drainage Design of Bare soil / 0.10-0.30 / Conditions unknown
Highway, 2012 (coarse
soil)
Urban Roadway
Design Handbook, Bare soil / 0.30 / Conditions unknown
1985
Similar conditions: other types of

Yue et al. 2015 Vefaert;;iton / 0.239-0.537 matting with the same

hydrologic performance as

polyester matting
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Table 15 — Runoff-Related Coefficients for Gravel

Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Code for outdoor
drainage Gravel / 0.40-0.50 / Conditions unknown
engineering, 2006
. Different conditions: Gradation
Gilbert and Clausen Gravel B 0.02 / does not follow DOT
2006 pavement .
requirement
Similar conditions: limited effect
Kang et al. 2016 Gravell with A 0.15-0.68 / on hydrologic performance due
soil to the gravel layer depth
deviation
A 76
NRCS 1986 Gravel B / 85 Conditions unknown
pavement C 89
D 91
Specifications for
Drainage Design of Gravel / 0.40-0.60 / Conditions unknown
Highway, 2012
0.65 Similar conditions: gradation
St. John and Horner Gravel A/B / does not foIIowgDOT
1997 pavement 0.8 .
requirement
Urban Roadway
Design Handbook, Gravel / 0.45 / Conditions unknown

1985
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Table 16 — Runoff-Related Coefficients for Vegetation

Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Backstrom 2002 | Grass swale / 0.34-0.67 / Similar conditions: soil and
coverage conditions unknown
Battiata et al. 2010 Dry swale / 40-60_% / Similar condlt_lt_)ns. soil and
reduction coverage conditions unknown
Code for outdoor
drainage Grass / 0.10-0.20 / Conditions unknown
engineering, 2006
Fu et al. 2013 Grass A / 35.7 Conditions unknown
B 73.8
71.1- Similar condjtions: limited effect
Huang et al. 2006 Grass A / 87' 8 on hydrologic performance due
' to the small coverage deviation
Turf covered A/B 79.6 Similar conditions: soil and
Kakuturu et al. 2013 . / "
soil B/C 94 coverage conditions unknown
Li et al. 2008 Grass A / 73.56 Conditions unknown
Li et al. 2017 Grass B 0.02-0.55 / Similar conditions: soil and
coverage conditions unknown
94.73
, 71.88 "
Lian et al. 2020 Grass B / 64.07 Conditions unknown
64.16
Luo et al. 2002 Grass A / 77.8 Similar conditions: soil and
coverage conditions unknown
Rushton 1999 | Grass swale A 0.16-0.35 Similar conditions: soil and

coverage conditions unknown
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Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
A 46
B 65 "
Sample et al. 2001 Grass swale C / 77 Conditions unknown
D 82
Specifications for
Drainage Design of Grass / 0.40-0.65 / Conditions unknown
Highway, 2012
Stagge 2006 Grass swale / 46 54_/0 / Similar condlt_lc_ms. soil and
reduction coverage conditions unknown
Urban Roadway
Design Handbook, Grass / 0.15 / Conditions unknown
1985
Wu et al. 2007 Grass A 0.40-0.98 / Similar conditions: soil
conditions unknown
Xu et al. 2014 Grass B 0-0.44 / Similar conditions: soil and
coverage conditions unknown
Zhu et al. 2003 Grass AB,C,D | 013033 / Different conditions: vegetation
coverage lower than required
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Table 17 — Runoff-Related Coefficients for Porous HMA

Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Abbott and Comino- : "
Mateos 2003 Porous block / 0.67 / Different conditions
Barrett 2008 Porous friction / 1.0 / Different conditions
course
_7E0
Battiata et al. 2010 Permeable / 45 75./° / Test conditions unknown
pavement reduction
Concrete grid 77-91
paver
Porous 80
concrete Similar conditions: limited effect
Permeable on hydrologic performance due
Bean et al. 2007 interlocking A / 44 to the porous pavement depth
concrete paver deviation
Permeable
interlocking 73
concrete paver
.Permeal?le Similar conditions: limited effect
interlocking on hydrologic performance due
Cheng et al. 2019 | concrete paver / 0.23-0.84 / Y gicp
to the porous pavement depth
and porous .
deviation
asphalt
Code for outdoor Porous
drainage / 0.85-0.95 / Conditions unknown
pavement

engineering 2006
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Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Collins et al. 2008 Consg‘f/teerg”d D 0.36 / Different conditions
Porous 0.56
concrete
Permeable
Collins et al. 2008 interlocking D 0.34 / Different conditions
concrete paver
Permeable
interlocking 0.62
concrete paver
Permeable
Drake et al. 2014 interlocking D 0.57 / Different conditions
concrete paver
0-0.26
Dreelin et al. 2006 Grassy paver B (Average / Different conditions
0.1)
Fassman and ioroekine / 0.29-0.67 / Different conditions
Blackbourn 2010 9 490
concrete paver
Similar conditions: limited effect
Feng etal. 2019 | Porous asphalt / 0.011-0.671 / on hydrologic performance due
to the porous pavement depth
deviation
. Permeable
Gilbert 38%9%56” interlocking B 0.4 / Different conditions
concrete paver
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Soil Type

(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
James and Permeable
interlocking / 0.38 / Different conditions
Thompson 1997
concrete paver
Jayasuriya and . -
Kadurupokune 2007 Turf cell / 0.4-0.5 / Different conditions
Legret argggolandlnl Porous asphalt / 0.033 / Different conditions
Li et al. 2018 Porous asphalt / 0.07-0.29 / Different conditions
Mahmoud et al Permeable
2020 ' interlocking D 0.18 / Different conditions
concrete paver
Martin and Kaye Porous / / / Different conditions
2014 pavement
Pagotto 2000 | "orous friction / 0.98 / Different conditions
course
Permeable
Pratt et al. 1995 concrete block / 0.34-0.45 / Different conditions
pavement
Roseen et al. 2012 | Porous asphalt C 0.75 / Different conditions
A 70 Similar conditions: limited effect
Permeable B 80 on hydrologic performance due
Sample et al. 2001 pavement C / 85 to the small pavement gradation
D 87 deviation
Schwartz 2010 Porous / / / Different conditions
pavement

64




Soil Type
(Hydrologic
Soil Group Runoff Test conditions (Similar with
Source Land Cover and/or Coefficient CN DOT tests?)
Hydraulic
Conductivity)
Specifications for Porous
Drainage Design of t / 0.95 / Conditions unknown
Highway 2012 pavemen
St. Johr;ggg Horner Porous asphalt A/B 06_142 / Different conditions
Urban Roadway Porous
Design Handbook / 0.9 / Conditions unknown
1985 pavement
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APPENDIX C RAINFALL-RUNOFF DATABASES OBTAINED FROM LITERATURE REVIEW

Table 18 — Rainfall-Runoff Database(s) for Bare Soil with Polyester Matting

Soil Type Test
(Hydrologic Rainfall Runoff Other conditions
. Land Soil Group Depth/ Depth/ Data o
Source Location . (Similar
Cover and/or Volume Data | Volume Data | Available with DOT
Hydraulic Available? Available? ? tests?)
Conductivity) )
Similar
conditions:
other types
Inner of matting
Guo et al. 2019 Mongolia, Vegetation A Rainfall Runoff / with the
> carpet Volume Volume same
China .
hydrologic
performance
as polyester
matting
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Table 19 — Rainfall-Runoff Database(s) for Gravel

Soil Type Test
(Hydrologic Rainfall Runoff Other conditions
. Land Soil Group Depth/ Depth/ Data o
Source Location . (Similar
Cover and/or Volume Data | Volume Data | Available -
. . - with DOT
Hydraulic Available? Available? ?
L tests?)
Conductivity)
Similar
; conditions:
Zhu and Shao 2006 | Beijing, China Qravel_ A Rainfall Runoff / gravel layer
with Soil Volume Volume
depth
unknown
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Table 20 — Rainfall-Runoff Database(s) for Vegetation

Soil Type Rainfall Runoff
(Hydrologic Soil Depth/ Depth/ Other Test conditions
. Land Volume Volume Data .. .
Source Location Group and/or . (Similar with DOT
Cover . Data Data Available
Hydraulic . . tests?)
. . Available | Available ?
Conductivity) > )
International Different conditions:
Stormwater BMP Austin, TX Grgss c Yes Yes Yes vegetation coverage
78701 strip less than DOT
Database, 1994b :
requirement
International Vista. CA Grass Similar conditions: soil
Stormwater BMP . / Yes Yes Yes and coverage conditions
92008, US swale
Database, 1999 unknown
International Oranae Grass Similar conditions: soil
Stormwater BMP CA 88, Stri B Yes Yes Yes and coverage conditions
Database, 2001 ’ P unknown
. Different conditions:
International San Onofre, Grass vegetation coverage
Stormwater BMP | CA 92054, Stri C Yes Yes Yes doe?s not follow D%T
Database, 2001b usS P .
requirement
. Different conditions:
International Yorba Grass vegetation coverage
Stormwater BMP Linda, CA Stri C Yes Yes Yes dogs not follow D(%T
Database, 2001c | 92870, US P .
requirement
. Different conditions:
International Orange Grass vegetation coverage
Stormwater BMP ge, . C Yes Yes Yes 9 9
CA, US strip does not follow DOT
Database, 2001d .
requirement
. Different conditions:
International Orange Grass vegetation coverage
Stormwater BMP ge, . C Yes Yes Yes 9 9
CA, US strip does not follow DOT
Database, 2001e .
requirement
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Soil Type Rainfall Runoff
(Hydrologic Soil Depth/ Depth/ Other Test conditions
. Land Volume Volume Data .. .
Source Location Group and/or . (Similar with DOT
Cover . Data Data Available
Hydraulic . . tests?)
. . Available | Available ?
Conductivity) > )
. Different conditions:
International Moreno Grass vegetation coverage
Stormwater BMP | Valley, CA Stri C Yes Yes Yes dogs not follow DgT
Database, 2007 | 92553, US P .
requirement
International Murrieta, Grass Different conditions:
Stormwater BMP | CA 92562, Stri C Yes Yes Yes vegetation coverage
Database, 2007b us P DOT requirement
International Auckland Similar conditions: soil
Stormwater BMP ' | Bioswale / Yes Yes Yes and coverage conditions
ZZ, NZ
Database, 2007c unknown
International . s )
Stormwater BMP . lefereqt conditions:
Austin, TX Grass / vegetation coverage
Database, Alta Yes Yes Yes
; 78757 Swale less than DOT
Vista Planned requirement
Unit Development 9
Different conditions:
Shanxi, vegetation coverage
Luo et al. 1990 China Grass A Yes Yes / does not follow DOT
requirement
Different conditions:
Fujian, vegetation coverage
Zhu et al. 2003 China Grass A B,C,D Yes Yes / does not follow DOT

requirement




Table 21 - Rainfall-Runoff Database(s) for Porous HMA

Soil Type Rainfall Runoff
(Hydrologic Depth/ Depth/ Other
Source Location Land Soil Group Volume Volume Data Test conditions (Similar
Cover and/or Data Data Available with DOT tests?)
Hydraulic Available | Available ?
Conductivity) ? ?

International Lakewood, | Permeabl Similar conditions:
Stormwater BMP | CO 80215, e C Yes Yes Yes pavement conditions and
Database, 1994 us pavement gravel depth unknown

International Swansboro Permeabl
Stormwater BMP ’ e A Yes Yes Yes Different conditions
NC 28584
Database, 2003 pavement
International Lakewood, Porous Similar conditions:
Stormwater BMP | CO 80215, concrete C Yes Yes Yes pavement conditions and
Database, 2005 us gravel depth unknown
. Porous
International Auckland avement
Stormwater BMP | P / Yes Yes Yes Different conditions
NZ — Modular
Database, 2006
blocks
International .
Stormwater BMP Kinston, NC | Permeabl / Yes Yes Yes Different conditions
28501, US | e concrete
Database, 2006b
International Fort Collins Permeabl
Stormwater BMP ’ e B Yes Yes Yes Different conditions
CO 80524
Database, 2009 pavement
Open Similar conditions: limited
International Benson. NC graded effect on hydrologic
Stormwater BMP 27504 1US asphalt / Yes Yes Yes performance due to the
Database, 2010 ’ friction porous pavement depth
course deviation
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Soil Type Rainfall Runoff
(Hydrologic Depth/ Depth/ Other
Source Location Land Soil Group Volume Volume Data Test conditions (Similar
Cover and/or Data Data Available with DOT tests?)
Hydraulic Available | Available ?
Conductivity) ? ?
International Durham, Pervious
Stormwater BMP NH 3824, / Yes Yes Yes Different conditions
Database, 2010b Us concrete
International Benson, NC | Pervious
Stormwater BMP ! / Yes Yes Yes Different conditions
27504, US concrete
Database, 2010c
International Perkins Permeabl
Stormwater BMP Township, e D Yes Yes Yes Different conditions
Database, 2012 OH 44870 | pavement
International
Stormwater BMP Lakewood, Slotted / Yes Yes Yes Different conditions
Database, 2012b CO 80215 concrete
St(l)r:'ﬁ\:\rl]:tté?nBal\I/IP Lakewood, | Permeabl Different cpnditions:
CO 80215, e / Yes Yes Yes gravel gradation does not
Database, us avement follow DOT requirement
LakewoodPC P 9
Qin 2017 Belj!ng, Porous B Yes Yes / Different conditions
China concrete
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APPENDIX D SOIL PROPERTIES OF NATURAL AND LABORATORY SOILS FOR

COMPARISON

Table 22 - Soil Properties of Natural and Laboratory Soils for Comparison

Soil Porosity Field Capacity Drainable Porosity” Bulk Density (g/cm3)
Group | Natural @7 Lab Natural Lab Natural Lab Natural Lab
A 0.43-0.45 | 0.4840.05 | 0.09-0.17 | 0.20+0.02 | 0.26-0.35 | 0.28+0.05 1.39+0.14
B 0.47-0.50 | 0.41+0.01 | 0.25-0.32 | 0.20+0.01 | 0.19-0.22 | 0.21+0.01 1.00-1.80 €O 1.57+0.02
C 0.40-0.49 | 0.40+0.01 | 0.25-0.33 | 0.21+0.01 | 0.17-0.18 | 0.18+0.01 1.60£0.03
D 0.43-0.51 | 0.3840.01 | 0.30-0.37 | 0.22+0.01 | 0.14-0.16 | 0.16+0.01 1.66+0.02

*Drainable porosity = porosity — field capacity
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APPENDIX E PROPERTIES OF SUBSOILS USED IN LAND TREATMENT TESTS

Table 23 - Properties of Subsoils Used in Bare Soil Land Treatment Tests

Test Condition

Subsoil Property

Tr;_;r;?ent C;re (I:-onﬂfaojlit:e Rainfall Soil Composition . Bulk Fiolg
Conductivity In(tﬁlr/ﬁ;ty Sand | Silt&Clay OMrg?tr;IIf: ?‘72;'?)' Porosity Capacity
(in/h) (%) (%) (%) 9

0.14 9.1 0.23
0.12 4.0 0.22

1 81 18 1 1.68 0.37
0.11 1.0 0.22
0.12 0.5 0.23
0.11 9.0 0.23
0.07 41 0.22

2 81 18 1 1.67 0.37
0.09 1.0 0.22
0.09 0.5 0.21
0.13 8.9 0.21
0.12 3.9 0.22

3 81 18 1 1.62 0.39
0.10 1.0 0.22
0.11 0.5 0.22
0.42 9.1 0.20
0.37 4.0 0.21

1 81 18 1 1.59 0.40
0.40 1.2 0.22
0.39 0.5 0.21
0.31 8.8 0.21
0.35 4.2 0.21

Bare Soil 2 81 18 1 1.62 0.39
0.33 1.0 0.20
0.32 0.5 0.22
0.39 9.0 0.21
0.36 3.9 0.22

3 81 18 1 1.68 0.37
0.36 1.0 0.21
0.36 0.5 0.22
1.0 8.6 0.19
0.9 4.3 0.19

1 81 18 1 1.58 0.40
0.9 1.5 0.20
0.9 1.0 0.20
0.7 8.4 0.20
0.7 4.3 0.19

2 81 18 1 1.62 0.39
0.7 1.3 0.20
0.7 1.0 0.21
1.0 8.9 0.20
0.9 4.5 0.20

3 81 18 1 1.54 0.42
1.0 1.5 0.21
1.0 1.1 0.19
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Land

Core

Test Condition

Subsoil Property

Composite

Soil Composition

Treatment # Hydraulic Rainfall Bulk Field
3 _ Oraan < _
Conductivity In(tienr/ﬁ;ty Sand | Silt&Clay I\;ga?tgf ??2;"%/ Porosity | cooacity
(in/h) (%) (%) (%) g
1.5 9.0 0.17
1.5 8.1 0.17
1 81 18 1 1.53 0.42
1.5 4.0 0.18
1.5 2.1 0.17
1.6 9.3 0.17
1.7 8.2 0.17
2 81 18 1 1.52 0.43
1.7 4.1 0.17
1.6 2.1 0.17
1.6 9.0 0.18
1.7 8.3 0.16
3 81 18 1 1.53 0.42
1.7 4.0 0.17
1.7 2.3 0.16
2.0 9.0 0.21
2.0 4.2 0.21
1 81 18 1 1.44 0.46
2.0 7.2 0.21
2.1 2.5 0.23
2.1 9.0 0.23
2.0 4.2 0.22
Bare Soil 2 81 18 1 1.54 0.42
2.0 71 0.22
2.0 2.5 0.22
2.0 9.0 0.23
2.1 4.1 0.21
3 81 18 1 1.52 0.43
1.9 7.0 0.23
2.0 2.5 0.22
4.0 9.1 0.19
4.1 8.2 0.20
1 81 18 1 1.31 0.50
4.1 5.0 0.20
4.0 4.0 0.21
4.2 9.0 0.19
4.2 8.0 0.20
2 81 18 1 1.29 0.51
4.2 5.1 0.19
4.2 4.0 0.19
4.1 9.0 0.21
4.1 8.0 0.20
3 81 18 1 1.39 0.48
4.1 5.0 0.20
4.1 4.0 0.21
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Test Condition

Subsoil Property

Tr;_;?:ent C;re %oyrgf;jiitce Rainfall Soil Composition Bulk Fiold
- _ o) - ) .
Conductivity In(tienr/ﬁ;ty Sand | Silt&Clay I\;ga?tglrc ??2;'23)’ Porosity Capacity
(in/h) (%) (%) (%) g
5.6 8.5 0.22
5.6 8.0 0.23
1 81 18 1 1.27 0.52
5.6 7.0 0.22
5.5 5.5 0.21
5.5 9.0 0.22
5.5 8.0 0.22
2 81 18 1 1.22 0.54
5.6 7.0 0.23
5.5 5.5 0.22
5.5 8.8 0.22
5.5 8.0 0.22
3 81 18 1 1.24 0.53
5.6 7.0 0.21
5.5 5.5 0.21
5.9 9.0 0.20
6.0 8.1 0.20
1 81 18 1 1.14 0.57
5.9 71 0.21
6.0 6.1 0.21
Bare Soil 5.9 9.0 0.21
5.9 8.0 0.20
2 81 18 1 1.20 0.55
5.9 7.2 0.20
5.9 6.0 0.21
5.9 9.0 0.22
6.0 8.1 0.20
3 81 18 1 1.26 0.53
5.9 71 0.21
5.9 6.0 0.21
8.0 9.1 0.22
1 81 18 1 1.15 0.56
8.0 8.0 0.22
8.1 9.0 0.22
2 81 18 1 1.14 0.57
8.1 8.1 0.21
8.0 9.0 0.21
3 81 18 1 1.20 0.55
8.0 8.0 0.20
1 10.0 9.1 81 18 1 1.21 0.54 0.21
2 10.0 9.0 81 18 1 1.18 0.55 0.20
3 10.0 9.0 81 18 1 1.13 0.57 0.20
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Table 24 - Properties of Subsoils Used in Gravel Land Treatment Tests

Test Condition Subsoil Property
Troment | Core | Fyaraulc | Rt SR e B | Fiag
# Conductivity (in/h)y Sand Silt&Clay Matter ( /Cm3})l y Capacity
(in/h) (%) (%) (%) 9
0.20 8.5 0.23
0.17 4.3 0.21
1 81 18 1 1.65 0.38
0.17 1.5 0.22
0.18 1.0 0.22
0.21 8.7 0.23
0.19 4.2 0.21
2 81 18 1 1.68 0.37
0.17 1.5 0.22
0.19 1.0 0.22
0.20 8.6 0.22
0.18 4.3 0.22
3 81 18 1 1.67 0.37
0.14 1.1 0.23
0.17 1.0 0.23
0.43 9.0 0.21
0.47 41 0.20
1 81 18 1 1.60 0.39
0.44 1.5 0.20
0.45 1.0 0.22
0.47 9.0 0.22
0.54 4.0 0.20
Gravel 2 81 18 1 1.62 0.39
0.59 1.5 0.21
0.53 1.0 0.21
0.45 9.1 0.22
0.50 41 0.20
3 81 18 1 1.60 0.40
0.50 1.5 0.21
0.48 1.0 0.22
1.5 9.0 0.20
1.5 4.0 0.21
1 81 18 1 1.55 0.42
1.5 34 0.20
1.5 1.0 0.20
1.5 9.0 0.20
1.5 3.9 0.19
2 81 18 1 1.54 0.42
1.5 3.5 0.19
1.5 1.0 0.20
1.5 9.0 0.19
1.5 3.9 0.20
3 81 18 1 1.54 0.42
1.5 2.6 0.20
1.5 1.0 0.20
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Land

Core

Test Condition

Subsoil Property

Composite

Soil Composition

Treatment # Hydraulic Rainfall Bulk Field
Conductivity In(tienr/ﬁ;ty Sand | Silt&Clay ,\;ga?tglrc I(D?Z;'?)/ Porosity | capacity
(in/h) (%) (%) (%) g

2.3 9.0 0.17
2.2 4.0 0.18

1 81 18 1 1.51 0.43
2.2 3.5 0.16
2.2 1.0 0.16
2.3 9.0 0.17
2.3 4.0 0.18

2 81 18 1 1.56 0.41
2.3 3.5 0.17
2.3 1.0 0.18
2.1 9.0 0.17
21 5.0 0.16

3 81 18 1 1.52 0.43
2.1 3.8 0.17
21 1.0 0.17
3.1 9.0 0.23
3.1 5.0 0.21

1 81 18 1 1.52 0.43
3.1 3.8 0.21
3.1 1.0 0.23
2.9 9.1 0.22
2.9 5.2 0.22

Gravel 2 81 18 1 1.47 0.45
2.9 4.1 0.22
2.9 1.0 0.22
3.3 9.1 0.23
3.2 5.0 0.21

3 81 18 1 1.51 0.43
3.2 3.9 0.21
3.2 1.0 0.22
6.5 8.8 0.21
6.1 8.0 0.19

1 81 18 1 1.39 0.48
6.4 7.0 0.20
6.5 4.0 0.20
6.8 8.7 0.20
6.6 8.0 0.20

2 81 18 1 1.34 0.50
6.6 7.0 0.20
6.6 4.0 0.21
6.8 9.4 0.19
6.2 8.0 0.20

3 81 18 1 1.30 0.51
6.4 7.0 0.21
6.4 4.0 0.20
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Test Condition

Subsoil Property

Land Core Composi_te Rainfall Soil Composition Bulk _

Treatment # Hydraulic Intensity - Organic | Density | Porosity Field
Conductivity (in/h) Sand | Silt&Clay Matter (glcm®) Capacity
(in/h) (%) (%) (%) g

1 8.5 8.9 81 18 1 1.27 0.52 0.22
2 8.4 8.9 81 18 1 1.27 0.52 0.23
3 8.6 9.1 81 18 1 1.27 0.52 0.22
1 9.0 9.0 81 18 1 1.18 0.55 0.21
Gravel 2 9.0 9.1 81 18 1 1.19 0.55 0.21
3 8.9 9.0 81 18 1 1.25 0.53 0.22
1 10.0 9.0 81 18 1 1.17 0.56 0.21
2 10.0 9.2 81 18 1 1.16 0.56 0.21
3 10.0 9.0 81 18 1 1.18 0.55 0.22
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Table 25 - Properties of Subsoils Used in Vegetation Land Treatment Tests

Test Condition Subsoil Property
Tr:;?:ent Core %oyrgf;jlitce Rainfall Soil Composition Bulk Fiolg
- _ o) - ) .
# Conductivity Ingﬁ?ﬁ;ty Sand | Silt&Clay I\;g?tglf I(Delgri'?)' Porosity Capacity
(in/h) (%) (%) (%) 9
0.15 8.7 0.21
0.24 4.0 0.22
1 81 18 1 1.66 0.37
0.21 1.5 0.22
0.20 1.0 0.23
0.17 8.6 0.22
0.24 41 0.21
2 81 18 1 1.64 0.38
0.22 1.5 0.23
0.21 1.0 0.22
0.16 8.6 0.23
0.24 4.0 0.22
3 81 18 1 1.69 0.36
0.21 1.5 0.22
0.20 1.0 0.22
0.46 8.9 0.21
0.43 3.9 0.21
1 81 18 1 1.63 0.39
0.48 2.0 0.21
0.46 1.0 0.21
0.39 9.0 0.21
0.37 41 0.20
Vegetation 2 81 18 1 1.62 0.39
0.36 1.9 0.21
0.37 1.0 0.20
0.40 9.2 0.20
0.41 4.0 0.20
3 81 18 1 1.61 0.39
0.38 2.1 0.21
0.40 1.0 0.21
1.5 9.0 0.19
1.5 4.0 0.21
1 81 18 1 1.60 0.40
1.5 2.6 0.21
1.5 1.0 0.20
1.5 9.0 0.20
1.5 4.0 0.20
2 81 18 1 1.55 0.42
1.5 2.5 0.21
1.5 1.0 0.20
1.5 9.0 0.20
1.5 4.0 0.20
3 81 18 1 1.57 0.41
1.5 2.6 0.20
1.5 1.0 0.20
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Land

Core

Test Condition

Subsoil Property

Composite

Soil Composition

Treatment # Hydraulic Rainfall Bulk Field
; _ Oroan \ _
Conductivity In;tienr}ﬁ;ty Sand | Silt&Clay ,\;giglf I(De/g;lg))/ Porosity | capacity
(in/h) (%) (%) (%) 9
2.0 9.0 0.17
2.0 4.0 0.18
1 81 18 1 1.54 0.42
1.9 25 0.17
1.9 1.0 0.18
2.1 8.5 0.18
2.0 4.0 0.17
2 81 18 1 1.61 0.39
1.9 25 0.17
2.0 1.1 0.17
2.0 9.0 0.17
2.0 4.1 0.17
3 81 18 1 1.53 0.42
2.0 25 0.17
2.0 1.0 0.17
3.0 9.0 0.21
2.9 6.0 0.22
1 81 18 1 1.43 0.46
2.8 4.0 0.21
3.0 1.0 0.23
2.7 9.0 0.22
2.7 6.0 0.22
Vegetation 2 81 18 1 1.49 0.44
2.6 4.1 0.21
2.7 0.9 0.22
3.5 8.9 0.22
3.4 6.0 0.23
3 81 18 1 1.45 0.45
3.3 4.0 0.22
3.1 1.0 0.22
6.5 8.8 0.21
6.6 7.7 0.20
1 81 18 1 1.40 0.47
6.3 71 0.20
6.3 4.0 0.20
6.4 8.9 0.21
6.5 8.2 0.20
2 81 18 1 1.39 0.48
6.4 71 0.19
6.4 4.0 0.20
6.3 9.4 0.21
6.3 8.3 0.19
3 81 18 1 1.41 0.47
6.2 71 0.20
6.3 4.1 0.21
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Test Condition

Subsoil Property

Land Core Composite Rainfall Soil Composition Bulk
Treatment # Hydraulic Intensity - Organic | Density | Porosity Field
Conductivity (in/h) Sand | Silt&Clay Matter (glem?) Capacity
(in/h) (%) (%) (%) 9
1 8.5 8.9 81 18 1 1.29 0.52 0.23
2 8.5 9.0 81 18 1 1.22 0.54 0.21
3 8.7 9.0 81 18 1 1.22 0.54 0.23
1 9.0 9.1 81 18 1 1.26 0.53 0.21
Vegetation 2 9.1 9.0 81 18 1 1.26 0.53 0.22
3 8.9 9.0 81 18 1 1.20 0.55 0.21
1 10.1 9.1 81 18 1 1.19 0.55 0.21
2 10.1 9.1 81 18 1 1.16 0.56 0.20
3 10.2 9.0 81 18 1 1.22 0.54 0.21
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Table 26 - Properties of Subsoils Used in Porous HMA Land Treatment Tests

Test Condition Subsoil Property
Troment | Core | Fyaraulc | Rt SO e B | Fiag
# Conductivity (in/h)y Sand Silt&Clay Matter ( /Cm3})l y Capacity
(in/h) (%) (%) (%) 9

0.18 8.3 0.23
0.17 3.9 0.21

1 81 18 1 1.65 0.38
0.17 1.5 0.22
0.17 1.0 0.21
0.25 8.2 0.21
0.21 3.9 0.22

2 81 18 1 1.62 0.39
0.21 1.6 0.22
0.22 1.0 0.22
0.22 8.3 0.22
0.19 3.9 0.21

3 81 18 1 1.63 0.39
0.19 1.5 0.23
0.20 1.0 0.21
0.59 9.0 0.20
0.50 4.0 0.22

1 81 18 1 1.56 0.41
0.47 25 0.21
0.44 1.1 0.22
0.49 9.0 0.21
Porous 0.41 4.0 0.21

2 81 18 1 1.56 0.41
HMA 0.37 25 0.20
0.36 1.0 0.21
0.41 9.1 0.22
0.41 3.9 0.22

3 81 18 1 1.55 0.41
0.40 25 0.22
0.41 1.0 0.22
1.5 8.9 0.20
1.5 4.0 0.19

1 81 18 1 1.55 0.41
1.5 25 0.21
1.5 1.0 0.19
1.6 8.9 0.20
1.5 4.0 0.20

2 81 18 1 1.56 0.41
1.5 2.6 0.19
1.5 1.1 0.20
1.5 9.0 0.19
1.5 4.0 0.20

3 81 18 1 1.58 0.40
1.5 2.6 0.20
1.5 1.0 0.21
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Land

Core

Test Condition

Subsoil Property

Composite

Soil Composition

Treatment # Hydraulic Rainfall Bulk Field
; _ Oraan \ _
Conductivity In(tienr/ﬁ;ty Sand | Silt&Clay ,\;ga?tglrc I(D?Z;'?)/ Porosity | capacity
(in/h) (%) (%) (%) g
2.2 8.9 0.17
21 4.0 0.18
1 81 18 1 1.51 0.43
2.1 3.5 0.16
21 1.1 0.16
2.1 9.0 0.17
21 4.0 0.18
2 81 18 1 1.56 0.41
2.1 3.5 0.17
2.0 1.0 0.18
2.0 8.3 0.17
2.0 5.0 0.16
3 81 18 1 1.52 0.43
2.0 4.0 0.17
2.0 1.0 0.17
2.9 8.3 0.23
3.0 5.0 0.22
1 81 18 1 1.54 0.42
2.7 4.0 0.22
2.7 1.0 0.21
2.7 8.8 0.22
Porous 28 49 0.21
2 81 18 1 1.50 0.43
HMA 25 40 0.22
2.8 0.9 0.21
2.6 8.5 0.23
2.9 5.0 0.22
3 81 18 1 1.53 0.42
2.5 4.0 0.22
2.6 1.0 0.23
6.7 9.3 0.19
6.6 8.1 0.20
1 81 18 1 1.30 0.51
6.6 7.3 0.19
6.6 4.0 0.20
6.7 9.2 0.20
6.7 8.1 0.20
2 81 18 1 1.36 0.49
6.7 7.5 0.21
6.7 4.1 0.20
6.7 9.3 0.20
6.6 8.1 0.20
3 81 18 1 1.32 0.50
6.6 7.3 0.20
6.6 4.1 0.19

83




Test Condition

Subsoil Property

Land Core Composite Rainfall Soil Composition Bulk
Treatment # Hydraulic Intensit Organic | Densit b " Field
Conductivity | oSy | Sand | Silt&Clay ensity orosity | capacity
. (in/h) 0 0 Matter | (g/cm?)
(in/h) (%) (%) (%)
1 8.4 8.9 81 18 1 1.31 0.51 0.23
2 8.5 9.0 81 18 1 1.28 0.52 0.22
3 8.4 9.1 81 18 1 1.31 0.51 0.21
1 9.1 9.1 81 18 1 1.19 0.55 0.21
Porous
HMA 2 9.0 9.1 81 18 1 1.19 0.55 0.21
3 8.9 9.0 81 18 1 1.17 0.56 0.20
1 10.1 9.1 81 18 1 1.20 0.55 0.21
2 10.1 9.2 81 18 1 1.15 0.57 0.20
3 10.0 9.0 81 18 1 1.23 0.54 0.22
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APPENDIX F WATER CONTENT MEASUREMENT OF SUBSOILS (KSAT=2.0 IN/H)
IN PERMEAMETER

Sample 1
0.45 Sample 2
Sample 3

0.3

Water Content (cm?/cm?)
S
w2
Wi

e
)
O

0.2
0 1 2 3 4 5

Saturation Field capacity

Time (d)

Figure 34. Water Content Measurement of Subsoils (ksat = 2.0 in/h) in Permeameter
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APPENDIX G CALIBRATION CURVE OF PRESSURE TRANSDUCER
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Figure 35. Calibration Curve of Pressure Transducer
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APPENDIX H CALIBRATION AND INSPECTION REPORT OF BALANCES USED IN
LABORATORY EXPERIMENTS

An ISO/IEC 17025 Accredited

Company
INSPECTION REPORT
ADVANCE
INSPECTION INFORMATION
WORK ORDER 183406 INSPECTED FOR: Rutgers University

98 Brett Road
Piscataway NJ 08854

CALIBRATION DATE 5/28/21 DUE DATE 56/31/23
Scale # Location Make Model Serial i Type [UOM Applied WT. AsFound | AslLeft [ACT

1 Lab Chaus NVT12000 8341437952 Balance g 12,000 12,007 12,000 [C P
2 Lab Qhaus NVT12000 8341437549 Balance g 12,000 12,010 12,000 C P
3 Lab Ohaus NVT12000 8341437953 Balance g 12,000 12,007 12,000 C P
4 Lab Chaus NVT12000 8341437954 Balance g 12,000 12,008 12,000 [C P
5 Lab Chaus AX8201/E B502469362 Balancs g 8.200.0 8,155.3 82000 |C, P
[ Lab Chaus AX8201/E B503487416 Balancs g 8.200.0 8,200.0 82000 |N, P

[ Scale # | Comments |

| 5 | Tightened and adjusted pan |

STANDARDS INFORMATION

| EQUIPMENT NUMBER | DESCRIPTION | CERTIFICATE NUMBER | DUE DATE |

[ Set-F-KG-NJ15001 | Class F, 28 pcs, 10mg-5kg | 220532495A [ 12117722 ]

Calibrated by: Tim Bohn
Tech License # 06219

THE SCALES IDENTIFIED ON THIS PAGE HAVE BEEN TESTED AND CALIBRATED. TRACEABLE TO S| UNITS THROUGH NIST.
[N]=No Adjustment, [l]=Inoperative, [R]=Removed for repair. [C]=Calibrated, [A]=add to list, [O]=0ut of Service, [X]=Rejected, [P]=Pass, [F]=Fail, [NF]=Mot Found

Questions? Call 888-447-2253 or 856-627-0700

Advance Scale - 2400 Egg Harbar RoadLindenwold NJ 08021 - Visit: www advancescale com

Page 1 of 1

Figure 36. Certificate of Calibration of Balances Used in Laboratory Experiments
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APPENDIX | ORIGINAL NRCS METHOD

The original NRCS Method to quantify the runoff is presented below. In the current
simplified NRCS Method presented in the main body of this report, the initial abstraction
is assumed to be linearly related to the potential maximum retention by a factor of 0.2.
In the original method, the initial abstraction is independently quantified. In this research
project, relationship between the initial abstraction and the rainfall intensity was
established from the measured data. The original NRCS Method has better statistical
performance and can be used to provide a more accurate runoff prediction. However, it
is much more complicated to apply than the current simplified NRCS Method since it will
require an input of the rainfall intensity in addition to the rainfall depth of a storm event.

Data Analysis Methods

The method of least squares was applied for data analysis to fit CNs. For each soil
column (combination of a subsoil and a land treatment), a measurement-based
predicted runoff depth was calculated by an observed rainfall depth and an assumed S
value with the original NRCS equation: ©®

Qe = (gt jaomesa)” (24)
where Qpre = Predicted runoff depth (in)
Pobs = Observed rainfall depth (in)
la-meas = Measured Initial Abstraction (in)
Siit = Potential maximum retention after runoff begins (in) to be fitted

Note in the current practices (i.e., TR-55) as shown in the main body of this report, la is
pre-set to 0.2S. One S value was assumed to calculate the Qpre values of all data points
within a dataset. The coefficient of determination (R?) of the dataset was calculated by:

R2 — ZP:l(Qobsi_@)(Qprei_%)
\/Zin=1(Qobsi —W)z Z{Ll(Qprei _m)

=]° (25)

where Qobs = Observed runoff depth (in)
Q,ps = Arithmetic mean of observed runoff depths (in)
Qpre = predicted runoff depth (in);
Q,,. = arithmetic mean of predicted runoff depths (in)

The solver function in Microsoft Excel was applied to maximize the R? of the dataset
(i.e., minimizing the sum of residuals of data points from the P-Qpre curve) by varying the
S. The best fit of S was obtained when the maximal R? was reached. The best fit of CN
was calculated from the best fit S by the established NRCS relation:
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1000
CN =
Srig+10

(26)

where CN = Curve number

Siit = Fitted potential maximum retention after runoff begins (in)

All the above-fitted individual CNs of bare soil, gravel, vegetation, and porous HMA
were plotted versus composite hydraulic conductivities. A regression analysis (curve
fitting) was conducted for each land treatment by using the trendline tool in Microsoft
Excel. The linear function was selected as the model for curve fitting because it had the
best fit to the data points. The coefficients of determination (R?) of the CN-composite
hydraulic conductivity curve were calculated by the equation below and shall meet the
statistical requirements for acceptance (lower limit of 0.60).

R2 = 2{1=1(CNfiti_Wflt)(CNprei_Tpre)
JEL(ONy~CNR) Sl (CNpreg—CNpre)
where CNrit = Fitted individual CN
CNpre = CN predicted by the fitted curve

=] (27)

CNy,; = Arithmetic mean of fitted CNs for all the individual soil columns

CNpre = Arithmetic mean of predicted CNs for all the individual soil columns

Four models (relationships) were established to predict the initial abstraction (la) for
different land treatments. These models were established based on laboratory
measurements of la along with mass balance.

Bare Soil

A relationship (figure 37) between initial abstraction (la) and rainfall intensity excess
over hydraulic conductivity (i - Ksat) was found based on laboratory measurements. This
model was used to predict the initial abstraction (la) when applying the original NRCS
Method to predict runoff.

89



2.5
Ia Measurements

Fitted Curve

2
c)
a
215
]
Z
O
< 1
& y = 0.60x-0:63
E R2=0.93

0.5
0
0 1 2 3 4 5 6 7 8 9

Rainfall Intensity Excess Over Hydraulic Conductivity (in/h)

Figure 37. Relationship Between Initial Abstraction and Rainfall Intensity Excess Over
Subsoil Hydraulic Conductivity of Bare Soill

Gravel, Vegetation, and Porous HMA

The initial abstractions (la) of gravel, vegetation, and porous HMA were modeled in
three components: initial abstraction of subsoil (lo), storage depth of the land treatment
(Is), and depth of infiltration occurs during water ponding in the land treatment layer (Ip).
Initial abstraction of subsoil (lo) was modeled by the relationship between initial
abstraction (la) and rainfall intensity excess over hydraulic conductivity (i - Ksat) found for
bare soil. Storage depth of the land treatment (ls) was calculated by the product of depth
and porosity of the land treatment layer. Depth of infiltration occurs during water
ponding in the land treatment layer (lp) was modeled by the product of time and
infiltration rate during the ponding. When water started ponding in the land treatment,
the subsoil was saturated. As a result, the infiltration rate of the soil column was equal
to the hydraulic conductivity of the subsoil. The ponding time was modeled by the
storage depth (i.e., depth to be ponded) of the land treatment divided by the rainfall
intensity excess over subsoil hydraulic conductivity (i.e., ponding rate). The model is
described in detail below.

Lo=1Io+ 1+ (28)

IS =D X Ne (29)

I, = tp X Keat (30)
D

tp = (31)
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where la = Initial abstraction of gravel, vegetation, or porous HMA (in)

lo = Initial abstraction of subsoil (in)

Is = Storage depth of the land treatment (in)

lo = Depth of infiltration occurs during water ponding in the land treatment layer
(in)

D = Depth of land treatment (in)

ne = Effective porosity of land treatment, calculated by the difference between
porosity and field capacity

tp = time during ponding occurs in the land treatment layer (h)

Ksat = hydraulic conductivity of subsoil (in/h)

i = rainfall intensity (in/h)

Runoff predictions were plotted versus runoff observations of all datasets to calculate
the Nash—Sutcliffe Efficiency Coefficient (NSE) by:

Zinzl(Qobsi_Qprei)z
?:1(Qobsi_Qobs)2

NSE =1 —

(32)

where Qobs = Observed runoff depth (in)

Qpre = Predicted runoff depth (in)
Q.ps = Arithmetic mean of observed runoff depths (in)

The NSE shall meet the statistical requirements for acceptance (lower limit of 0.64).

Data Analysis Results

R? values of fitted CN for individual soil column of all tested soil hydraulic conductivities
and land treatments are listed in table 27. The ranges of R? values for bare soil, gravel,
vegetation, and porous HMA are 0.79-1.00, 0.80-1.00, 0.73-1.00, and 0.70-1.00,
respectively. These values of R? are all higher than 0.60 (the lower limit of a satisfactory
determination) and are consistently larger than those from using the current simplified
NRCS Method (table 9).
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Table 27 - R? Values of Fitted CN for Individual Soil Column of All Tested Soil Hydraulic
Conductivities and Land Treatments

Soil Targetgd Bare Soil Gravel Vegetation Porous HMA
Column Subsm_l Composi_te o Composi_te N Composi_te Individual Compos?te -
Replicate Hydrau_llc_: Hydrauﬁg Individual Hydraulllc.: Individual Hydraulllc.: R? Hydraulllc.: Individual
4 Conductivity | Conductivity R? Conductivity R? Conductivity Conductivity R?
(in/h) (in/n) (in/h) (in/h) (in/h)
1 1.00 1.00 1.00 1.00
2 0.1 0.11 1.00 0.18 1.00 0.20 1.00 0.20 1.00
3 1.00 1.00 1.00 1.00
1 0.99 0.99 0.99 0.99
2 0.5 0.37 0.99 0.49 0.99 0.41 0.99 0.44 1.00
3 0.99 0.99 0.99 0.99
1 0.99 0.90 0.92 0.94
2 1.0 0.87 0.98 1.50 0.90 1.49 0.91 1.51 0.95
3 0.97 0.92 0.92 0.95
1 0.91 0.87 0.87 0.83
2 1.5 1.59 0.92 2.21 0.85 1.98 0.89 2.07 0.84
3 0.89 0.84 0.91 0.85
1 0.87 0.80 0.85 0.78
2 2.0 2.01 0.87 3.05 0.82 2.98 0.83 2.73 0.78
3 0.87 0.92 0.73 0.78
1 0.86 0.96 0.82 0.70
2 4.0 4.09 0.85 6.49 0.98 6.37 0.90 6.65 0.70
3 0.86 0.97 0.90 0.72
1 0.84
2 5.5 5.52 0.85
3 0.84
1 0.81
2 6.0 5.92 0.79
:13 0.81 No runoff No runoff No runoff
2 8.0
3
1 No runoff
2 10.0
3
Range of / 0.79-1.00 0.82 - 1.00 0.73-1.00 0.70 - 1.00

Figure 38, Figure 39, Figure 40, and Figure 41 show the CN of bare soil, gravel,
vegetation, and porous HMA, respectively, versus composite hydraulic conductivity. The
coefficients of determination ranged from 0.95 to 0.99 and met the statistical
requirements for acceptance (lower limit of 0.60).
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Figure 38. Relationship Between CN and Composite Hydraulic Conductivity of Bare Soil
(Original NRCS Method)

100

® Individual CN
- Fitted Curve

80
)
2 60
=
Z
o
E 40 y = 100e0-151x
o 2=1.00

20

0

0 1 2 3 4 5 6 7

Composite Hydraulic Conductivity (in/h)

Figure 39. Relationship Between CN and Composite Hydraulic Conductivity of Gravel
(Original NRCS Method)
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Figure 40. Relationship Between CN and Composite Hydraulic Conductivity of
Vegetation (Original NRCS Method)
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Figure 41. Relationship Between CN and Composite Hydraulic Conductivity of Porous
HMA (Original NRCS Method)

Figure 42, Figure 43, Figure 44, and Figure 45 show the NSE values of bare soil,
gravel, vegetation, and porous HMA, respectively. All of them met the statistical
requirements for acceptance (the lower limit of 0.60 for a satisfactory statistical
performance) and considerably improved compared to those for the current simplified
NRCS Method and thus the runoff prediction would be more accurate.
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Figure 42. Comparison Between Runoff Prediction and Observation of Bare Soil
(Original NRCS Method)
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Figure 43. Comparison Between Runoff Prediction and Observation of Gravel (Original
NRCS Method)
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Figure 44. Comparison Between Runoff Prediction and Observation of Vegetation
(Original NRCS Method)
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Figure 45. Comparison Between Runoff Prediction and Observation of Porous HMA
(Original NRCS Method)
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APPENDIX J NRCS METHOD WITH PROPOSED UPDATE OF Ia = 0.05S

The current simplified NRCS Method estimates that the initial abstraction (la) has a value
of 0.2S. Recently, a new equation has been proposed in draft form in the ASCE-WERI
Task Committee guidance. The update has been proposed to reflect that I = 0.05S, which
will directly impact the runoff result. It is important to note that this guidance is new and
has yet to be adopted by the various regulatory agencies such as NJDEP that are
responsible for stormwater management regulations. This proposed update of la = 0.05S
was analyzed in this section to assess changes in CN results and their corresponding
statistical performance.

Data Analysis Methods

The method of least squares was applied for data analysis to fit CNs. For each soil
column (combination of a subsoil and a land treatment), a measurement-based
predicted runoff depth was calculated by an observed rainfall depth and an assumed S
value with the original NRCS equation: ©®

(Po S_Ia—meas)2
Qpre = 2 (33)

Popstla—meas—Sfit
where Qpre = Predicted runoff depth (in)
Pobs = Observed rainfall depth (in)
la-meas = Measured Initial Abstraction (in)
Siit = Potential maximum retention after runoff begins (in) to be fitted

Note in the current practices (i.e., TR-55) as shown in the main body of this report, la is
pre-set to 0.2S. In this section, the proposed la = 0.05S was used. The CN and R?
values of fitted CNs for individual soil columns of all tested soil hydraulic conductivities
and land treatments are listed in table 28. Figure 46, Figure 47, Figure 48, and Figure
49 show the CN of bare soil, gravel, vegetation, and porous HMA, respectively, versus
composite hydraulic conductivity. Results showed that CNs fitted by the NRCS Equation
with la = 0.05S are lower than the ones with la = 0.2S for all land treatments and
hydraulic conductivities. This is because to fit the same la, a lower A value (from 0.2 to
0.05) requires a larger fitted value of S, and thus a lower CN. Figure 50, Figure 51,
Figure 52, and Figure 53 show the individual R? values of fitted CN for individual soil
column of bare soil, gravel, vegetation, and porous HMA, respectively, versus
composite hydraulic conductivity. The NRCS Method with la = 0.05S does not have a
statistical performance significantly different from that of the current simplified NRCS
Method where la is set to be 0.2S.
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Table 28 - CN and R? Values of Fitted CN for Individual Soil Column of All Tested Soil
Composite Hydraulic Conductivities (Ksat-comp) and Land Treatments

Soil T;‘l:%ztoe“d Bare Soil Gravel Vegetation Porous HMA
Repiicate | Hvdraule |y on | e | Koo | o || Koo | on | re | Koo | on | T
# C°”(?n“/‘r’]t)""ty (in/h) (in/h) (in/h) (in/h)
1 012 | 94 |098| 018 | 74 |095| 020 | 85 |098| 017 | 92 | 0.99
2 0.1 009 |93 |098| 019 |75 |095| 021 | 84 |098| 022 | 91 |099
3 011 | 95 | 098 | 017 | 74 |093| 020 | 84 | 098 | 020 | 91 |0.99
1 032 | 9 |096| 045 |69 |092| 037 | 83 |097| 041 | 89 | 099
2 0.5 036 |9 |095| 048 |68 |092| 040 | 82 |098| 041 | 90 | 0.99
3 039 |89 |095| 053 |67 |084| 046 | 86 | 097 | 050 | 89 | 0.99
1 072 |85 |093| 153 |55 |084| 146 |62 |084| 152 | 75 | 0.91
2 1.0 090 |83 |095| 150 |56 |079| 151 |62 |085| 152 | 75 | 0.91
3 098 |83 |094| 150 |58 |086| 151 |62 |086| 150 | 74 | 0.91
1 150 | 73 | 082 | 212 |44 | 067 | 199 |52 |068| 212 | 67 |0.79
2 15 162 | 72 | 082 | 221 |43 |o065| 197 |53 |069| 212 | 67 |0.79
3 165 | 71 | 077 | 228 |43 |o060| 198 |52 |073| 210 | 67 | 0.80
1 203 |65 |067| 306 |38 |062| 266 |52 |077| 265 | 62 |064
2 2.0 198 | 65 | 068 | 287 |39 |061| 29 |50 |075| 28 | 65075
3 200 |65 |065| 320 |36 |060| 334 |42 |062| 268 | 64 |069
1 404 | 52|08 | 636 |21 |08 | 646 |23 |072| 7.00 | 38 |060
2 4.0 416 |51 | 079 | 667 |19 | 081 | 639 |25 |080| 670 | 41 | 060
3 405 |51 079 646 |22 |084| 626 |28 |081| 662 | 42 |062
1 550 | 45 | 0.81
2 5.5 549 | 45 | 0.84
3 555 | 43 | 0.81
1 596 | 38 | 0.82
2 6.0 593 | 39 | 0.81
3 592 40 j 082 No runoff No runoff No Runoff
]
2 8.0
3
p No runoff
2 10.0
3
Ra”nge of / 0.65-0.98 0.60 - 0.95 0.62 - 0.98 0.60 - 0.99
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Figure 46. Relationship Between CN and Composite Hydraulic Conductivity of Bare Soil
(NRCS Method with la = 0.2S and la = 0.05S)
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Figure 47. Relationship Between CN and Composite Hydraulic Conductivity of Gravel
(NRCS Method with la = 0.2S and la = 0.05S)
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Figure 48. Relationship Between CN and Composite Hydraulic Conductivity of
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Figure 49. Relationship Between CN and Composite Hydraulic Conductivity of Porous
HMA (NRCS Method with la = 0.2S and la = 0.05S)
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Figure 50. Relationship Between Individual R? and Composite Hydraulic Conductivity of
Bare Soil (NRCS Method with la = 0.2S and la = 0.05S)
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Figure 51. Relationship Between Individual R? and Composite Hydraulic Conductivity of
Gravel (NRCS Method with la = 0.2S and la = 0.05S)
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Figure 52. Relationship Between Individual R? and Composite Hydraulic Conductivity of
Vegetation (NRCS Method with la = 0.2S and la = 0.05S)
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Figure 53. Relationship Between Individual R? and Composite Hydraulic Conductivity of
Porous HMA (NRCS Method with la = 0.2S and la = 0.05S)
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APPENDIX K UNCERTAINTY ANALYSIS (TREATING SAMPLES AS REPLICATES)

The uncertainty analysis of the calculated CN is presented by an example (land
treatment of bare soil, subsoil hydraulic conductivity of 1.5 in/h, soil column replicates
#1, 2, and 3) in figure 58. The three soil columns are examined simultaneously under
the same test conditions in one test and could be treated as replicates rather than as
individual samples as done in the main text. Therefore, rainfall depths, runoff depths,
and hydraulic conductivities should be averaged among the three soil columns. To
achieve this, one data point (at a specific time interval under a specific rainfall intensity)
in the dataset (for example, one point in figure 19) was selected from each soil column
replicate (a total of three) and then averaged among the three replicates. Following the
same procedure, all other points were selected and averaged with corresponding points
from the other two replicates. All arithmetic means of lab measurements among three
replicates were plotted in one figure (for example, figure 54). The method of least
squares was applied to obtain the curve of best fit. As shown in figure 54, the best fit of
CN of 77 was obtained through the regression analysis.

® Mean of Lab Measurements among
Three Replicates

-

Fitted Curve

6 [ )
E 5
= o
[
El .
=
&3 o »

[ )
2 CN =77
i L . ® R2=0.81
> o
0
0 1 2 3 4 5 6 7 8 9 10

Rainfall (in)

Figure 54. Regression Analysis of Triplicate Samples (land treatment of bare soil,
subsoil hydraulic conductivity of 1.59 in/h)

In order to quantify the uncertainty of this fitted CN, the 95 percent confidence interval
(CI) of this curve was also calculated and plotted. 3% The 95 percent confidence interval
encompassed the true curve of best fit (i.e., true value of CN) with 95 percent
confidence. This confidence interval indicated the uncertainties in CN fitting and
provided a range of CN with 95 percent confidence level. For example, in the case of
figure 55, the CN is fitted to be 77, and the uncertainty is determined to be +7 with a
confidence level of 95 percent (figure 55). All fitted CNs are tabulated in the format of
mean x 95 percent Cl in table 29. All but one combination of composite hydraulic
conductivity and land treatment have uncertainties smaller than £10 CNs. It is worth
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noting that the documentation for recent draft update (not yet adopted) of NEH, Chapter
10 by USDA-NRCS indicated large uncertainties in the estimation of CN from soil
groups and land covers/treatments and only half (i.e., 50%) of the CN differences are in
the general range of about +10 CNs while the extremes are much larger. (39,

Runoff (in)
B W

(O8]

.........

.....

Fitted Curve
Upper Limit of 95% Confidence Interval

.

ot

ot
o
o
.- .
.....
.
....

Rainfall (in)

Lower Limit of 95% Confidence Interval

Lt CN=T0

10

Figure 55. Uncertainty Analysis of Triplicate Samples (land treatment of bare sail,
subsoil hydraulic conductivity of 1.59 in/h)

Table 29 - Mean and 95 Percent Cl of Fitted CN for Three Replicates of All Mean Soil
Composite Hydraulic Conductivities (Mean Ksat) and Land Treatments

Bare Soil Gravel Vegetation Porous HMA
M}Z:” Mean CN. | Individual Méi” Mean CN. | Individua Méi” Mean CN | Individual M}Z:” Mean CN | Individual
i | xes%cl R i | zos%cCl R i | #9s%ci R i | #95% i R
0.1 95+3 098 | 018 | 794 0.96 0.2 8743 0.98 0.2 9112 0.99
0.37 9114 096 | 049 | 7416 0.91 041 | 8543 098 | 044 | 892 0.99
0.87 8615 0.94 15 6516 084 | 149 | 6916 08 | 151 | 755 0.91
159 7747 081 | 2.21 5418 065 | 198 | 6249 072 | 207 | 6747 0.79
2.01 7219 067 | 305 | 5049 064 | 298 | 58:8 0.71 273 | 638 0.69
400 | 60£12 078 | 649 | 3514 087 | 637 | 3905 077 | 665 | 407 0.60
5.52 5318 0.65

No runoff No runoff No runoff

5.92 49+8 0.63
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APPENDIX L FITTED CN PLOTS FOR INDIVIDUAL SOIL COLUMN OF ALL TESTED SOIL COMPOSITE HYDRAULIC
CONDUCTIVITIES AND LAND TREATMENTS
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Figure 56. Curve Fitting Plots of Bare Soil (Ksat = Composite Hydraulic Conductivity)
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Figure 57.

Curve Fitting Plots of Gravel (Ksat = Composite Hydraulic Conductivity)
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Figure 58. Curve Fitting Plots of Vegetation (Ksat = Composite Hydraulic Conductivity)
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Figure 59. Curve Fitting Plots of Porous HMA (Ksat = Composite Hydraulic Conductivity)
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APPENDIX M RESULTS OF EXPERIMENTS CONDUCTED IN 44-IN-HIGH SOIL
COLUMN

To validate the translation of lab results to field application, the impact of subsoil depth
(depth to groundwater table) on CN was examined by additional experiments conducted
in a 44-in soil column (figure 60).

40 in

@y | An

(a) (b)
Figure 60. (a) Sketch and (b) Photo of the 44-in-High Soil Column

The diameter of the soil column is 6 in, length is 44 in (40 in of subsoil plus 4 in of land
treatment). Following the same sample preparation and testing procedure as the short
(i.e., 12 in) soil column, two samples with subsoil hydraulic conductivity of 1.0 in/h and
2.5 in/h were tested under four rainfall intensities for each of the four land treatments.
Same data processing and analysis were conducted and fitted CNs are plotted in figure
61, in comparison of CNs obtained from short soil columns.

T-tests were conducted for CNs of each land treatment obtained from experiments
conducted in 12-in-high and 44-in-high soil column. ©®) This helps to determine if the 44-
in-CN is a member of the population of 12-in-CNs. Results show that p-values of all t-
tests were all less than 0.05, indicating the 44-in-CN is a member of the population of
12-in-CNs with 95 percent confidence. In other words, the translation of lab results (i.e.,
with depth to groundwater table equal to 8 in) to field applications (i.e., with depth to
groundwater table equal to or deeper than 40 in) is scientifically defensible.
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