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MODIFICATIONS ON THE EXISTING DESIGN PARAMETERS TO IMPROVE THE

PERFORMANCE OF INFILTRATION TREATMENT BMPS IN COLD CLIMATES

Abstract

by Zain Mohammed Al-Houri, Ph.D.
Washington State University
August 2008

Chair: Michael E. Barber

Many newly developed areas rely on infiltration treatment best management practices
(BMPs) for managing excess stormwater runoff volumes. Semi-arid, cold climates pose
unique challenges to designers of infiltration treatment BMPs. This study addresses two of
the cold climate challenges and proposes modified design parameters to improve the
performance of infiltration treatment facilities in these regions. The proposed modifications
account for both: 1) reduced soil infiltration caused by frozen soils, and 2) increased runoff
volumes during snowmelt and rain-on-snow events.

To study the impacts of frozen conditions on the conductivity of soils, a laboratory-
scale experiment was carried out on frozen soil columns collected from two BMPs sites
located in the cities of Spokane and Richland, Washington. Hydraulic conductivity
measurements were conducted on 16 frozen soil columns using a developed air permeameter
flow test. The time allowed for soil-water redistribution prior to freezing was varied among
the soil columns (t = 2, 4, 8, and 24 hr) to investigate its significance on the reduction of
conductivity of frozen soils. Results showed that conductivity of frozen soils depends greatly

on the time available for soil-water redistribution prior to freezing. Based on the results of

v



this experiment, two regression equations were proposed to assist in the selection of
appropriate hydraulic conductivity reduction factors for loam and sandy loam soils when
designing infiltration treatment facilities subject to freezing conditions.

Increases in runoff volumes caused by snowmelt and rain-on-snow events were
investigated by the assessment of the initial abstraction ratio /,/S in the SCS curve number
(SCS-CN) equation. This was accomplished by designing, constructing and testing a 1.22 m
wide x 2.44 m long rainfall simulator system to mimic design storm rainfall distributions on
snow covering an impervious plot. By comparing calculated versus measured runoff
hydrographs obtained from 19 rain-on-snow simulated under different snow conditions
(snow depths and densities) and plot slopes, an alternative methodology for assigning 1,/S
ratios during rain-on-snow events was developed.

These new design parameters will result in more effective BMP designs in terms of
runoff treatment. Nevertheless, the final designs will ultimately require larger and more

costly stormwater facilities.



TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS ...ttt ettt ettt saeeaeeneeas il
ABSTRACT ...ttt ettt ettt et e et e bt et e st e e bt este e st enseentesseenseeneeeseenseeneenseens v
LIST OF TABLES ...ttt ettt et ettt et e sseeseeneesneenseens ix
LIST OF FIGURES ...ttt sttt sttt st e b et e e e sseeneeens X
CHAPTER 1: INTRODUCTION AND OVERVIEW
1.1 INTRODUCTION ....ooiiiiiteiesieie ettt ettt et e ene e enes 1
1.2 PROBLEM STATEMENT ..ottt 4
L3 OBIECTIVES ...ttt ettt st ettt e e s e aeenes 4
1.4 RESEARCH APPROACH ....cciiiiiiiiee ettt 5
LS REFERENCES ...ttt sttt 8
CHAPTER 2: IMPACTS OF FROZEN SOILS ON THE PERFORMANCE OF
INFILTRATION TREATMENT ..ottt e 11
2.1 ABSTRACT ...ttt ettt s ae st ene e enaensenae e 11
2.2 INTRODUCTION ....ooiiiiiiiieiietieiteieteie ettt sttt ettt st et st eseene e eneense s nee 12
2.3 OBJECTIVE ..ottt 13
2.4 MATERIALS AND METHODS. ..ottt 14
2.4.1 SOIL PrOPEITIES ..evvieeiieniieeiieeiee et ette et esteeete e teeebeestaeeteesseeenseessaeenseesnseenseenns 14
2.4.2 Soil cOlUMNS PIEPATAtION .....eeeuvieeiiieiieeiietie e eiee et eiteeaeesereeereeseeeesseensaesaseas 16
2.4.3 Air permeability preparation..........cccc.eeceeeeieereeesieeneeeireeseeereeseeesreesseeseesenes 18
2.5 RESULTS AND DISCUSSION ......oooteiiieieieiesiesieete ettt 20
2.6 CONCLUSIONS. ...ttt ettt ettt sttt et eae e st et aesbensesneeseeseenens 31

vi



2.7 ACKNOWLEDGMENTS ..o 32

2.8 REFERENCES .....coiiiiiiiiiee et 33

CHAPTER 3: ASSESSMENT OF THE SCS-CN PARAMETERS FOR PREDICTING

RUNOFF TREATMENT VOLUMES DURING RAIN-ON-SNOW EVENTS ........... 36
3.1 ABSTRACT ...ttt et sttt st b e et e b et eaees 36
3.2 INTRODUCTION ....coiiiiiiiiieieeit ettt sttt sttt st b et saees 37
3.3 OBIECTIVE ...ttt ettt ettt es 39
3.4 BACKGROUND THEORY .....oiiiiiiiiiiiiiieniteit ettt 40
3.5 MATERIALS AND METHODS.....ccotiitiiiirieteteeteeee sttt 42
3.5.1 Rainfall SImulator DeSIi@N..........cccieiiiiiiiriiieiieie ettt 42
3.5.2 Rainfall/Runoff Data Collection..........c..cecerieriirierieniiienierieeieeeeeeeee 45

3.6 RESULTS AND DISCUSSION ......ooiiiiiiiinitiieeitenieetestesie ettt 48
3.6.1 Runoff Hydrographs ANalySes..........ceecieriieriieiieeiienieeieecie e 48
3.6.2 SBUH Method Calibration ...........ccccueeiuieiiieiiienieeiiesie et 62
3.6.3 Regression Equation for Estimating the Initial l0SSes ..........cccoceeviieiieniennen. 63
3.6.4 VeI ICAtION ..ottt ettt ettt ettt et e et e et e ebeeseeeenneens 64

3.7 CONCLUSIONS......ce ettt ettt ettt ae sttt aestaessessaesseesseensessaeseensesseensens 66
3.8 ACKNOWLEDGMENTS ....oootiiitiietiee ettt ettt sse e eneas 67
3.9 REFERENCES ......ooioiee ettt ettt sttt e e sseenseenaenseensens 68
CHAPTER 4: SUMMARY ...ttt sttt sttt et eteesaesseenseensessaesseensesseens 73
4.1 FROZEN SOILS IMPACTS ..ottt sttt sttt nse e sneeneas 73

4.2 ESTIMATION THE (I./S) PARAMETER DURING RAIN-ON-SNOW

EVENTS ettt sttt e 74

Vil



4.3 CONCLUSIONS AND FUTURE RESEARCH NEEDS........ccceoiiiiiiniiniceeeee, 75
APPENDIX A: BACKGROUND INFORMATION FOR CHAPTER 2........cccccocviniiaennnn. 76
APPENDIX B: QUANTIFYING THE PERMEABILITY OF FROZEN SOILS USING

X-RAY COMPUTED TOMOGRAPHY SYSTEM AND IMAGE ANANYLSIS

TECHNIQUES ...ttt ettt sttt e 84
B.1 X-ray Computed Tomography (CT) Technique ..........cccccceeviierieniienieeieeieeieene 84
B.2 Image Analysis TEChNIQUE .........cccuieiiiiiiieiieie e 86
B.3 Results and DiSCUSSION. ......ciuiriiiirierieeieriterteeie sttt sttt 89
B4 CONCIUSIONS ...ttt sttt ettt s 91
B4 RETEICIICES ...ttt sttt 93
APPENDIX C: BACKGROUND INFORMATION FOR CHAPTER 3.......cccooiiiiniiennne 94
C.1 SCS-CN MEthOd .....cviiiiiiiiiiiiieeteeeeee ettt s 94
C.2 SBUH- MethOdOIOZY ......eeeiieiiiiiieiieeiiesie ettt et 102
C.3 Eastern Washington Long and Short Durations Design Storm Events.................. 104
C.4 Rain-on-Snow and Snowmelt Design Considerations ..........c..ccoceeveerveneenuenieenene 111
C.5 RETETEINCES ...ttt ettt ettt ettt et e st eesaeeenne 116

APPENDIX D: LONG DURATION HYETORAPH FOR CITY OF SPOKANE,

WASHINGTON .ottt st e 122
APPENDIX E: FLOWMETER AND CONTROLLER SCRIPT FILE ......cccccecieviiiiiinnns 124
APPENDIX F: CALIBRATING THE SCS-CN FOR THE TEST PLOT ......ccccoecviriiiennns 126

APPENDIX G: CALCULATED RUNOFF HYDROGRAPHS USING THE
CALIBRATED PARAMETER, A ..oooiiiiiiiiiiiiieieetceceeceee e 130

APPENDIX H: EAMPLE APPLICATION OF THE PROPOSED MODIFICATION......... 140

viil



Table 2.1.

Table 2.2.

Table 2.3.

Table 2.4.

Table 2.5.

Table 3.1.

Table 3.2.

Table C.1.

Table C.2.

Table C.3.

Table H.1.

LIST OF TABLES

Physical characteristics of soils from Spokane, and Richland sites ....................... 15
Volumetric moisture contents for sandy loam and loam soil ...........c.cccccvveennennnee. 18
Unfrozen soil hydraulic conductivity obtained by air permeameter flow

tests compared to estimates by other empirical approaches ..........c.cccccvveeeveeennenn. 22
Hydraulic conductivities determined by air permeameter flow tests for
unfrozen and frozen loam soil coluMNS ..........coccoeiiiiiiiiiiiiiie 24

Hydraulic conductivities determined by air permeameter flow tests for

unfrozen and frozen sandy loam soil columns............ccceeveieeeciieeiciieeciieeee e 25
Details of input measured parameters for each of the simulated events................. 49
Values of the parameters derived from SBUH method calibration........................ 62
Seasonal rainfall limits for the three antecedent soil moisture conditions............. 97

Characteristics of the modified Type IA storm hyetographs used in each
FC< 4 (o) 1 TSRS 108
Adjustment factor based on the climatic characteristics of selected cities
in Eastern Washington using the method proposed by WDOE (2004) ............... 115
Percent change in the required facility area for different assigned values

of initial abstraction StOrage ratio, A ......c.cccceereeeriieriieeiiienieeieeiee e e eve e 143

X



Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 3.1.

Figure 3.2.

Figure 3.3.

Figure 3.4.

Figure 3.5.

LIST OF FIGURES

Grain size distribution for soils collected from two highway BMPs in

Spokane and Richland, WA ...........ccciiiiiiiei e 15
Soil column placed in an INSUIAtION CASE .....cc.eeeiieriieiiieiieeiieeee e 17
Air permeability flow test setup for measuring soil hydraulic

CONAUCTIVILY . .tieitieiie ettt ettt ettt et et e et e ebeeesbeeseeesbeebeessseenseesnseenne 19
Average hydraulic conductivity for the unfrozen and frozen loam soil

COIUMNS, SPOKANE STLE....c.veiieiieiiiiiieiieeieeeie ettt et ettt eseesaaeeaee e 26
Average hydraulic conductivity for the unfrozen and frozen sandy

loam soil columns, RIChIANA SITE ......evvvviiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 26
Correction factors relationship with soil-water redistribution times for

the 10amM SOTL.......oiiiiiiiii e 30
Correction factors relationship with soil-water redistribution times for

the sandy 10am SOLL.........cooiiiiiiii e 30
Rainfall simulator and plot frame Set Up.........ccceevueeviiiiiiiniiiiieeceeeee, 43
The long duration rainfall hyetograph for the city of Spokane,

Washington and Surrounding area ...........cocceeeevvereeneeieneenenieneeeeeeseeee e 45
Flow meter and controller in connection with a laptop computer for

applying controlled rainfall intensity on the test plot .........ccccoeceeiiniiiiinnnee 46
Tipping Bucket equipped with Onset Hobo data logger for runoff

TNEASUTEITIETIE ...ttt ettt ettt st e e st e bt e st e beeser e e b e sateesbneeeneesnneeneenanees 47
The pattern of rainfall input during event 1 and the calculated versus

measured runoff hydrographs from this event...........ccoccoeiieiiiiiiininniecee, 50



Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

Figure 3.14.

Figure 3.15.

Figure 3.16.

The pattern of rainfall input during event 2 and the calculated versus
measured runoff hydrographs from this event...........cccocoevienieiiiiniiiciienieee.
The pattern of rainfall input during event 3 and the calculated versus
measured runoff hydrographs from this event............ccccoevierieiiiiniinecieenieeen,
The pattern of rainfall input during event 4 and the calculated versus
measured runoff hydrographs from this event...........cccoceevienieiciinieniieenieeee
The pattern of rainfall input during event 5 and the calculated versus
measured runoff hydrographs from this event............ccocoeeierieniieninecieenieeee
The pattern of rainfall input during event 6 and the calculated versus
measured runoff hydrographs from this event...........ccocceevienieicienineciierieeee
The pattern of rainfall input during event 7 and the calculated versus
measured runoff hydrographs from this event............ccccoevienieiiienineieecieeen,
The pattern of rainfall input during event 8 and the calculated versus
measured runoff hydrographs from this event...........ccoccoeiieiiiiiiiniiiiiicee,
The pattern of rainfall input during event 9 and the calculated versus
measured runoff hydrographs from this event...........ccoccoevieiiiiiiininiiieeee,
The pattern of rainfall input during event 10 and the calculated versus
measured runoff hydrographs from this event...........ccoccoeiieiiiiiiniiiiieeee,
The pattern of rainfall input during event 11 and the calculated versus
measured runoff hydrographs from this event...........ccoccoeiieiiiiiiniiiieeee,
The pattern of rainfall input during event 12 and the calculated versus

measured runoff hydrographs from this event...........ccoccoeiieiiiiiiniiiiieeee

X1



Figure 3.17. The pattern of rainfall input during event 13 and the calculated versus

measured runoff hydrographs from this event............coocoevienieiiiininiciieieee, 56
Figure 3.18. The pattern of rainfall input during event 14 and the calculated versus

measured runoff hydrographs from this event............ccoceevienieiiiinieniieneeen. 56
Figure 3.19. The pattern of rainfall input during event 15 and the calculated versus

measured runoff hydrographs from this event...........cccoceevierieiiiininicieenieeen, 57
Figure 3.20. The pattern of rainfall input during event 16 and the calculated versus

measured runoff hydrographs from this event............ccoceevienieiiiiniiicieenieeen, 57
Figure 3.21. The pattern of rainfall input during event 17 and the calculated versus

measured runoff hydrographs from this event...........cccocevvierieiiieninicieerieeee 58
Figure 3.22. The pattern of rainfall input during event 18 and the calculated versus

measured runoff hydrographs from this event............ccocoevienieiiiininniieeieeen, 58

Figure 3.23. The pattern of rainfall input during event 19 and the calculated versus

measured runoff hydrographs from this event...........ccoccoeiieiiiiiiiniiiiiiee, 59
Figure 3.24. Spreadsheet layout used to obtain the calculated runoff hydrograph.................. 60
Figure 3.25. Calculated versus observed initial abstraction storage ratio, A .........cccccecvevueenen. 65

Figure 3.26. Percent change in the required treatment facility area based on the
assigned A used in the design runoff volume computation...........c.cccceeeveennennnee. 66
Figure B.2. WACXIT X-ray CT machine with a soil column section placed in it................. 85

Figure B.2. X-ray CT image of rock with three drilled holes filled with ice, water

Figure B.3. X-ray CT image of frozen soil column: a) XY plane, b) XZ plane.................90

Xii



Figure B.4. Vertical air void distribution within the different sections of a frozen

Figure C.1.

Figure C.2.

Figure C.3.

Figure C.4.

Figure C.5.

Figure C.6.

Figure C.7.

Figure F.1.

Figure F.2.

Figure F.3.

Figure G.1.

SOLL COIUMMNL. ..ot 91
Delineation of the four climatic regions in Easter Washington........................ 105
Short Duration Storm Hyetograph for Regions 1-4 in Eastern

WASHINGEON ...ttt ettt e et s aae e e eeeas 106
Example 72-hour Long Duration storm hyetograph for a 6 month-24

hour precipitation amount of 0.77 in for Spokane City .........ccoeceeveriinernenne. 107
Modified Type IA storm Applied to a 24 hour 6-month return period

design storm for Wenatchee city, Region 14...........cccoociieiieniiiiiiniieeeee, 109
Modified Type IA storm Applied to a 24 hour 6-month return period

design storm for Richland city, Region 77 .........ccccoovuieiiiniiiiniiniieieeieeeeee, 109
Modified Type IA storm Applied to a 24 hour 6-month return period

design storm for Spokane city, Region 7.........ccccccveviieiiiniiieniiniieieeeeeeee, 110
Modified Type IA storm Applied to a 24 hour 6-month return period

design storm for Colville city, Region 13 .......ccccooeiiiniininiiniiiceneceeeee 110
Measured and calculated plot runoff for control run 1 (S = 1.56%)

where a) before calibration CN = 98, b) after calibration CN =93 ................. 127
Measured and calculated plot runoff for control run 1 (S = 3.13%)

where a) before calibration CN = 98, b) after calibration CN =96.................. 128
Measured and calculated plot runoff for control run 1 (S =4.69 %)

where a) before calibration CN = 98, b) after calibration CN =99.................. 129
Measured versus calculated runoff hydrographs using calibrated A for

EVEINE L i e et e e e e e e et ——ae e e e e e et ——————evaannn_, 130

Xiil



Figure G.2.

Figure G.3.

Figure G.4.

Figure G.5.

Figure G.6.

Figure G.7.

Figure G.8.

Figure G.9.

Figure G.10.

Figure G.11.

Figure G.12.

Measured versus calculated runoff hydrographs using calibrated A for
EVEIIE 2 1ottt ettt ettt e ettt et e et e e et e e et e e ettt e eabe e e sareeeae
Measured versus calculated runoff hydrographs using calibrated A for
BVEINE 3ottt et ettt ettt enees
Measured versus calculated runoff hydrographs using calibrated A for
EVEIIE 4.ttt ettt et et ettt e st e e ettt e eaae e e earee e

Measured versus calculated runoff hydrographs using calibrated A for

Measured versus calculated runoff hydrographs using calibrated A for
EVEIIE 7 ettt et et ettt sttt e e
Measured versus calculated runoff hydrographs using calibrated A for
EVEINIE 8.ttt ettt et ettt et e et e e ettt e eabe e e sareeea
Measured versus calculated runoff hydrographs using calibrated A for
EVEINL O oot
Measured versus calculated runoff hydrographs using calibrated A for
EVENTE 10t e e
Measured versus calculated runoff hydrographs using calibrated A for
EVENL L1 .ot

Measured versus calculated runoff hydrographs using calibrated A for

xXiv



Figure G.13. Measured versus calculated runoff hydrographs using calibrated A for

BVt L3 et

Figure G.14. Measured versus calculated runoff hydrographs using calibrated A for

EVENE L oottt e e e e e ettt ee e e e e e et ea s e eeseeenana

Figure G.15. Measured versus calculated runoff hydrographs using calibrated A for

BV It L et

Figure G.16. Measured versus calculated runoff hydrographs using calibrated A for

EVENE L0ttt e e e e e e ettt e e e e e e e et ee e aeseeerena

Figure G.17. Measured versus calculated runoff hydrographs using calibrated A for

Figure G.18. Measured versus calculated runoff hydrographs using calibrated A for

EVENE L8 ittt e e e et ettt eee e e e e e et e et e aeseeerana

Figure G.19. Measured versus calculated runoff hydrographs using calibrated A for

EVEIIE 10 e e e

XV



Dedication

This dissertation is dedicated to my mother and father

for their unconditional love and support

xvi



CHAPTER ONE
INTRODUCTION AND OVERVIEW

1.1 INTRODUCTION

As urban development increases, the percentage of impervious surfaces increases,
thereby reducing infiltration quantities and increasing runoff volumes. Reduced infiltration
and increased runoff can cause many adverse impacts including increased flooding and
erosion of stream banks as well as the increased likelihood that the runoff will become
contaminated with pollutants that may threaten the aquatic ecosystem (Urbonas and Stahre,
1993; Booth and Jackson, 1997; NRDC, 1999). To mitigate these impacts, stormwater runoff
treatment Best Management Practices (BMPs) are often used (Young et al., 1996; USEPA,
1999; MPCA, 2000; ASCE, 2000, 2001). Runoff treatment is achieved in these facilities by
physical, biological and chemical removal mechanisms. The design of treatment BMPs is
usually based on either the water quality design flow rate (Flow Control facilities) or the
water quality design runoff volume (Volume facilities) (WDOT, 1993, 2004; FHWA, 2005).
Types of treatment BMPs include ponds, wetlands, infiltration systems, filtering systems and
open channel systems (Yu et al., 1994; Strecker et al., 2002, 2004; NCHRP, 2006).

Appropriate BMP selection involves several site-specific factors including impact
area, soil type, available highway right-of-away area, community and environmental factors,
expected pollutant concentration, precipitation characteristics, and nature of the receiving
waters (USEPA, 2004). Once these factors have been evaluated, the preferred BMP type will
be chosen based on overall cost effectiveness. Designing BMPs properly is essential to
achieve the required levels of treatment with minimum construction costs, few maintenance

requirements, and effective design lives.



In semi-arid regions, many new developments rely on infiltration treatment BMPs for
managing excess stormwater runoff volumes. Infiltration treatment BMPs are impoundments,
typically basins, trenches, or porous pavements that serve the dual purpose of removing
pollutants from stormwater and recharging the groundwater (USEPA, 1999). These facilities
are usually designed to handle the entire runoff volume generated from the contributing
drainage area (WSDOT, 2004). Design runoff volumes are computed from design storms
(e.g., the 24-hour SCS Type 1A storm) and appropriate return frequencies (e.g., 6-month
return period) using a single event hydrograph method (WDOE, 2004; WSDOT, 2004).
These outflow hydrographs are combined with estimated infiltration rates to determine the
sizes and geometries of infiltration facilities such that the BMPs fully dewater the design
volumes within a specified time (e.g. 24 hours) after storm events cease. Although many
single event models are available, most of the parameters used in these models were
developed for warm-weather climates subject to summertime rainfall events. For example,
the Santa Barbara Urban Hydrograph (SBUH) methodology is a popular single event runoff
model that was originally developed for warm or moderate climates but is nevertheless used
almost exclusively for modeling stormwater facilities in many areas where cold climates
prevail such as Eastern Washington, Minnesota, and Oregon (MPCA, 2000; Taylor and
Gangnes, 2004; WDOE, 2004). The SBUH model applies the U.S. Soil Conservation Service
Curve Number (SCS-CN) equations to an approach that determines the runoff hydrograph
(SFWMD, 1994; Tsihrintzis and Hamid, 1997; WSDOT, 2004). Applying this method using
the standard parameters (e.g. the initial abstraction ratio, I,/S) developed in the original SCS-
CN equation for surface runoff volume does not account for the effect of storms likely to

occur in cold climate regions.



Cold climate regions are identified as those that have average daily maximum
temperature of 35°F or less during January, a growing season of less than 120 days, and mean
annual snowfall greater than 3 feet (Caraco and Claytor, 1997). Cold climate conditions
introduce new challenges to the selection, design and maintenance of stormwater treatment
BMPs (WDOE, 2004). Among these challenges are: reduced soil infiltration due to the
presence of soil frost, frozen pipes due to cold temperatures, and high runoff volumes during
snowmelt and rain-on-snow events. These challenges can cause significant impacts on the
performance of stormwater BMPs that use infiltration as a mitigation strategy and thus it is
important to adjust traditional design criteria to make them effective in cold regions (Caraco
and Claytor, 1997).

In response to these concerns, this research explores the impact of cold climates on
the performance of infiltration treatment BMP facilities. This research work addresses two
design challenges associated with cold climates and how they affect the water quantity sizing
requirements for infiltration facilities:

1) Reduced soil infiltration due to the presence of soil frost, and

2) High runoff volumes during snowmelt and rain-on-snow events.

Modifications to the design parameters currently used in the analytical approaches for
estimating surface runoff and infiltration rates are proposed to account for the unique
conditions in cold climates and to improve the performance of the infiltration facilities during

the cold periods.



1.2 PROBLEM STATEMENT

The size of existing infiltration facilities currently in use in many areas vulnerable to
cold weather are selected based on a design runoff volume and infiltration rate estimate that
are often determined from model predictions developed for warm weather climates.
However, two of inevitable consequences for cold weather are frozen ground and
precipitation in the form of snow. The presence of frozen ground can inhibit the infiltration
capacity of the soil thus causing increased runoff volumes and decreased infiltration and deep
percolation rates. In addition, the presence of snow on the BMP catchment area at the onset
of a rainfall event can produce increased runoff volumes from snow melting. When
combined with frozen soil conditions, snow melting will fill or saturate the stormwater BMP
prior to an actual design event (WDOE, 2004) thus preventing the stormwater BMP facility
from satisfying the flow control and runoff quality requirements. To account for such cold
conditions, there is a need to improve existing design parameters in the current analytical
approaches used to estimate runoff volumes and infiltration rates to ensure efficient BMP
performance during cold periods. Ultimately, this will require larger, more costly facilities to

achieve the same level of treatment.

1.3 OBJECTIVES

The overall goal of this research is to develop and verify a methodology for
improving the performance of the stormwater infiltration facilities in areas throughout the
world that are vulnerable to cold weather conditions by modifying the existing design

parameters used by engineers for predicting runoff treatment volumes and infiltration rates to



account for the conditions associated with cold climates. This will be accomplished by

achieving two main objectives:

1.

Develop an approach for determining correction factors for infiltration rates to
account for reduced infiltration due to frozen soil conditions, and
Modify the SCS-CN initial storage abstraction ratio to account for increased

runoff volumes caused by snowmelt or rain-on-snow events.

1.4 RESEARCH APPROACH

The following investigational approaches have been used to achieve the objectives of

this project:

1.

Laboratory column experiments were conducted to study the effect soil-water
redistribution time prior to freezing on the hydraulic conductivity reduction of
frozen soils using a constructed air permeameter flow test apparatus.

A rainfall simulator system was designed, constructed and tested to obtain runoff
data from controlled design storm rainfall distributions on snow covering an
impervious plot.

SBUH Model calibration and validation were performed using the measured
rainfall runoff data to determine an alternative A (or 7,/S) value(s) that would be

more applicable for use during rain-on-snow events.

The format of this dissertation presents each of the major research objectives in

separate chapters. This chapter (Chapter 1) presents an overview of the work. Chapter two

presents the background, rationale, procedure and results related to the laboratory



experiments performed to investigate the impact of frozen soil conditions on reducing soil
hydraulic conductivity. The experiment included development of an air permeameter flow
apparatus to measure hydraulic conductivity of 16 frozen soil columns constructed using
soils from two BMPs sites in Spokane and Richland, Washington. The water content and the
allowable redistribution time prior to freezing varied between each of the soil columns to
evaluate the significance of these parameters on permeability reduction. The results obtained
from this experiment were used to develop criteria to guide the selection of an appropriate
correction factor for hydraulic conductivity to incorporate in the design of infiltration
facilities to account for freezing ground conditions in cold regions.

Chapter three presents the background, rationale, procedure and results related to the
construction of a mobile rainfall simulator. The rainfall simulator was used to allow the
application of controlled long-duration design storm rainfall events (in terms of intensity and
duration) on a test plot under different snow depths and plot slopes in order to investigate the
effects of snowmelt and rain-on-snow events on the generated runoff volumes. The
experiment was designed to explore alternatives and modifications to the traditional design
parameters used for estimating the snowmelt runoff volumes and single event hydrographs.

The modeling component involved using the SBUH single event hydrograph method
to calibrate design method parameters. Using measured rainfall/runoff data, the calibration
and verification tasks allowed for modification of the initial abstraction storage ratio to
account for rain-on-snow conditions.

The approaches described were aimed at improving the estimation of runoff volumes
and infiltration rates at which these runoff volumes seep into the subsurface during cold

weather conditions, and not on the water quality aspects. The approaches were proven using



information collected in Eastern Washington. The methodologies developed can be
implemented in any cold climate area to provide better local criteria for BMPs. The specific
results generated by this study provided complementary information to the existing design
criteria described in the Washington Department of Ecology Stormwater Management
Manual for Eastern Washington (WDOE, 2004) and the Washington State Department of
Transportation Highway Runoff Manual (WSDOT, 2004).

Chapter four summarizes the approaches used in this study, the objectives and results
obtained from each of the approaches as well as the conclusion of this research. Because
Chapter two and three are written in journal format, details of the literature review and

calculation procedures are provided in Appendices.
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CHAPTER TWO

IMPACTS OF FROZEN SOILS ON THE PERFORMANCE OF INFILTRATION
TREATMENT FACILITIES

2.1 ABSTRACT

Infiltration treatment best management practices (BMPs) mitigate stormwater runoff
from impervious surfaces, taking advantage of water percolation through soil to remove
pollutants and recharge groundwater. However, in cold regions, frozen soil moisture
negatively impacts infiltration facility performance by reducing available pore spaces for
infiltrating water, causing a significant increase in runoff volumes. To understand the impacts
of frozen soils on hydraulic conductivity rates and to improve infiltration treatment BMP
designs for cold climates, laboratory experiments examined two soil types (loam and sandy
loam) from infiltration treatment facility sites located in the cities of Spokane and Richland,
Washington. Hydraulic conductivity measurements for unfrozen and frozen soil columns
were performed using a developed air permeameter flow test. The time allowed for soil-water
redistribution prior to freezing was varied among the soil columns (t = 2, 4, 8, and 24 hr) to
determine reduction of hydraulic conductivity in frozen soils. Depending on the time allowed
for soil-water redistribution prior to freezing, hydraulic conductivity decreased by 0 to 2
orders of magnitude with depth in the frozen loam soil columns, while it decreased by 1 to 3
orders of magnitude for frozen sandy loam soil columns. For both soils, the minimum
reduction in soil hydraulic conductivity was observed when the soil columns were drained
for a 24-hour prior to the onset of freezing. However, while a 24-hour draining period was
sufficient for the hydraulic conductivity of the loam soil to return to the same order of

magnitude before freezing (10~ cm/s), this draining period was insufficient for the frozen

11



sandy loam soil to regain a hydraulic conductivity similar to the unfrozen soil. Two
regression equations were derived from the results to provide appropriate hydraulic
conductivity correction factors for loam and sandy loam soils to improve BMP design in cold

regions.

Key words: infiltration, frozen soils, stormwater BMPs, hydraulic conductivity

2.2 INTRODUCTION

In cold climate regions, the presence of frozen soils can dramatically influence water
flow processes such as runoff, infiltration and deep percolation. The freezing process blocks
void spaces with ice crystals, which reduce infiltration and storage capacity and
correspondingly increases surface water runoff. This significantly impacts the performance
of stormwater best management practices (BMPs) that use infiltration as a mitigation strategy
and requires appropriate design modifications to increase effectiveness in cold climates
(Caraco and Claytor, 1997).

Numerous studies have investigated the impacts of soil frost and frozen soil on
hydraulic conductivity and infiltration rates using different procedures and techniques
(Takeshi et al., 1985; Seyfried and Murdock, 1997; Zhao and Gray, 1999; Stadler et al.,
2000; Stdhli et al., 2004; Iwata et al. 2008). Although infiltration capacity and hydraulic
conductivity in frozen soils has been shown to be closely linked to soil water content at the
time of freezing (Orlando et al., 1996; Wiggert et al., 1997; McCauley et al., 2000 and 2002;
Bayard et al., 2005), using average values to predict frozen soil infiltration rates can lead to

errors since internal water distribution may interact with the freezing process and influence
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the hydraulic conductivity (Pikul et al., 1996; Seyfried and Murdock, 1997). Limited research
has investigated the importance of soil-water redistribution and the temporal effects of this
process prior to freezing on changes in frozen soil hydraulic conductivity (Butler et al., 1996;
Stéhli et al., 1999).

The internal pore water distribution indicates that water infiltrating through soil
preferentially resides in the largest pores since these regions are under the least amount of
surface tension (Miller, 1973). However, following the infiltration process, this water usually
undergoes a redistribution process that causes water to drain from the soil via gravity and
pressure forces. Water drains more rapidly from the larger pores than the smaller ones,
causing them to become mostly filled with air. Hence, the longer the time available for soil-
water redistribution after infiltration ceases and before the onset of freezing, the more air-
filled pore space will be available for infiltrating water during the next rainfall event. The
information on the available soil-water redistribution time prior to freezing can be used as a
key factor to estimate the reduction in hydraulic conductivity during freezing conditions.
This data is of critical important for selecting the appropriate design infiltration rate when

designing and sizing the required infiltration facility in cold regions.

2.3 OBJECTIVES
The objectives of this study are to:
1) Evaluate the significance of antecedent water content and the differences in time
available for soil-water redistribution prior to freezing on frozen soil

conductivity.
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2) Develop criteria to guide the selection of correction factors for the hydraulic
conductivity values when designing the infiltration facilities to account for

freezing conditions in cold regions.

The first hypothesis is that the time available for water redistribution after infiltration
ceases and before the onset of freezing is the control factor to the soil-water distribution, and
availability of air-filled pore space for infiltrating water during the next rainfall event. The
second hypothesis is that weather conditions are expected to negatively impact the
performance of infiltration treatment BMPs during the cold season. To guarantee effective
performance of these facilities during the cold season, a correction factor should be applied
to the design value of hydraulic conductivity. Local conditions from Eastern Washington

were used to test the proposed hypotheses.

2.4 MATERIALS AND METHODS

2.4.1 Soil Properties

Laboratory studies were conducted using re-compacted soils from two highway BMP
field locations in eastern Washington near the cities of Richland and Spokane. The grain size
distributions of the two soils were determined using sieve analysis technique (Figure 2.1).
The Spokane and Richland soils were classified according to the Soil Taxonomy (USDA,
1975) as loam and sandy loam, respectively. Infiltration is considered the primary function of

both facilities. The physical properties of the two soils are summarized in Table 2.1.
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Figure 2.1. Grain size distribution for soils collected from two highway BMPs in Spokane

and Richland, WA.

Table 2.1. Physical characteristics of soils from Spokane, and Richland sites.

Site Soil Sand Silt Clay Bulk Particle  Porosity,
Location Type Content  Content  Content  Density, Density, n (%)
(%0) (%0) (%0) Pb Ps
(g/em?) (g/em?)
Spokane  Loam 47.50 33.8 18.8 1.63 2.67 0.43
Richland  Sandy 67.5 20 12.5 1.69 2.65 0.36
loam
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2.4.2 Soil Columns Preparation

The soil was dried in an oven at 105°C (221 °F) until it reached a constant weight and
subsequently cooled to room temperature in preparation for the column experiments. The
soils were packed into a polyvinylchloride (PVC) cylinder with a 10.2 cm (4 in) inner
diameter and 45 cm (18 in) length. Based on the cross-sectional area of the soil column and
the bulk density of each soil (listed in Table 2.1), the weights of oven-dried soil necessary to
fill 5 cm (2 in) segments of the column were calculated. The weighed soils were then placed
into the soil column and packed to depth of 5 cm (2 in) to maintain constant bulk density
along the soil column. Four soil columns were constructed for each soil type. In order to
assess the significance of the time available for soil-water redistribution prior to freezing on
the hydraulic conductivity reduction at different depths along the soil column, each soil
column was built in three sections (each 15 cm in length) with a very thin mesh separating
each consecutive section, and a steel mesh with larger thickness glued to the bottom of the
lower section to hold the soil. The impact of the separating mesh on infiltration was
examined and determined to be insignificant. For each soil type, the tops of the columns were
irrigated with equal volumes of water at room temperature and then drained for different
period of time (t = 2, 4, 8, and 24 hr) to obtain different profiles of water content prior to
freezing conditions. The volume of water drained from the bottom of each soil column at the
end of each time was measured and the final water content of each soil column was
calculated. The volumetric moisture contents of the soil columns of each soil type are listed
in Table 2.2. Each soil column was then placed in a Styrofoam insulation case that was 5-cm
thick on the sides and bottom and then stored in a freezer for 4 to 6 days at a temperature

below the freezing temperature (Figure 2.2). This was done to ensure that freezing initiated at
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the top surface of the soil column and freezing front propagated downward through each soil
column as would be the case in the field. After complete freezing, the conductivity of each
soil column was measured by conducting an air permeameter flow test. Detailed description
of the air flow experiment is presented in the next section. In addition to the air permeameter
flow test for hydraulic conductivity measurement of each of the soil columns, an attempt was
made to visualize the air void distributions in these sections using x-ray computed
tomography (CT) and image analysis techniques. Details descriptions of the x-ray CT
procedure and the outcomes of this part of the study are provided in Appendix B.

To assure the quality of results and assess potential inherent variations, duplicates
were performed for each of the primary soil columns. Thus, eight soil columns were

constructed for each of the two soils for a total of 16 columns.

Figure 2.2. Soil column placed in an insulation case.
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Table 2.2. Volumetric moisture contents for sandy loam and loam soil.

Column Soil-water Volume of Volume of Volumetric
Label redistribution ~ water-applied, water-drained, = moisture content,
time, T (hr) Vi (ml) Vi (ml) 0 (%)
Sandy loam soil
2A 2 1343 500 23
2B 2 1343 500 23
4A 4 1343 380 26
4B 4 1343 360 27
8A 8 1343 340 27
8b 8 1343 293 28
24A 24 1343 420 25
24B 24 1343 440 24
Loam soil
2A 2 1611 670 25
2B 2 1611 680 25
4A 4 1611 780 22
4B 4 1611 800 22
8A 8 1611 650 26
8B 8 1611 710 24
24A 24 1611 670 25
24B 24 1611 670 25

2.4.3 Air Permeability Flow Test

This experiment used a stand-alone air permeameter similar to that developed by
Massmann and Johnson (2001) (Figure 2.3). This test was selected because of its suitability
for frozen soils since the permeability of air can be measured without phase changes

occurring inside the media (Seyfried and Murdock, 1997).
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Figure 2.3. Air permeability flow test setup for measuring soil hydraulic conductivity.

To estimate the hydraulic conductivity of each soil column before and after freezing,
the air permeability flow tests were conducted in a cold chamber. The tests were performed
on the top, center and bottom sections of each soil column. For unfrozen soil, the
measurements were performed on each dry-soil column before adding the water. Each
section of the soil column was connecting to clear rigid plastic tubing that was 10.2 cm (4 in)
in diameter and 50.8 cm (20 in) long using a plastic fitting. This lower clear tubing serves as
a pressurized air reservoir. During each test, the top of the soil column section was sealed
using a 10.2 cm (4 in) tubing cap, and the lower tubing section was submerged in a container
of water at 4°C (39.2 °F). When the valve in the sealing cap was opened, air flowed upward
through the soils in the upper section as water rose and displaced the trapped air in the lower
section. The head of the air in the lower tubing (Hy) was measured before the valve was

opened using a measuring tape. The time for water to rise inside the lower tubing was
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recorded using a stop watch. H; was measured when the timer was stopped. The head of the
air changed from Hy to H; as a function of time (t) in the clear plastic tubing. The air

conductivity was computed using the following relationship (Massmann and Johnson, 2001):

| Pair L _
K, = [ o j—(tl _to)ln(Ho H,) (1)

where L is the soil column length [L], H,-H; [L] is the head fall during the time #;-¢, and p,
and p,, are densities of air and water [M/L’], respectively.
The conductivity of air was then used in the following equation to determine the

saturated water conductivity (Massmann et al., 2003):

K, = Hair P K. )
ﬂwpair

where K,, is the hydraulic conductivity [L/T], u,is the dynamic viscosity of the water at the
test temperature [M/T-L], and p,, is the water density [M/L"].
For each section of the unfrozen and frozen soil columns, the air conductivity test was

repeated until a minimum of five consistent measurements were obtained.

2.5 RESULTS AND DISCUSSION

Air permeability flow tests were performed on the top, center and bottom sections of
each soil column before and after freezing. Different times were allowed for soil-water
redistribution prior to freezing to provide a variety of scenarios that may be encountered in
the field. The soil columns were considered completely frozen after being in the freezer for 4
to 6 days, hence the frost depth was considered equal to 45 cm (18 in) for each of the soil

columns.
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For unfrozen soils, results indicate that average hydraulic conductivities varied
minimally between the sections of each soil column as well as between the primary and
duplicate unfrozen soil columns of each soil type. For the loam soil, measured hydraulic
conductivity values for unfrozen soil columns and their duplicates varied from 1.9E-03 cm/s
(7.5E-04 in/s) to 6.71E-03 cm/s (2.6E-03 in/s) with a geometric mean of 3.56E-03 cm/s
(1.4E-03 in/s). For the sandy loam soil, measured hydraulic conductivity values for unfrozen
soil columns and their duplicates varied from 2.27E-03 cm/s (8.9E-04 in/s) to 7.37E-03 cm/s
(2.9E-03) with a geometric mean of 4.55E-03 cm/s (1.8E-03 in/s).

The hydraulic conductivity measurements for unfrozen soils were compared to
hydraulic conductivity estimated by other empirical approaches. Details of the empirical
approaches are presented in Appendix A. Results of the comparison are listed in Table 2.3.
This table shows that the different approaches resulted in rather different ranges of soil
hydraulic conductivity that are orders of magnitude different. This variation in hydraulic
conductivity values can be explained by the different assumptions associated with each of
these empirical approaches as well as the differences in the input data used for predicting the

hydraulic conductivity in each equation.
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Table 2.3. Unfrozen soil hydraulic conductivity obtained by air permeameter flow tests

compared to estimates by other empirical approaches.

Hydraulic Conductivity ~ Hydraulic Conductivity

Equation K (cm/s) K (cm/s)
Loam Sandy loam

Equation 3.A* 9.00E-02 1.00E-02
Equation 5.A° 2.01E-05 2.45E-05
Equation 7.A ¢ 5.55E-02 1.74E-02
Equation 8.A d 7.24E-03 2.14E-03
Equation 13.A ¢ 3.56E-03 4.55E-03

"Hazen (1911), "Rawls and Brakensiek (1985), ¢ Massmann et al., (2003), “ Kozeny-Carman (in
Bear 1990), °Air Permeameter flow Test.

The effect of the time allowed for soil-water redistribution prior to freezing on the
hydraulic conductivity of the frozen loam and sandy loam soils is illustrated by data
presented in Table 2.4 and Table 2.5, respectively. Results of the tests for the primary loam
soil columns and their duplicates are provided in Table 2.4. Results of the tests for the
primary sandy loam soils and their duplicates are presented in Table 2.5. These tables
illustrate variability exists for hydraulic conductivity values among the primary and duplicate
soil columns of same redistribution time. This variability can be attributed to inherent
differences in tourtuosity and connectivity of pores in the individual soil columns. However,
the overall response and hypothesis with respect to redistribution time was verified in the
duplicates.

The effect of the available time for soil-water redistribution prior to freezing on the

conductivity of frozen soil was also demonstrated with Figures 2.4 and 2.5. Figure 2.4

22



compares the primary and duplicate test results for loamy soils, and illustrates the range of
hydraulic conductivities measured for those columns before and after freezing. Similarly,
Figure 2.5 compares the primary and duplicate test results for sandy loam soil columns, and
illustrates the range of hydraulic conductivities measured for those columns before and after
freezing. The results reveal that the time allowed for soil-water redistribution has a strong
influence on hydraulic conductivity values in frozen soils. Short soil-water redistribution
times resulted in considerable decreases in hydraulic conductivity for all sections in each soil
column. For example, the hydraulic conductivities of the loam soil columns that were drained
for only two hours prior to freezing decreased one to two orders of magnitude. On the other
hand, increasing the allowable time for soil-water redistribution before the onset of freezing
resulted in less reduction in the hydraulic conductivity of the frozen soil column across
depths especially in the top section (0-15 cm depth). Moreover, as sufficient time passed
between infiltration and the onset of subzero temperature, the frozen soil columns started to
exhibit the same behavior as the unfrozen soil columns with respect to hydraulic conductivity
in all sections. However, while a 24-hour period appeared to be sufficient for the hydraulic
conductivity of the frozen loam soil to return to the same order of magnitude as its value
before freezing, the sandy loam soil appeared to require more than 24-hour of draining prior

to freezing in order to behave the same as unfrozen soil (Figure 2.5).
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Table 2.4. Hydraulic conductivities determined by air permeameter flow tests for unfrozen

and frozen loam soil columns.

Average hydraulic

conductivity, K+c K (cm/s)

Unfrozen soil

Average hydraulic

conductivity, K+c K (cm/s)

Frozen soil

Column D{lﬁlilrr;aege Section
Label (hr) Label
Loam soils
B
2A 2 C
T
B
2B 2 C
T
B
4A 4 C
T
B
4B 4 C
T
B
8A 8 C
T
B
8B 8 C
T
B
24A 24 C
T
B
24B 24 C
T

2.14E-03+6.98E-04
3.77E-03+1.06E-03
4.04E-03+1.72E-03

2.13E-03+6.86E-04
3.76E-03+1.75E-03
4.25E-03+1.58E-03

2.62E-03+1.03E-03
2.73E-03+1.10E-03
2.79E-03+1.08E-03

4.63E-03+2.16E-03
4.15E-03+1.84E-03
4.82E-03+1.34E-03

3.25E-03+6.99E-04
1.90E-03+2.65E-04
2.95E-03+4.19E-04

2.67E-03+3.83E-04
4.38E-03+1.66E-03
6.71E-03+6.34E-04

2.79E-03+1.34E-03
3.90E-03+2.07E-03
5.93E-03+1.76E-03

3.31E-03+1.22E-03
3.16E-03+1.10 E-03
2.78E-03+2.70E-03

4.35E-05+1.49E-05
3.66E-04+2.22E-05
4.74E-04+9.32E-05

1.76E-05+1.35E-05
5.72E-05+5.14E-06
1.36E-04+2.98E-05

8.26E-05+8.19E-06
1.40E-03+4.61E-04
2.20E-03+4.71E-04

1.62E-04+5.46E-05
1.15E-04+3.55E-05
7.44E-04+1.77E-04

1.50E-04+4.05E-05
1.45E-03+1.16E-04
2.41E-03+1.81E-04

1.34E-04+2.44E-05
1.51E-03+2.31E-04
2.82E-04+6.17E-05

1.74E-04+2.28E-05
1.41E-03+4.15E-04
1.09E-03+2.47E-04

1.29E-03+1.70E-04
1.32E-03+1.48E-04
1.13E-03+1.06E-04

A stands for the primary soil columns

B stands for the replicates soil columns
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Table 2.5. Hydraulic conductivities determined by air permeameter flow tests for unfrozen

and frozen sandy loam soil columns.

Column
Label

Drainage
Time
(hr)

Section
Label

Average hydraulic

conductivity, K+c K (cm/s)

Unfrozen soil

Average hydraulic

conductivity, K+c K (cm/s)

Frozen soil

Sandy Loam soils

2A

2B

4A

4B

8A

8B

24A

24B

2

24

24

= 0O ® 0@ O @

- 0OW@

—0Om@

0O

5.86E-03+5.73E-04
4.67E-03+4.90E-04
5.04E-03+3.58E-04

2.64E-03+1.25E-04
2.55E-03+1.59E-04
2.57E-03+3.82E-04

5.74E-03+8.73E-04
6.89E-03+1.02E-03
7.37E-03+2.82E-03

4.49E-03+1.04E-03
5.15E-03+1.66E-03
4.75E-03+1.74E-03

4.70E-03+1.48E-03
5.36E-03+1.67E-03
7.03E-03+1.62E-03

5.60E-03+2.83E-03
4.43E-03+1.50E-03
4.72E-03+1.14E-03

3.35E-03+2.76E-04
3.59E-03+1.18E-04
4.62E-03+5.11E-04

2.98E-03+2.06E-04
2.89E-03+3.50E-04
2.27E-03+7.60E-05

1.70E-04+9.35E-06
1.24E-04+1.61E-05
1.98E-05+1.98E-05

2.22E-05+1.16E-06
3.50E-05+1.59E-06
7.60E-05+1.98E-06

7.74E-05+1.16E-05
8.67E-05+£1.27E-05
3.51E-06+7.79E-08

2.44E-05+6.76E-06
5.66E-05+3.58E-05
3.67E-06+1.32E-07

3.30E-05+1.05E-05
4.26E-06+1.66E-06
2.81E-06+5.00E-07

5.95E-05+2.63E-05
2.38E-05+4.43E-06
3.79E-05+1.10E-05

1.56E-04+3.42E-05
2.23E-04+1.53E-04
1.39E-05+6.33E-07

1.49E-04+2.51E-05
1.34E-04+2.68E-05
1.63E-05+7.11E-07

A stands for the primary soil columns

B stands for the replicates soil columns
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Figure 2.4. Average hydraulic conductivity for the unfrozen and frozen loam soil

columns, Spokane site.
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columns, Richland site.
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Variations in hydraulic conductivity rates for frozen loam and sandy loam soils
were attributed to the interference of freezing-induced redistribution phenomenon during
prefreezing and freezing periods (Dirksen and Miller, 1966). Since the freezing initiated
at the top surface of the soil column and freezing front propagated downward towards the
bottom of the soil column, the soil temperature gradient forces the soil water to move
from the warm end (lower sections of the soil column) towards the cold end (upper
section of the soil column). This upward water movement presumably retards vertical
soil-water distribution, which in turn would retain water in the top sections of the sandy
loam soil. The effect of soil temperature gradient was more significant in the sandy loam
than in loam soil, because the courser soil contains a high percentage of large pores that
hold water weekly bound to the soil by capillary forces (Stephens, 1996). Butler et al.
(1996) also observed the phenomenon of freezing-induced upward water movement in a
field lysimeter experiment and provided a detailed illustration of the phenomena.

The experimental data was used to establish a correlation between the soil-water
redistribution time and the expected reduction in soil hydraulic conductivity after
freezing. Hydraulic conductivity measurements from the three sections of each soil
column were combined using the harmonic mean to obtain one representative value of
hydraulic conductivity (Kz.:) for each soil column:

d

K pin = W (3)

The correction factor (CF) for each soil column was then computed as the ratio of
the frozen soil hydraulic conductivity to the unfrozen soil hydraulic conductivity. For

each soil type, the correction factors (CF) were plotted versus the allowed soil-water
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redistribution times (¢) as shown in Figures 2.6 and 2.7 to obtain two linear relationships
for loam (Eq.15) and sandy loam (Eq. 16) soils using regression analysis:

CF =0.0101¢+0.0161 4)

CF =0.0003¢+0.0033 (5)
The proposed equations can provide appropriate correction factors for loam and sandy
loam soils to improve infiltration facility design in cold regions.

Based on these results, it is critical to consider the time available for soil-water
redistribution after rainfall ceases and before the occurrence of sub-zero conditions to
select appropriate design infiltration rates when sizing highway BMPs in cold regions. If
historic information on the seasonality of storms indicates that precipitation primarily
occurs at or near the end of winter, then consideration may be less important. However,
the inland Pacific Northwestern U.S. historically experiences rain-on-snow events during
the middle of winter (Ferguson, 2000; Marks et al., 2001), which suggests the necessity

of factoring frozen soil conditions when selecting treatment BMP design parameters.
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2.6 CONCLUSIONS

Air permeameter flow tests were used in this research to obtain hydraulic
conductivity measurements for unfrozen and frozen soils. For the loam soil, measured
hydraulic conductivities ranged from 1.90E-03 cm/s (7.4E-04 in/s) to 6.71E-03 cm/s
(2.64E-03 in/s) prior to freezing, and from 1.76E-05 cm/s (6.9E-06 in/s) to 1.09E-03 cm/s
(4.29E-04 in/s) after freezing. On the other hand, measured hydraulic conductivities for
sandy loam soil columns ranged from 2.27E-03 cm/s (8.94E-04 in/s) to 7.37E-03 cm/s
(2.90E0-03 in/s) prior to freezing, and from 4.26E-06 cm/s (1.68E-06 in/s) to 1.24E-04
cm/s (4.88E-05 in/s) after freezing. The research findings revealed that the reduction in
hydraulic conductivity of frozen soil depends greatly on the time allowed for soil-water
redistribution prior to the onset freezing. The laboratory experiment suggested that
allowing long periods for soil-water redistribution prior to freezing result in less
reduction in soil hydraulic conductivity after freezing.

In addition, results showed that if a 24-hour period is allowed for soil-water
redistribution before the onset of freezing, frozen loamy soils will behave the same as
unfrozen soil in respect to hydraulic conductivity. Examining draining times longer than
24-hour would allow more accurate estimation of the threshold soil-water redistribution
time after which the frozen sandy loam soil would start to behave as when unfrozen with
respect to hydraulic conductivity. On the other hand, this study revealed that the soil
texture has a significant effect on soil-water redistribution behavior during the freezing
process due to differences in pore size distribution, and therefore it should be considered

when estimating the hydraulic conductivity of frozen soils.
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The regression equations developed for the loam and sandy loam soil allow
designers to estimate an appropriate correction factor for soil hydraulic conductivity for
frozen ground conditions if historic climate data indicates a need when sizing treatment

infiltration facilities.
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CHAPTER THREE
Assessment of the SCS-CN Initial Abstraction Ratio for Predicting Runoff Treatment

Volumes during Rain-on-Snow Events

3.1 ABSTRACT

The initial abstraction ratio (,/S) in the SCS-CN equation for surface runoff volume
is generally assumed to be 0.20. However, mounting evidence indicates that the /,/S ratio is
typically less than 0.20 and is not constant but rather varies from storm to storm and from
watershed to watershed. The impacts on runoff prediction are considerable particularly in
semi-arid climates where typical 6-month design storms are less than 1 inch of total effective
precipitation. Furthermore, in cold climates, the presence of snow cover at the onset of
rainfall influences the abstraction ratio and increases runoff volumes due to the rapid snow
melting. In addition, frozen soil conditions can significantly impact this ratio by limiting the
near surface pore-volume available for initial abstractions. In this study, we investigated the
validity of the currently used 0.20 initial abstraction ratio in semi-arid cold climate regions
where most design storm runoff events are generated as a result of rain-on-snow events with
frozen ground conditions. To accomplish this, a rainfall simulator system was developed to
simulate rainfall on a 1.22 m wide x 2.44 m long plot. The programmable rainfall simulator
produced rain intensities and durations according to the design hyetographs encountered in
semi-arid cold regions. The artificial rainfall intensities were less than 3.5 mm/hr and were
simulated under different snow depths (2.0-10.0 cm) and plot slopes (1-5%). An alternative
methodology for assigning /,/S ratios for use in semi-arid climates has been developed. An
example case study for application in Eastern Washington regions subjected to cold weather

conditions was used to demonstrate the utility of the methodology. The new methodology
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provides an easy way to improve the designer estimate of the initial losses during rain-on-

snow events and more accurately determine runoff design volumes.

Keywords: stormwater management, curve number, SBUH method, rainfall simulator.

3.2 INTRODUCTION

Increased stormwater runoff as a result of urbanization generates both quantity and
quality concerns. Studies have concluded that increased stormwater runoff causes eroded
stream banks, channel instability, increased turbidity and pollution, and increased
downstream flooding (Booth and Jackson, 1997; NRDC, 1999). These effects can have
adverse impacts on fish and other organisms living in the stream and the receiving waters
(NYSDEC, 1992; USEPA, 1995; USGS, 1995). Infiltration treatment best management
practices (BMPs) are designed to reduce these impacts by retaining surface runoff volumes
and allowing them to infiltrate into the ground thereby reducing both pollutant loading and
peak stream discharges.

Designs of infiltration treatment BMPs are generally based on runoff volume
computed from a prescribed precipitation event (e.g., the 24-hour SCS Type 1A storm) with
a return frequency (e.g., 6-month) using a single event hydrograph model (WDOE, 2004;
WSDOT, 2004). Many single event hydrograph models are available for computing the
design runoff volumes. One widely used single event model is the Santa Barbara Urban
Hydrograph (SBUH) model (Stubchaer, 1975). This model applies the U.S. Soil
Conservation Service Curve Number (SCS-CN) equations to an approach that determines the

runoff hydrograph (SFWMD, 1994; Tsihrintzis and Hamid, 1997; WSDOT, 2004). Based on
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the computed design runoff volume, the size of the infiltration facility is selected so that it
captures and treats a target percentage (e.g., at least 90 %) of the annual runoff volume
(WDOE, 2004).

The abstraction ratio (/,/S), defined as the ratio of the initial losses (/,) to the
maximum possible losses (S), in the original SCS-CN equation was developed based on
actual watershed data from 24-hour duration storms and was fixed at a nation-wide average
value of 0.20 (Plummer and Woodward, 1998). This approach does not allow for
regionalized values based on geologic and climatic settings (Ponce and Hawkins, 1996). In
addition, more recent research on the SCS-CN method has shown that the 7,/S ratio is not
constant and that the assumption of 7,/S = 0.20 is usually high (Hawkins et al., 2003;
Schneider and McCuen, 2005). Furthermore, the applicability of 7,/S = 0.20 to storm
durations other than 24-hours is uncertain.

In this work, we examined the applicability of the originally developed abstraction
ratio of 0.20 for long storm durations likely to occur in semi-arid cold climates where a
considerable amount of annual precipitation falls in the form of snow. Snowfalls represents
an important source of water in these regions since runoff generated from snow melting and
rain-on-snow events play a major role in recharging ground water and replenishing surface
water storage (USACE, 1998). However, such events can cause problems because of the
increased runoff volumes generated from snow melt which can in turn fill or saturate the
stormwater BMP prior to an actual design event (WDOE, 2004). If soils are frozen, runoff
quantities associated with such events may cause significant flooding, erosion, and
sedimentation in reservoirs. In addition, the presence of snow on the ground at the onset of

rainfall does not account for the additional losses likely to occur and may therefore
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underestimate the runoff hydrograph response time and the size of the required treatment
facility. Based on these facts, the critical runoff event may be caused by these unique
conditions, and therefore it may be more appropriate to use snowmelt events for the design of
BMPs rather than the design rainfall events (USDA, 2004).

In many cold regions, under designed facilities may fail to achieve required treatment
targets. Thus there is a need for reexamining the initial abstraction term during long duration,
cold climate storms. To achieve this goal, an application case study using data collected in
Eastern Washington was used to modify the existing design variables in the model,
specifically the initial abstraction ratio (/,/S) to account for cold weather conditions related to

frozen ground and snow considerations including rain-on-snow and snowmelt events.

3.3 OBJECTIVES
The overall objectives of this work are to:

1) Assess the prediction errors resulting from using the traditional initial
abstraction ratio in the SCS-CN equation to determine runoff volume for
BMPs design in semi-arid cold climates,

2) Develop a new initial abstraction relationship for use in semi-arid cold
climates by performing SBUH model calibration using measured rainfall
runoff data from simulated rain-on-snow events.

3) Create an example case study for Eastern Washington to demonstrate the
design impacts of more accurate runoff volume estimates generated from the

long duration storms.
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3.4 BACKGROUND THEORY
The SCS-CN method was derived analytically in the late 1950’s by the former Soil
Conservation Service (USDA-SCS, 1985), now the Natural Resources Conservation Service

(NRCS). The derived equation takes the following form:

_(P-1)

Q_P—Q+S

(D

where Q is the direct runoff depth [in], P is the event rainfall depth [in], /, is the initial
abstraction that occurs before the start of runoff including evaporation, evapotranspiration,
interception, surface depression, and initial infiltration losses [in], and S is the potential
maximum storage [in] defined as the maximum possible difference between P and Q that can
occur for the given storm and watershed conditions (Woodward et al., 2002). When
multiplied by the contributing drainage area, a runoff volume is generated.

For convenience in practical application, the parameter S was mapped into a
dimensionless parameter CN, the curve number, which varies according to land use/cover,
soil type, and antecedent moisture condition from 0 (no runoff) to 100 (all rainfall becomes
runoff). The chosen relationship is:

Szm_lo )
CN

The I, was defined as the event rainfall required for the initiation of runoff and was
assumed to be equal to some fraction of the maximum potential storage:

1,=2S 3)
Substituting Equation 3 into Equation 1, rearranging the terms, and setting the initial

abstraction value equal to 20% of the storage (i.e., A=0.20) , yields the well known form of

the SCS-CN equation:
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_(P-028)

Q (P+0.85)

for P > 0.2S, Q = 0 otherwise @)

In 1966, the Santa Barbara County Flood Control and Water Conservation District
used the SCS-CN equation to develop the Santa Barbara Urban Hydrograph (SBUH) method
to compute runoff hydrographs for urbanized areas directly without applying the SCS unit
hydrograph method. Since its inception, the method has been widely applied in several single
event models, and it is currently recommended by Washington State Department of
Transportation (WSDOT) for calculating the runoff treatment design volumes or flow rates
of project sites in Eastern Washington. Inputs for the SBUH method include the pervious and
impervious areas of the watershed, time of concentration, runoff curve numbers, soil
characteristics, design storm precipitation and design storm hyetograph for a specific 24-hour
event. Detailed description of computation steps for the SBUH methods can be found in

Appendix C.

Numerous articles have been published concerning the SCS-CN method and several
modifications have been proposed over the years on both the method and its parameters for
more accurate computation of surface runoff volume (Mockus, 1964; Hawkins, 1975, 1978,
1979, 1993, 1998; Linsley et al., 1975; Gray et al., 1982; Hawkins et al., 2005, Perrone and
Madramootoo, 1998; Schneider and McCuen, 2005; Mishra and Singh, 1999, 2003; Mishra
et al., 2003, 2006). However, very few studies have investigated the applicability of the SCS-
CN parameters in cold regions. Among these parameters is the initial abstraction storage ratio
(1,/S). The (1,/S) ratio in the SCS-CN equation is generally assumed to be 0.20. However,
indications are this parameter is not constant but rather varies from storm to storm and from

watershed to watershed. Moreover, the value may be considerably less than 0.20. The
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impacts on runoff prediction are considerable particularly in semi-arid climates where typical
6-month design storms are less than 1 inch of total effective precipitation. Furthermore, in
cold climates, the presence of snow cover at the onset of rainfall influences the abstraction
ratio and increases runoff volumes due to the rapid snow melting. In addition, frozen soil
conditions can significantly impact this ratio by limiting the near surface pore-volume
available for initial abstractions. In this work, rain-on-snow based hydrograph analysis was
used as a tool to assess the SCS-CN initial abstraction ratio for predicting runoff treatment
volumes in semi-arid cold climate regions where most design storm runoff events are

generated as a result of rain-on-snow events with frozen ground conditions.

3.5 MATERIALS AND METHODS

The research goals were achieved through the following efforts: (1) an artificial
rainfall simulator system was designed and constructed to mimic the natural long duration
rainfall events applicable to cold regions (2) rainfall/runoft data were collected from several
simulated rain-on-snow events, and (3) SBUH model calibration was performed to modify

the existing initial abstraction parameter.

3.5.1 Rainfall simulator design

Previous researchers studying runoff, infiltration, and erosion processes have
recognized the benefits of using rainfall simulators in their investigations (Bubenzer and
Meyer, 1965; Meyer and Harmon, 1979; Miller, 1987; Frasier et al., 1998; Williams et al.,
1998; Battany and Grismer, 2000; Humphry et al., 2002; Paige et al., 2003). In this work, an

artificial rainfall simulator system was developed to apply a controlled amount and rate of
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rainfall on a test plot. The rainfall simulator created rainfall characteristics typical of low
energy natural storms encountered in the inland Pacific Northwest U.S. (Williams et al.,
1998). The simulated storms had maximum intensities of less than 3.5 mm/hr over durations
lasting 30 hours.

The rainfall simulator system consisted of a spray nozzles system, water tank, piping
system, flow meter/controller, impervious snow table, air compressor, and a collection gutter

on the down-gradient end draining to a tipping bucket recorder (Figure 3.1).

Figure 3.1. Rainfall simulator and plot frame set up.

The spray nozzle system comprised of two 2.44 m long x 5.1 cm thick (8.0 ft long x

2.0 in thick) frames made of wood, 14 KES white nozzles, and 9.5 mm (3/8 in) diameter
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rigid PVC tubing. Seven nozzles were mounted 30.48 cm (1.0 ft) apart along both of the
overhead members. After testing their performance and the coverage area across the plot at
different heights, the nozzles’ tips were located at 1.22 m (4.0 ft) above the plot surface. A
16-bit precision water flow meter and water flow controller (L-10LPM-D) with a solenoid
control valve mounted to downstream of the controller was installed in line to regulate water
flow to the spray nozzles during the application of the rainfall hyetographs. The solenoid
valve operation, and thus the various rain intensities, was controlled by providing the flow
meter with a set point that corresponded to a specific water flow rate and a defined time
interval. The amount of water required for a simulating run was supplied to the nozzles by a
151.4 L (40 gallon) insulted steel vertical water tank placed near the simulator. An electric
powered 2-hp, 45.42 L (12 gallon) air compressor was used to pressurize the water in the
tank to approximately 413.7 KPa (60 psi) through a 9.5 mm (3/8 in) diameter hose connected
to the water tank. A pressure regulator in the compressor was used to adjust the water tank
pressure to ensure constant pressure within the tank during the simulated run. The simulated
rainfall was applied over a 1.22 m wide x 2.44 m long (4.0 ft wide x 8.0 ft long) surface area
made of wood. The plot was enclosed on three sides by 15.2 cm (6.0 in) height wood sheets
nailed to each side edge in order to define the rainfall/snow catchment area and to prevent the
loss of direct surface runoff. A steel mesh was fastened to the forth side of the plot to allow
runoff to drain into a gutter installed at this edge and to prevent sliding of the snow while

simulating different plot slopes.
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3.5.2 Rainfall/Runoff Data Collection

The applied rainfall distribution for Spokane city as an example case study for
application in Eastern Washington regions subjected to cold weather conditions was selected
for performing the different rain-on-snow simulations. The long duration hyetograph was
computed using the 24-hour, 6-month design storm of Spokane city after adjusting the design
storm value using the associated regional conversion factor. Graphical representation of the
long duration design storm hyetograph of Spokane city is shown in Figure 3.2. Tabular
values of the regional long duration hyetographs and the methods used for computation are

presented in Appendix D.
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Figure 3.2. The long duration rainfall hyetograph for the city of Spokane, Washington and

surrounding area.
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During each simulated event, the continuously variable rainfall intensity and intervals
were controlled by writing a script that defined the set point that corresponded to each of the
rainfall intensities at the defined interval. Appendix E provides information on the method
used for obtaining the set points and data that were sent to the flow meter device. The script
was sent to the inline flow meter and controller device through serial communication with a

laptop using a digital RS-232 signal and Hyperterminal® program (Figure 3.3).

Figure 3.3. Flow meter and controller in connection with a laptop computer for applying

controlled rainfall intensity on the test plot.
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Runoff rates were monitored by collecting the runoff in the gutter installed at the
down slope edge of the plot and passing it into a standard tipping bucket rain gauge equipped
with Onset Hobo data logger that counted and recorded the time of each tip (Figure 3.4).
Data stored by the Onset Hobo data logger was then used to determine the runoff rates for

each event.

Figure 3.4. Tipping Bucket equipped with Onset Hobo data logger for runoff measurement.

The simulated rainfall/runoff events were designed to examine the impacts of
different average snow depths (2.5 cm, 5 cm, 7.5 cm, and 10 cm) as well as various plot
slopes (0.0159, 0.031 and 0.047 m/m) on runoff rates. For each test run, the snow water
equivalent, defined as the amount of water contained within the snow pack, was determined
by weighing the snow and then spreading it evenly across the test plot area to obtain the

desired depth. The snow water equivalent (SWE) for each case was calculated as:
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SWE = Dy £ (5)
Py

where D, is the snow depth [in], and p, and p,, are the density of water and snow [Lb/in’],
respectively (Bedient and Huber, 2002).

Finally it is important to point out that these simulations were conducted inside but
near a large sliding door that allowed exposure to near natural, but uncontrollable, air
temperatures. Measurements of the average air temperature during the duration of each
simulated events was obtained by averaging the values of the air temperatures that were

captured and recorded by the flow meter during each of the defined rainfall interval.

3.6 RESULTS AND DISCUSSIONS

3.6.1 Runoff Hydrographs Analyses

The measured plot runoff from 19 rain-on-snow events simulated under various snow
conditions and plot slopes was monitored and recorded. Table 3.1 presents a summary of the
snow depths, densities, and plot conditions for each of the simulated events. The simulated
events in Table 3.1 represent different characteristics of a snow layer in terms of the snow
density for each case and the associated snow water equivalent for that layer. Some events
were simulated using a fresh dry low density snow (new, just falling) and some were
simulated using an old wet dense snow. Snow density variation between the same depth
snow layers is the reason for the differences in the snow water equivalent computed for each

simulated event.
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Table 3.1. Details of input measured parameters for each of the simulated events

Measured Parameters Calculated Parameters
Event Air Plot Snow Snow Snow  Snow water

# Temperature, slope, weight, depth, density, equivalent,

Ta (°C) S(%) Wt(kg) Di(cm) ps(g/em’) SWE (cm)
1 14.2 1.56 15.0 2.5 0.20 0.50
2 5.8 1.56 17.2 2.5 0.23 0.58
3 6.2 1.56 38.8 5.1 0.26 1.30
4 6.0 1.56 35.8 2.5 0.47 1.20
5 5.7 3.13 24.0 2.5 0.32 0.81
6 52 3.13 42.6 5.1 0.28 1.43
7 53 3.13 29.9 5.1 0.20 1.01
8 2.2 4.69 31.3 2.5 0.41 1.05
9 4.8 4.69 72.6 5.1 0.48 2.44
10 2.5 4.69 38.1 5.1 0.25 1.28
11 2.9 1.56 43.5 5.1 0.29 1.46
12 13.6 4.69 82.1 7.6 0.36 2.76
13 13.4 4.69 136.1 10.2 0.45 4.58
14 11.4 3.13 43.5 10.2 0.55 5.58
15 14.3 1.56 125.6 7.6 0.55 4.22
16 14.5 3.13 135.6 7.6 0.60 4.56
17 10.5 1.56 42.2 10.2 0.14 1.42
13 9.3 3.13 73.5 10.2 0.24 247
19 11.6 4.69 51.3 10.2 0.17 1.72

Measured runoffs generated from each of the simulated events listed in Table 3.1 were
plotted to examine the hydrographs. Figures 3.5 through 3.23 compare the calculated runoff

hydrograph with the observed runoff hydrograph obtained from each of the simulated events.
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Figure 3.5. The pattern of rainfall input during event 1 and the calculated versus measured

runoff hydrographs from this event.
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Figure 3.6. The pattern of rainfall input during event 2 and the calculated versus measured

runoff hydrographs from this event.
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Figure 3.7. The pattern of rainfall input during event 3, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.8. The pattern of rainfall input during event 4, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.9. The pattern of rainfall input during event 5 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.10. The pattern of rainfall input during event 6 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.11. The pattern of rainfall input during event 7 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.12. The pattern of rainfall input during event 8 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.13. The pattern of rainfall input during event 9 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.14. The pattern of rainfall input during event 10 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.15. The pattern of rainfall input during event 11 and the calculated and measured

runoff hydrographs from this event.
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Figure 3.16. The pattern of rainfall input during event 12, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.17. The pattern of rainfall input during event 13, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.18. The pattern of rainfall input during event 14, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.19. The pattern of rainfall input during event 15, and the simulated and measured

runoff hydrographs from this event.
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Figure 3.20. The pattern of rainfall input during event 16, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.21. The pattern of rainfall input during event 17, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.22. The pattern of rainfall input during event 18, and the calculated and measured

runoff hydrographs from this event.
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Figure 3.23. The pattern of rainfall input during event 19 and the calculated and measured

runoff hydrographs from this event.

The SBUH method was used in this study to calculate the runoff hydrograph for each
of the simulated rainfall events due to its historic application in Eastern Washington. To
facilitate the calculation process, a spreadsheet (Microsoft Excel) model of the SBUH
procedure was created. An example of the spreadsheet layout is presented in Figure 3.24.
However, instead of using the customary used form of SCS-CN equation which fixes the A
parameter at 0.20, the general following form of the SCS-CN method was used. The total

runoff depth for each time increment was computed as follow:

(P(t) = AS)’

o= P(t)-S(A+1)

(6)

For all of the simulated rain-on-snow events, snow covers were assumed to occur on a

frozen, saturated ground (no infiltration).
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Microsoft Excel - SBUH-LAYOUT
@_] File Edit View Insert Format Tools Data Window Help Ty

AR BERE T T - R e -2 -[Blzu === % W%
N33 - &
A [ BT c [ D ] E [ F T G [ H [T T 0T w T T m [ Ngm
1 Spreadsheet Format for SBUH method il
[2 | Total Rainfall=| 0.77 | inches
| 3 [Time of Concentration=0.19 | minutes
4 | CN= 99
| 5 | Area= 0.0007 acres
| 6 | Time Step= 30 | minutes
|7 | S= 010 in
KR p= 02
| 9 | Ia=| 0.02 |in
Time Time Incr 1 Ace lated | Incr 1 Ace lated  Effective Runoff ~ Total = Ordinate Runoff Runoff
Rainfall | Precipitation Depth Runoff Hydrograph Hydrograph
1 10 | (hrs) | (min) Rainfall Rainfall  Rainfall (in) Depth {in) Depth (in) (in) (in) I(t).cfs Q(t), efs Q(t), cem
gl 0.0 0 0 0.000 0.000 0.000 0.000 0.000 0.000 0.00000 0.00000 0.00
112 | .5 a0 0.0017 0.002 0.001 0.001 0.000 0.000 | 0.000  0.00000 @ 0.00000 0.00
1 13 | L0 60 0.003 0.00% 0.002 0.004 0.000 0.000 | 0.000 0.00000 @ 0.00000 0.00
| 14 | 5 20 0.0041 0.009 0.003 0.007 0.000 0.000 0.000 0.00000 0.00000 0.00
15 pl1] 120 0.0053 0.014 0.004 0.011 0.000 0.000 0.000 0.00000 0.00000 0.00
| 16 | 25 150 0.0068 0.021 0.005 0.016 0.000 0.000 0.000 0.00000 0.00000 0.00
| 17 | a0 180 0.0092 0.030 0.007 0.023 0.003 0.000  0.000  0.00000 @ 0.00000 021
| 18 | s 210 0.0108 0.041 0.008 0.031 0.011 0.001  0.001 0.00000 @ 0.00000 162
| 19 | 4.0 240 0.0126 0.054 0.010 0.041 0.021 0.004 0.002 0.00000 0.00000 622
| 20 | 45 270 0.0132 0.067 0.010 0.051 0.031 0.007 0.004 0.00001 0.00001 938
| 21 5.0 300 0.0139 0.081 0.011 0.062 0.042 0.012 0.005 0.00001 0.00001 12.38
| 22 | 55 330 0.0147 0.095 0.011 0.073 0.053 0.018  0.006 0.00001 @ 0.00001 1529
1 23 | 6.0 60 0.0154 0.111 0.012 0.08% 0.065 0.025 | 0.007  0.00001 @ 0.00001 17.85
| 24 | 6.5 290 0.0162 0127 0.012 0.098 0.078 0.034  0.008 0.00001 @ 0.00001 20.59
| 25 | 7.0 410 0.0169 0.144 0.013 0111 0.091 0.043 0.009 0.00001 0.00001 212.99
| 26 | 7.5 450 0.0177 0.162 0.014 0.124 0.104 0.053 0.010 0.00001 0.00001 2540
| 27 | 8.0 480 0.0184 0.180 0.014 0.139 0.118 0.064  0.011 0.00002 @ 0.00002 27.59
| 23 | 8.5 510 0.0192 0.199 0.01% 0.153 0.133 0.076  0.012  0.00002 @ 0.00002 29.82
| 29 | 2.0 540 0.0228 0.222 0.018 0171 0.151 0.090 | 0.015  0.00002 @ 0.00002 36.50
| 30 | 9.5 570 0.0238 0.246 0.018 0.189 0.169 0.106 0.016 0.00002 0.00002 a9.26
| 31| 10.0 600 0.026 0.272 0.020 0.209 0.189 0.123 0.017 = 0.00003 0.00003 43.77 -
W < v H)\SBUH/ B 2|
iDraw > | | AutoShapes~ N\ \DOM&eZ:@&I&'ﬁvé'E_-EQJH

Figure 3.24. Spreadsheet layout used to obtain the calculated runoff hydrograph.

The actual measured runoff volumes and the peak discharges exceeded the simulated
runoff volumes and peak discharges in all of the simulations. This was expected and could
easily be attributed to the contribution of water from snow during melting to runoff volumes.
On the other hand, the response time, defined as the time between the beginning of water
input and the beginning of measurable response (Carey and Woo, 2001), reflected the
integrated influences of: 1) snow cover conditions, 2) plot slope, and 3) average air
temperature during the simulated events. Warmer temperatures (e.g. Tar > 10 °C) during
simulated rain-on-snow events caused more rapid snow melting and earlier responses in the

observed runoff hydrographs. Higher temperatures combined with an old dense snow pack
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(e.g. events 12 tol6) during the month of March caused runoff hydrographs to rise
dramatically and much earlier than what was observed in the runoff hydrographs obtained
early in the winter season (December and January). Additionally, plot slope had a significant
effect on runoff onset; increased slopes caused faster observed runoff whereas decreased
slopes caused later onsets of runoff.

Another aspect worth noting was that depending on these three variables, the shape of
the output hydrograph produced from each simulated rain-on-snow event varied
considerably. Some events produced a single extended runoff peak hydrograph while some
events produced two runoff peaks hydrograph. The two-peak runoff output hydrographs were
due to the snow melting process accelerated by the rain events which caused the first
measured peak discharge to occur at much sooner than the simulated peak discharge.
Following the snow melting period, runoff volume decreased and, as the rainfall event
continued, a second peak occurred due only to the rainfall event. The single extended peak
hydrographs with long response times appeared to be associated with cold, deep snow cover
(e.g. Events 10 and 11), while the single extended peak hydrographs with rapid response
times were observed in the springtime hydrographs (e.g. Events 13 and 14). Additionally,
time to peak values observed in the simulated rain-on-snow events did not agree with those
estimated by other available methods, for example, the SCS method for time to peak
estimate.

This work proposed that knowledge of the response time of the output hydrographs
could be used to predict initial losses during rain-on-snow events. Hence, the next step was
to develop a SBUH model using the observed response times as the calibration parameter to

predict the initial losses in each test run.
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3.6.2 SBUH method calibration

Calibration was performed to determine an alternative A (or /,/S) value(s) that would
be more applicable for use with the long duration storms occurring in Eastern Washington
regions. For each simulated rain-on snow event, calibration was accomplished using a trial
and error adjustment process for the initial abstraction ratio, A, in the SBUH spreadsheet until
the response time of the calculated runoff hydrograph matched the response time of the
observed runoff hydrograph from the rain-on-snow event. The values of A derived by the
calibration of SBUH method, and the associated /, values, for all of the rain-on-snow events

are presented in Table 3.2.

Table 3.2. Values of the parameters derived from SBUH method calibration

Event  Response time, Initial abstraction Initial abstraction,
# Tresp (hr) ratio, A I, (mm)
1 0.41 0.001 0.019
2 2.7 0.02 0.382
3 4.66 0.08 1.529
4 1.75 0.009 0.172
5 1.6 0.01 0.106
6 3.03 0.05 0.529
7 3.49 0.07 0.741
8 2.77 0.18 0.462
9 2.53 0.15 0.385
10 5.49 0.30 0.770
11 8.65 0.20 3.824
12 0.76 0.001 0.003
13 0.15 0.001 0.003
14 0.5 0.001 0.011
15 0.5 0.001 0.019
16 0.5 0.001 0.011
17 3.54 0.04 0.765
18 3.03 0.05 0.529
19 2.93 0.19 0.487
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3.6.3 Regression equation for estimating the initial losses

To determine how the snow conditions, plot slopes and average air temperatures
affected the initial abstraction storage ratio A (or 7,/S), a multiple regression technique was
used. A mathematical model that describes the behavior of A from these variables was
developed using Minitab15" statistical software. This model predicted A in terms of snow
depth (Ds), snow water equivalent (SWE), air temperature (T,), and plot slope (S). The p-
value at the 5 percent level (o = 0.05) was used to test the model. The first proposed model
took the following form:

A=A-T!-S°-SWE”.DF (7)
where A, B, C, D, and E are regression constants.

Multiple regression analysis was performed to find the five regression constants (A,
B, C, D and E) in Equation (7) as: A =0.0872, B=-3.21 C=0.17, D =-2.1, and E = 3.34.
Substituting these values into Equation 7 yields the following equation:

A=0.08716-7,**" - S*7 .SWE™" . D}* (8)
where A is the initial abstraction storage ratio [dimensionless], the 7, is the air temperature
[°C], S is the plot slope [%], SWE is the snow water equivalent [cm], and D; is the snow
depth [cm]. Based on p-value of < 0.001, and a coefficient of multiple determination (R’) of
0.853, the proposed model is considered significant.

The p-values for the estimated coefficients of the average air temperature (T,), the
snow depth (Ds), and the SWE are less than 0.002, indicating that they are significantly
related to the initial abstraction storage ratio at the 0.05 level. However, for the slope (S)
coefficient the p-value is 0.756 thus indicating that the slope explained the least significant

proportion of the variation in the initial abstraction storage ratio. This finding can be
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explained by the fact that the slope effect was accounted for while calibrating the curve
numbers (Appendix F). This suggests that a model with only T,, Dy and SWE would be more
appropriate for estimating the initial abstraction storage ratio.

The second proposed model was represented by the following equation:

A=0.10753-T,°>%° . SWE>* . D}* 9)

The p-value for the second model is less than 0.001 and the coefficient of
determination (R°) is 0.852. The p-values for the estimated coefficients of the average air
temperature (T,), the snow depth (Ds), and SWE are less than 0.001.

Based on the p-value and the R’ of the new model, considering the snow conditions
(Ds, and SWE), and the average air temperature during the cold season (T,), was believed to
be adequate for assigning a A value during rain-on-snow events. Therefore Equation 9 was
proposed in this study for assigning the initial abstraction storage ratio (A) for predicting

runoff treatment volumes during rain-on-snow events.

3.6.4 Verification

For verification of the proposed equation, A was computed using the proposed
regression equation (Equation 9) and compared to the observed initial abstraction storage
ratio of the simulated rain-on-snow events. A plot of the best fit relationship between
observed and modeled initial abstraction storage ratios is shown in Figure 3.25. As illustrated
in the figure, the slope of the straight line is 1.69 and the y-intercept is 0.0361. In addition,
the coefficient of determination is 0.84. However, while the regression line appeared to fit

most of the data points, there were a few points which lie far away from regression line
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(events 8, 9 and 10). These points (outliers) are found to be associated with the events that

performed during cold air temperatures.
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Figure 3.25. Calculated versus observed initial abstraction storage ratio, A.

To demonstrate the validity of the calibration results, computation of the runoff
hydrographs were re-carried out using the snow adjustment procedure (described in
Appendix B) and the calibrated 7,/S values (Listed in Table 3.2). For each simulated event,
the runoff hydrograph computed using the calibrated 7,/S values were compared to the
measured runoff hydrograph. The calculated runoff hydrographs compared to the measured
runoff hydrographs for the simulated event were plotted in Figures G.1 through G.19 in
Appendix G. By comparing the runoff volume before and after calibration to the measured
runoff volume, we found that using the calibrated /,/S values improves the estimate of the

predicted runoff volumes for most of the simulated events. However, while the proposed
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regression equation for 7,/S estimate improves the design runoff volume estimate, it is at the
same time increased the required BMP facility size. Figure 3.26 illustrates the percent change
in the required facility area based on the assigned 7,/S value in deign runoff volume
computation. Appendix H presents an example calculation to demonstrate the % increase in

the required facility size near Spokane area.
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Figure 3.26. Percent change in required treatment facility area based on the assigned A used

in design runoff volume computation.

3.7 CONCLUSIONS

Deficiencies in the SCS initial abstraction estimate during cold weather conditions
and, in particular, during rain-on-snow events was investigated in this study. A rainfall
simulator was constructed to produce variable, low intensity rainfall of less than 3.5 mm/hr

over a duration of 30 hours. The artificial rainfall events were simulated under a variety of
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snow conditions, plot slopes, and air temperatures. Observed runoff hydrographs analysis
obtained from simulated rain-on-snow events was used to improve estimates of the initial
abstraction term during such events. From the analyses of the hydrographs, a clear
dependence of the initial abstraction ratio on the conditions of snow, the plot slope, and the
average air temperature during the rain-on-snow event was found. These combined factors
governed the magnitude of the snowmelt runoff volume, the rate of snow melting, as well as
how fast runoff may starts during rain-on-snow events.

Using the SBUH method calibration, a new procedure for determining the initial
abstraction term in the SCS-CN method during rain-on-snow events was proposed. The
regression equation for calculating the initial abstraction during rain-on-snow events
produces a more realistic estimate of the initial losses during such events and improves
outflow hydrograph prediction for design of infiltration treatment BMPs in cold regions.
However, while this procedure will result in more efficient BMPs in terms of performance,

large size facility will be required.
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CHAPTER 4

SUMMARY

Cold weather conditions negatively influence the performance of highway runoff
treatment BMPs existing in cold regions. Therefore, to maintain the same level of
treatment during cold conditions, it is necessary to modify the existing design parameters.
This requires better understanding of the impacts of cold weather on the performance of
BMPs and the influence of these conditions on the currently used design parameters. This
study was carried out with a prime objective of investigating the impacts of two of the
cold weather challenges that encountered the designer of runoff treatment BMPs in cold
regions; frozen ground conditions and rain-on-snow events. Such conditions affect the
parameters required for infiltration treatment facilities design in particular, the soil
hydraulic conductivity and the initial abstractions during rain-on-snow events. The
objective of this research was achieved though a number of experimental approaches.
Summaries of the accomplished approaches, their objectives and the results are presented

below.

4.1 FROZEN SOIL IMPACTS

The presence of frozen soil moisture negatively impacts the performance of
infiltration treatment facilities by reducing the available pore spaces for infiltrating water,
thus causing significant increases in runoff volumes. The objective of this research was to
understand the impacts of frozen soils on hydraulic conductivity rates and to determine
how the designers can better use infiltration treatment facilitates effectively in cold

climates. This objective was accomplished by developing an air permeameter flow test
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apparatus for hydraulic conductivity measurement of 16 frozen soil columns. The soil
columns were constructed using two types of soils (loam and sandy loam) collected from
two different infiltration facilities located in the cities of Spokane and Richland,
Washington. The time allowed for soil-water redistribution was varied among the soil
columns to investigate its significance on the reduction of hydraulic conductivity of
frozen soils. The results showed the reduction in hydraulic conductivity of frozen soil
depends greatly on the time allowed for soil-water redistribution prior to freezing. Using
the data obtained from air permeameter flow tests, two regression equations were
proposed to guide the selection of reduction factors for the hydraulic conductivity of
loam and sandy loam soils. Incorporating the appropriate correction factor for hydraulic
conductivity in infiltration treatment facility BMP designs in cold regions is important to
provide for the reduction of infiltration rates during frozen ground conditions. The
proposed modification should guarantee effective performance of these facilities during

the cold season.

4.2 ESTMATING THE (1./S) PARAMTER DURING RAIN-ON-SNOW EVENTS
The initial abstraction storage ratio in the SCS-CN equation is traditionally set at
0.20. The prime objective of this study was to investigate the validity of the currently
used initial abstraction ratio for runoff volume predictions in semi-arid cold climate
regions where most runoffs are generated as a result of rain-on-snow events with frozen
ground conditions. To accomplish this, a system to simulate rain-on snow events on a
plot scale was developed. A plot scale was selected over a large scale in order to have a

better control of the parameters of interest and therefore allow better understanding of the
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hydrological responses during such events. A total of 19 rain-on-snow events were
simulated under different snow conditions (snow density and snow depth), plot slopes
and average air temperatures. By examining the observed runoff hydrographs, it was
clear that the characteristics and shapes of the generated hydrographs reflected the
integrated influences of snow cover condition, plot slope, and average air temperature
during the simulated events. Therefore, model calibration was used to develop an
alternative methodology to assign /,/S ratios for use in semi-arid climates. The new
methodology requires modification of the 7,/S parameter to make it a function of the
snow conditions (snow depth and snow water equivalent) and average air temperature. A
regression equation developed for the 7,/S ratio proposed by this study provides an easy
way to obtain an appropriate estimate of the initial losses during rain-on-snow events and
thus provides better predictions of runoff treatment volumes for infiltration treatment

BMPs in cold regions.

4.3 CONCLUSION AND FUTURE NEEDS

This research enabled development of methodologies for modifying the existing
design parameters, specifically the hydraulic conductivity and the /,/S parameters, to
account for cold weather conditions that negatively impact the performance of infiltration
treatment facilities in cold regions. Adapting the proposed modification to the design
process is expected to improve the performance of infiltration treatment facilities during

cold season but ultimately this will require larger, more costly facilities.
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APPENDIX A

BACKGROUND INFORMATION FOR CHAPTER 2

The movement of water through a porous medium is usually described by Darcy’s
Law which can be written in the following form (Freeze and Cherry, 1979):

0 =-KiA (Equation A.1)
where Q is the inflow rate [L*/T], A is the cross sectional area of the medium [L*], i is the
hydraulic gradient [L/L], and K is the saturated hydraulic conductivity [L/T]. The
hydraulic conductivity is a function of both the fluid and the medium. To describe the
conductive properties of the medium independently from the fluid flowing through it, the
term permeability is used. Permeability is related to hydraulic conductivity through the

following relationship (Freeze and Cherry, 1979):

K =teg
y7,

(Equation A.2)

where k is known as the permeability [L], p 1s the fluid density [M/L?], u is the fluid
viscosity [M/LT], and g is the gravitational acceleration [L/T?].

Several approaches have been used to predict the hydraulic conductivity of porous
materials including empirical relationships, statistical models, capillary models and
hydraulic radius theories. Hazen (1911) developed the following formula for estimating
the hydraulic conductivity of sandy sediments based on the grain size distribution (Fetter,

1994):

K=cCd,’ (Equation A.3)
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where K is the hydraulic conductivity [L/T], do is grain diameter for which 10% of the
soil is finer [L], and C is Hazen empirical coefficient [1/LT]. The Hazen formula is
applicable only for uniform sand and therefore has limited applications for in situ soils
(Carrier, 2003).

Chapuis (2004) proposed a new equation for predicting the saturated hydraulic
conductivity of sand and gravel by extending the Hazen method to any soil porosity
value. The new equation was obtained by using a best fit technique and was expressed as
(Chapuis, 2004):

K =24622(d2e* /(1 +e)) ™ (Equation A.4)
where K is the hydraulic conductivity [cm/s], d;o is grain diameter [mm], and e is the
void ratio defined as the ratio of the voids volume to the solids volume [L*/ L?].

Childs and Collis-George (1950) studied the permeability of porous materials and
developed a statistical expression for permeability based upon the occurrence probability
of a sequence of pairs of pores for all possible pore sizes and their contribution to the
permeability term. However, in addition to the computational complexity, the statistical
approach appeared to be very artificial since in its development, the existence of smallest
pore in a sequence of many pores, and the effect of the different lengths of pores of
different sizes are ignored (Childs and Collis-George, 1950).

Using a large set of saturated hydraulic conductivity measurements, Rawls and
Brakensiek (1985) developed the following regression relationship that correlate the
saturated hydraulic conductivity to the percentage of sand, percentage of clay, and

porosity as:
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K =100[exp(19.52348n — 8.96847 —0.028212C +0.0001807S>
—0.0094125C* —8.395215n> + 0.077718Sn — 0.002985°n* ,
(Equation A.5)
—0.019492C*n* +0.0000173S*C + 0.02733C*n
+0.0014345%n — 0.000035C>S5)2.77 x107°]

where K is the saturated hydraulic conductivity [ecm/s], S and C are the sand and clay
fractions, respectively, as obtained by the U.S. Department of Agriculture, and # is the
porosity defined as:

Vv
VT

n= (Equation A.6)

where V,, [L*] is the volume of the voids and V1 [L] is the total sample volume.

The Rawls and Brakensiek regression equation was developed from soils that had
clay and sand contents of 5 to 60 % and 5 to 70 %, respectively, which makes the
accuracy of their proposed relationship for soils with higher sand contents unknown
(Massmann et al., 2001).

Massmann et al. (2003) proposed another regression relationship by comparing
hydraulic conductivity estimates from air permeability tests with grain size characteristics
of soils typical of western Washington. The proposed relationship is used currently in the
infiltration facility design in Eastern Washington and it takes the following form:

log,o (K ) =~1.57+1.90D,, +0.015D, - 0.013D,, —2.08 ... (Equation A.7)

where K, is the saturated hydraulic conductivity in cm/sec, Djg, Dgo, Do are the grain
sizes in mm for which 10, 60 and 90 percent of the sample is finer and ffi,es is the fraction
of the soil by weight passing the number 200 sieve (Massmann et al., 2003).

Other expressions have been developed to link the hydraulic conductivity to

porous medium properties by employing the hydraulic radius model in which the
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permeability of the porous medium is linked to the hydraulic radius, porosity factor, and a
dimensionless shape factor (Kozeny, 1927; Carman, 1937; Wyllie and Spangler, 1952).
The most widely accepted relationship between hydraulic conductivity and porous
medium properties is the Kozeny-Carman empirical relationship that is derived by
treating the porous medium as a network of capillary tubes of equal lengths and then
employing the concept of hydraulic radius R, defined as the ratio of the volume of the
conduit filled with fluid to its wetted surface (Bear, 1990). The Kozeny-Carman

relationship can be written as:

3
SN
5(1-n)S

(Equation A.8)

where £ is the permeability [L?], Sis the specific surface of a porous material defined as
the interstitial surface area of the pores to the total volume of the porous material [L],
and 7 is the porosity [L*/L’].

Carrier (2003) found that the specific surface area, S, can be estimated from the

particle size distribution as:

S=— Equation A.9
5 (Eq )

where Dqsr is the effective diameter, and is defined as:

Dy = looyz ( 1./ Davm) (Equation A.10)

where f; is the fraction of particles between two sieve sizes [%], and D,y 18 the average
particle size between two sieve sizes [L].
Walsh and Brace (1984) proposed a modified form for the Kozeny-Carman

equation that included the tortuosity defined as the ratio of the actual length of the flow

79



path to a straight line distance between the ends of the flow path. The modified form is

given by:
k=cT?— (Equation A.11)

where T is the tortuosity [L/L], S is the specific surface area parameter [L'], and ¢ is a
numerical coefficient constant.

Different attempts have been made in the literature to estimate the parameters in
the different forms of Kozeny-Carman equation. Berryman and Blair (1987) used image
processing technique to estimate the pore perimeter and area from thin sections, and used
these estimated parameters for estimating permeability using the Kozeny-Carman
equation, but no attempt have been done in their work to calculate magnitudes of
parameters describing the connectivity and tortuosity in the soil.

Vervoort and Cattle (2003) employed an image analysis technique to identify the
pore size distribution and the connectivity and tortuosity parameters of the soil measured
in two dimensions, and used these parameters to predict the hydraulic conductivity of the
soil using statistical hydraulic conductivity model developed by Kosugi (1999). By fitting
the lognormal pore size distribution to measured hydraulic conductivities, Vervoort and
Cattle (2003) were able to relate the hydraulic conductivity to porosity and pore genus
which is a measure of connectivity in the horizontal direction. The tortuosity parameters
in their work were related to mean pore size, with increasing mean pore size indicating
decreasing tortuosity.

Al-Omari et al. (2002) used X-ray computed tomography and image analysis
techniques to predict the permeability of hot mix asphalt by quantify the parameters in

the modified form of Kozeny-Carman equation (Equation A.11). In their work, the total
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porosity was estimated by calculating the average ratio of the air voids to the total area of
each image along the asphalt sample. The specific surface area was quantified by
calculating the ratio of the wetted area of the air voids to the specimen volume, and the
tortuosity was calculated from the coordinates of the connected voids within the images.
Although there has been some debate about its applicability in clay soils, in
general the Kozeny-Carman equation reasonably predicts the saturated hydraulic
conductivity of many soils (Carrier, 2003; Chapuis and Aubertin, 2003). However, for
frozen soils, the porosity and pore size distribution undergo changes due to ice formation
during the freezing process thus limiting the utility of Equation A.8. The conductivity of
the soil after freezing, the infiltration rate, and the available potential storage are
controlled by the soil air-filled porosity. The water content and the time available for soil-
water redistribution before the soil freezes are expected to have significant influence on
the size, distribution and connectivity of the air-filled pores and hence they are likely
predictors in determining the air-filled porosity in frozen soils. The higher content prior
to freezing, the greater the amount of ice present in the frozen soil. Therefore, more
reduction in infiltration rates and permeability will be expected compared to soils with

low water contents prior to freezing.
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APPENDIX B
Quantifying the Permeability of Frozen Soils Using X-ray Computed Tomography

System and Image Analysis Techniques

To learn more about the impact of frozen soils on infiltration patterns, this research
proposed using the WSU x-ray computed tomography (CT) system along with image
analysis techniques for 3-D visualization and quantification of pore size distributions and
connectivity parameters in frozen soils. After obtaining measured values for the
conductivity of each soil column using an air permeameter flow test, the columns were
scanned using the X-ray CT system to obtain 3D images of the frozen soil columns under
different antecedent moisture contents. The X-ray images were then analyzed to obtain
descriptive and quantitative information on hydraulic conductivity rates and porosity in
frozen soils.

This appendix describes X-ray Computed tomography and image analysis
techniques used in this study. It also presents a summary of the outcomes from this
approach and gives recommendation for required improvements to obtain better results as

the images collected in this endeavor turned out to be unsuitable for accurate analysis.

B.1 X-ray Computed Tomography (CT) Technigue

Several investigators have demonstrated the use of X-ray computed tomography
as an alternative for non-destructive measurements of soil properties including bulk
density, porosity, water contents, solute concentration and macro pore size (Petrovic et

al., 1982; Hopmans et al., 1994; Steude et al., 1994). In this study, the X-ray CT system
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currently in use at the Washington Center for X-ray Tomography and Imaging
Technology (WACXIT) has been applied to visualize, non-invasively, frozen soil
columns (10 cm diameter and 45 cm depth), and to obtain three-dimensional
characterization of their microstructures. The X-ray CT system has been applied
previously by a number of investigators for characterization of air voids distribution in
asphalt mixes (Romero and Masad, 2001; Masad et al., 2002; Al-Omari, 2002; Tashman
et al., 2002).

The X-ray CT machine consists of a high energy x-ray source and detector with a

specimen, e.g., a soil core, placed in between (Figure B.1).

Figure B.1. WACXIT X-Ray CT machine with a soil column section placed in it.
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The scanning process for each soil column (45 cm in total height) was
accomplished by scanning of three, 15-cm long sections separately using the X-ray CT
machine. This column subdivision was necessary due to limitation of the X-ray CT
machine in scanning objects more than this length. The scanning process involves
transmitting the X-ray in a cone shape towards the soil column section while it is in
rotation and measuring the intensity of the X-ray before and after it passes through the
specimen. The x-ray source was located about 1646.5 mm from the center of the sample
and about 1906.5 mm from the detector. The source current, and the voltage used during
the scanning process are 2.8 mA and 270 kV, respectively. The scanning process is
completed by collecting the intensity measurements for a full rotation of the soil column
sections. Using the intensity values collected during the scanning process, a map of
spatial distribution of the linear attenuation coefficient within the scanned soil column
section is calculated. Based on the fact that differences in the attenuation coefficient at
any point in the specimen depend directly on the density at that point, “gray scale”
images that display differences in density at every point in 2-D slices throughout the soil
column section were acquired. Intensity values were represented with 8-bit integers (Gray
Scale 8). This scanning technique enables capturing the entire volume and directly

generating 3-D data.

B.2 Image Analyses Technigue

The X-ray images were rendered by image processing and analysis software
(Image-Pro Plus, 1998) to distinguish between air voids, frozen water, and soil particles.

The programming capabilities of Image-Pro Plus® made it possible to write image
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analyses macros to facilitate the analysis process. The analysis process involved two
steps. In the first step, each phase was separated from the other phases by thresholding all
the X-ray images for each of the phases using a macro that has been originally developed
by Tashman et al. (2002). The macro was modified to be applied in this study for frozen
soil images.

Using the thresholding macro, the threshold value for the air phase is selected based
on visual evaluation of the images, and to match the percent air voids calculated using the
following equation:

n, =n-1.096, (Equation B.1)
where 1, and n are the air filled porosity and the total porosity respectively [ L*/L*], 1.09
is the density of water relative to ice, and 0,, [L*/L*] is the soil water content before soil is
frozen.

The threshold value for the ice phase is selected by matching the percent water
content from the images to the measured water contents of the soil columns before
freezing.

Based on the results of the threshold process, the same macro is used to quantify the
parameters in the Kozeny-Carman equation including the total porosity and the specific
surface. The total porosity is estimated in the macro by the following relation (Al-Omari

et al., 2002):

i (Av )1'
n= = A (Equation B.2)
N .
where 4, is the area of the voids [L*], A7 is the total area of the image, and N is the

number of images.
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The specific surface area is quantified by calculating the ratio of the wetted area of
air voids (measured by the perimeter of each air void multiplied by its thickness) to the
specimen volume. However, since the thickness is constant for all the images (0.2 mm),

the specific surface area (S) was expressed as (Al-Omari et al., 2002):

i
M=
QTU

%)
Il
i

(Equation B.3)

X
=

where Pjis the perimeter of an air void, M is the number of air voids on an image
(Al-Omari et al., 2002).

The total porosity value in the above equation considers all the void space
whether pores are interconnected or not. Therefore, the second step in the analysis
process was to determine the effective porosity defined as the percent of the
interconnected void space. This has been achieved by using a connectivity macro
developed by Al-Omari et al. (2002), which keeps track of those air voids that were
connected from the top to the bottom of the soil column. The macro has been modified to
be applied for frozen soil columns.

It is important to point out that in this work, the threshold value was chosen by
assuming that all water in the pores was frozen, thus each frozen soil columns was
considered to be a three phase system consisting of solid, ice, and air. This assumption
has been tested based on an experiment that conducted as a preliminary step in this work.

In this experiment, three holes were drilled into a solid piece of rock as illustrated in
Figure B.2. One of the holes was filled with water and the rock was frozen, after which
water was poured in the second hole, and the third hole was left empty. The rock

specimen was then scanned and an attempt was made to identify a threshold for gray
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intensity for each phase by image processing based on the knowledge of the location of
each phase in the image. The small differences in density values between the ice and
water phases made it impossible to differentiate between the two water phases. Therefore,
in our image analysis we assumed that all water in the pores was frozen, thus each frozen

soil columns was considered to be a three phase system consisting of solid, ice, and air.

Water
¥

Figure B.2. X-ray CT image of rock with three drilled holes filled with ice, water and air

B.3 Results and Discussion

The scanning process resulted in a total of 762 images for each section of the
frozen soil columns. The horizontal slices of 0.2 mm thick and a resolution of 0.2
mm/pixel were captured and saved in TIF format. Each image contains 256 levels of
pseudo-gray each corresponds to a different density with white and light gray correspond

to higher densities. Lower density regions correspond to the air voids appeared in the
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images as dark gray and black. Example x-ray image of a frozen soil column is shown in

Figure B.3.

a. XY plane b. XZ plane

Figure B.3. Two-dimensional X-ray CT image of frozen soil column: a) XY plane, b)

XZ plane.

Using Image-Pro Plus® software and image analyses macros mentioned earlier,
the analysis process was performed to visualize the air void distribution in each soil
column of different redistribution times based on a chosen gray intensity value. However,
due to the low quality of the images obtained during the scanning process, it was
impossible to capture the air voids and ice lenses within the image. The software
produced estimates of soil porosity but the values did not seem to be consistent with
typical porosity. As illustrated in Figure B.4, the vertical distribution of the air voids
within the different section of a frozen soil column peaks at less than 3% far less than a

typical void ratio. Furthermore, using different thresholds yielded almost the same
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percentage air void and the specific surface area. Hence, it was impossible to identify an

appropriate threshold value for use in the image analysis process.
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Figure B.4. Vertical air void distribution within the different section of a frozen soil

column.

B.4 Conclusions

Laboratory experiments including x-ray computed tomography techniques and air
permeameter flow tests were used in this research as a new tool for visualizing the pore
size distribution and exploring the connectivity parameters in frozen soil cores. The
research findings suggest the X-ray computed tomography technique can be a good tool
for estimating the porosity and the hydraulic conductivity of frozen soils. However, the

accuracy of using this method depends greatly on the quality of the images acquired by
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the x-ray machine and used in the analysis process. Therefore, additional work is needed
in this research area to evaluate different settings which might be used to improve the

images quality to describe the pore size distribution properties of frozen soils.
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APPENDIX C

BACKGROUND INFORMATION FOR CHAPTER 3

The literature review for this chapter covers four distinct topics. First, a review of
the SCS-CN method including some of the modifications that have been done on this
method is presented. Second, detailed descriptions of the SBUH methodology, and the
computation equations used in this method. Third, a detailed description of Eastern
Washington long and short durations design storm events is provided. Fourth, rain-on-

snow and snowmelt design considerations were summarized.

C.1 SCS-CN Method

The SCS-CN method was derived analytically in the late 1950’s by the former
Soil Conservation Service (USDA-SCS, 1985) (now the Natural Resources Conservation
Service (NRCS)) using the following three assertions and definitions (Hawkins et al.,
2005; McCuen, 1982). First, the water balance equation was written as:

F=P-1,-0Q (Equation C.1)
where F' is the actual cumulative infiltration [in], P is the event rainfall depth [in], /, is
the initial abstraction that occurs before the start of runoff and is not limited to a single
loss type but rather it includes evaporation, evapotranspiration, interception, surface

depression, and initial infiltration losses [in], and Q is the direct runoff depth [in].
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Second, the ratio of the actual direct runoff to the maximum potential runoff was
set equal to the ratio of the amount of actual cumulative infiltration to the amount of the

potential maximum storage:

0 F .
=— Equation C.2
77§ (Eq )

a

where S is the potential maximum storage [in] defined as the maximum possible
difference between P and Q that can occur for the given storm and watershed conditions
(Woodward et al., 2002). S values range from 0 to oo.

Third, 1, was defined as the event rainfall required for the initiation of runoff and
was assumed to be equal to some fraction of the maximum potential storage:

I, =18 (Equation C.3)

For convenience in practical application, the parameter S was mapped into a
dimensionless parameter called the curve number (CN) which varies from 0 (no runoff)
to 100 (all rainfall becomes runoff). The chosen relationship is:

S = 1000 _ 10 (Equation C.4)
CN

The CN parameter was developed by recording the largest annual storm runoff and
associated rainfall for a watershed having a known hydrological soil group, land
use/cover class, and surface condition. The rainfall runoff data was then plotted with the
rainfall in the abscissas and runoffs in the ordinates. A graph of CN array constructed at
the same scale was laid over this plot and the median CN was selected, dividing the

plotting into two equal numbers of points (Ponce and Hawkins, 1996).
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Substituting Equation C.2 into Equation C.1, rearrange the terms, and setting the
initial abstraction value equal to 20% of the storage, yields the well known form of the

SCS-CN equation:

_(P-1,))" (P-02S)
P—1,+S (P+0.8S)

0 for P > 0.2S, Q=0 otherwise (Equation C.5)

Numerous articles have been published concerning the SCS-CN method and
several modifications have been proposed over the years on both the method and its
parameters for more accurate computation of surface runoff volume. In the original
development of the SCS-CN method, the curve numbers were found by analyzing
measured rainfall and runoff data collected from watershed with different known soil and
cover types. For each watershed, the maximum one day runoff volume in each year was
plotted against the total rainfall in that day (Gray et al., 1982). The scatter observed in
plots was interpreted as the measure of the natural variability in soil moisture in the
associated rainfall-runoff relation and lead to the development of the antecedent moisture
content (AMC) concept (Linsley et al., 1975). Three levels of antecedent moisture
conditions are used by the Soil Conservation Service: AMC I (dry conditions), AMC II
(average conditions) and AMC III (wet conditions) with each corresponding to a different
curve number for the same watershed (Mockus, 1964; Hawkins 1978, 1979; Gray et al.,
1982). Prepared tables and charts that guide the selection of the CN based on the soil
type, soil cover, land use and the antecedent moisture content (AMC) were available in
the National Engineering Handbook, Section 4, Hydrology (NEH-4) and in other agency
publications (Hawkins, 1993; Hawkins et al., 2005). However, there was no clear
guidance on how to vary antecedent condition, especially for lower curve numbers or

lower rainfall amounts (Hawkins, 1975). The selection of an appropriate CN is left to the
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professional judgment of the hydrologist (Hawkins, 1979). Therefore, over the years,
several definitions for the moisture condition of the watershed before the start of the
storm were developed to improve the definition of the AMC. Originally, the three AMC
classes were defined using the concept of antecedent precipitation index (API) which was
based on the amount of the 5-day antecedent rainfall (SCS, 1964). The AMC classes were

defined for the dormant and growing seasons as shown in Table C.1.

Table C.1. Seasonal rainfall limits for the three antecedent soil moisture conditions

(Woodward and Plummer, 2000)

AMC Dormant Season Growing Season
I <0.50 in <1.4in
II 0.5into 1.1 in l4into 2.1 1in
11T >1.11n >2.11n

Gray et al. (1982) developed estimates of the antecedent moisture condition
(AMC) probability for 17 locations in Kentucky, Tennessee, and Indiana, and used these
estimates in two runoff models; the SCS-CN and the ILLUDAS models. Four levels of
AMC were developed; bone dry, rather dry, rather wet, and saturated. Those levels were
applicable to the locations studied and can be used for regions with similar rainfall
patterns.

Van Mullem et al. (2002) stated that the relationship between the 5-day
antecedent rainfall and the antecedent moisture condition (AMC) was developed for a
local situation and was not intended to have nationwide application. The concept of
antecedent moisture condition (AMC) was removed later by the NRCS and has been

replaced by the antecedent runoff condition (ARC) (Woodward and Plummer, 2000).
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Perrone and Madramootoo (1998) stated that the three antecedent moisture
conditions used in the SCS-CN method are not appropriate for runoff volume prediction
in humid regions such as Ottawa-St. Lawrence Lowland. Using rainfall and runoff data
and Agricultural Non-Point Source Pollution (AGNPS) model simulation, Perrone and
Madramootoo (1998) developed an antecedent precipitation index (API) for use as an
alternative indicator to the soil moisture for selecting the appropriate curve number for
the humid region. The developed relationship between the curve number and the
antecedent precipitation index is:

CN =alb—e") for 0< API <100 mm (Equation C.6)

where a, b, and c are constants having different values for each hydrologic soil group and
land use.

Although the use of the antecedent precipitation index as a soil moisture indicator
improved surface runoff simulation for the simulated events, it was observed that the
AGNPS model performance was poor when complex storms or events occurring during
cold climatic conditions were simulated (Perrone and Madramootoo, 1998). These short
coming were attributed to the AGNPS model’s inability to simulate snowmelt or frozen
soils and its structure not allowing continuous updates of the input values as rainfall-
runoff progress with time.

Hawkins (1975, 1993 and 1998) pointed out that there are two problems in
estimating runoff using the SCS-CN method; first the difficulty in selecting an accurate
CN from the available published tables, and second the sensitivity of the computed runoff
volume from Equation B.5 or B.6 to the selected CN compared to the rainfall depth.

Using event rainfall and runoff data, he determined runoff curve numbers for small
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watersheds by applying an asymptotic method using the frequency matching technique
that matches rank-ordered rainfall and runoffs, which preserves equal return periods
(Hawkins, 1993, 1998). Hawkins (1993) observed three different responses for the curve
number with storm rainfalls which he defined as standard, violent and complacent. In the
standard case, which is the most common scenario, CN declines with increasing storm
size until it approaches a constant value with increasingly larger storms. In the violent
case, the CN rises suddenly and asymptotically approach an apparent constant value with
increasing rainfall. However, for the complacent case, the CN declines steadily with
increasing rainfall depth and shows no tendency to achieve a stable value.

By applying two techniques, Storm Event Analysis and Model Fitting on
measured rainfall-runoff data collected at WS26030 located at Coshocton, OH, Hawkins
et al. (2003) investigated the assumption of 7, =0.2S and found that 7, = 0.05S provided a
better fit to the data and would be more appropriate for use in runoff calculations.

Schneider and McCuen (2005) proposed the Log-Normal Frequency method as a
new technique for estimating curve numbers and compared it to the Storm Event
Analysis and Model Fitting methods developed by Hawkins et al. (2003). The Log-
Normal Frequency method provided less bias estimates of runoff depths and was more
accurate than the other two methods since taking the logarithms of the rainfall depths
reduced the imbalance of weight given to the larger rainfall values.

Mishra and Singh (1999) proposed a modification of the SCS-CN method
(Equation B.5) using the following empirical rainfall-runoff equation that developed by

Mockus (1949):

0= P[l —107% ] (Equation C.7)
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where Q is the runoff depth [in], P is the rainfall depth excluding the initial abstraction
[in], and b is a fitting coefficient that depends on antecedent moisture condition,
vegetative cover, land use, time of year, storm duration, and soil type. Their modified

SCS-CN equation is:

P-1))°
0= _PoL)” (Equation C.38)
a(P-1,)+S
where
a=1—£+ l+£ (Equation C.9)
2 P V4 P

The modified SCS-CN method (Equation C.7) and its parameters were
investigated by Mishra et al. (2005) using a large set of rainfall-runoff events. The results
showed consistently improved performance of the data with increasing rainfall amounts
(> 38.1 mm). Mishra et al. (2005) demonstrated that when a = 0.50 and A = a median
value, the modified SCS-CN equation performed significantly better than the existing
SCS-CN method on the data sets especially on rainfall data less than 2 inches.

Mishra et al. (2003) proposed another modification of the SCS-CN method by
accounting for the statistic portions of infiltration and the antecedent moisture. The
modified form of the SCS-CN equation takes the form:

_(P—1,-F)P-1I,~F +M)

0 P-I,-F.+M+S§

for P > I,+F.; Q = 0 otherwise (Equation C.10)

where F is the static portion of infiltration [in], M is the antecedent moisture [in] and can

be computed as:

M =0.50[-1(1+ A)S + \/(1 —~2)’S* +4P,S (Equation C.11)

where Ps is the 5-days antecedent precipitation amount [in].
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By applying the modified SCS-CN method on the same data sets used in the
National Engineering Handbook, the modified method was found to perform well. The
modified model was also applied to the Hemavati watershed in India and was found to
yield satisfactory results in both calibration and validation (Mishra and Singh, 2004).
However, this modified method requires a prior knowledge of the minimum infiltration
rate which is often not available.

By investigating the performance of different /,/S relationships incorporating
antecedent moisture (M) as a function of antecedent precipitation (Ps) and using large
datasets from 84 small watersheds in the USA, Mishra et al. (2006) developed an
improved initial abstraction-potential maximum relation that incorporated the antecedent
moisture and the 5-day antecedent precipitation term from the original SCS-CN equation.

Their modified /,/S relationship takes the form:

2
I, = SﬁSM (Equation C.12)
+

By incorporating Equation C.12 into Equation C.10, the modified Mishra-Singh (MMS)

model takes the following forms:

2 2
- -2
0- S +A4/152 S+M for F.= 0 (Equation C.13)
P- +M+S
S+M

Performance of the MMS model (Equation C.13) has been compared to the existing SCS-
CN method and the Mockus method, and was found to be more accurate than both
methods. However, as in the other existing models, the limitations of the MMS model are
that it does not consider the effect of rainfall intensity or rainfall duration on the predicted

runoff. In this work, we investigated the initial abstraction ratio (A) taking into
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consideration the characteristics of natural rainfall events encountered in semi-arid cold

regions including the rainfall intensity and duration.

C.2 SBUH Methodology

In 1966, the Santa Barbara County Flood Control and Water Conservation District
used the SCS-CN equation to develop the Santa Barbara Urban Hydrograph (SBUH)
method to determine runoff hydrographs for urbanized areas directly without applying
the SCS unit hydrograph method. Since its inception, the method has been widely applied
in several single event models (Tsihrintzis and Sidan, 1998), and it is currently
recommended by Washington State Department of Transportation (WSDOT) for
calculating runoff treatment design volumes or flow rates of project sites in Eastern
Washington. The SBUH method is more accurate for modeling drainage basins less than
100 acres (WDOE, 2004).

Inputs for the SBUH method include the pervious and impervious areas of the
watershed, time of concentration, runoff curve numbers, soil characteristics, design storm
precipitation and design storm hyetograph for a specific 24-hour event (Stubchaer, 1975;
WSDOT, 2004). Detailed description of computation steps for the SBUH methods can
be found in (Stubchaer, 1975; King County Surface Water Design Manual, 1998;
WSDOT, 2004). The SBUH first determines the total runoff depth for each time
increment by computing the runoff depth (R) for impervious and pervious portions of the

watershed using the SCS-CN equations as follows (Stubchaer, 1975):

_(P()-4S,)
? PO+ (1-A)S,]

(Equation C.14)
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R = [;5)(12 (_I/ES/:L;; | (Equation C.15)

D> R(t)=R(1)+R, (1) (Equation C.16)

R(t)=D_R(t)- Y R(t—Ar) (Equation C.17)
where the subscripts i and p stands for the impervious and pervious portions of the
watershed.

Second, it converts the excess rainfall depth at each time period to an
instantaneous hydrograph (flow) using the following relationship (Stubchaer, 1975):

60.5R(1) A

==y

(Equation C.18)

where /(?) is the instantaneous hydrograph [cfs], R(t) is the total runoff depth at each time
increments [in], 4 is the area [acres] and Af is time interval in [minutes].

Third, it computes the runoff hydrograph by routing the computed instantaneous
hydrograph values through an imaginary reservoir with routing constants equal to the
time of concentration using the following relationship (Stubchaer, 1975):

O(1) = 0@t =)+ w[I(t =1)+ I1(t) - 20(t - 1)] (Equation C.19)
where the ¢ and ¢-/ stands for the present and previous time steps, Q and [ are the routed
and instantaneous runoff hydrographs [cfs] respectively, and w is the routing constant
determined by (Stubchaer, 1975):

At

w= m (Equation C.20)
'+

where 7, is the time of concentration [minutes] defined as the time it takes runoff to
travel from the hydraulically most distant point of the watershed to the inlet of the BMP

(WSDOT, 2004).
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C.3 Eastern Washington Long and Short Durations Design Storm Events

In recognition of the climatic and topographic diversity in Eastern Washington,
the area was divided into four climatic regions (1, 2, 3, 4) (WDOT, 2004). Each of the
regions was similar in the spatial distribution of mean annual precipitation as well as the
topographic characteristics, specifically the orientations of mountain ranges. Schafer et
al., (2006) updated the region designations utilized previously and used two transition
zones to provide for a smooth transition in the spatial mapping of precipitation at the
boundary between adjacent climatic regions. The new region designations and the two
transition zones are illustrated in Figure C.1. The regions are identified as:

e Zone 154 - Cascade Crest Transition Zone

e Region 14 (1): East Slopes Cascade Mountains.
e Zone 147: Cascade Foothills Transition Zone

e Region 77 (2): Central Basin.

e Region 7 (3): Okanogan, Spokane, Palouse.

e Region 13 (4): Northeastern Mountains and Blue Mountains.

The SCS originally developed four characteristic 24-hr dimensionless storm
hyetographs for the entire country referred to as SCS 24-hr rainfall distributions (SCS,
1986). While all four hyetographs result in the same total precipitation, the temporal
distributions are different with peak rainfall amounts occurring at different times. The
Type II rainfall distribution hyetograph has been used in the SCS-CN method for
conducting hydrologic analysis throughout much of the United States including Eastern

Washington. However, based on recent analysis of historical rainfall records in Eastern

104



Washington, it has been concluded that the SCS Type II rainfall distribution does not
match the historical record (WDOE, 2004). Instead, two types of design distributions
were identified based on analysis of historical storms collected for 37-years of record
since 1966 in Eastern Washington. These are: 1) the short duration storm and 2) the long

duration storm (Schafer, 1993).

Washington Climatic Regions

120°W 119°W 118"W 117*W
L L

Region

118w W¢H

Analysis performed by MGS Engineering Map prepared with the PRISM climate modeling system by the

and Oregon Climate Service Spatial Climate Analysis Service, Oregon State University. 048 16 24 32 40 Miles
http://www.ocs.oregonstate.edu/prism/ 0 816 32 48 64 30 Kilometers
Map Created: January 2006 Copyright (c) 2003, OSU SCAS

Figure C.1. Delineation of the climatic regions in Eastern Washington (From Schaefer et

al., 2006).

The short duration storm occurs over a 3-hour duration for all climate regions in

Eastern Washington (Figure C.2). The 3-hour short duration storm hyetograph appeared

105



to generate the greatest peak discharges for small urban watersheds and therefore it is
more appropriate for flow based BMPs designs such as biofiltration swales (WDOE,
2004). The total 3-hour precipitation magnitude for a selected return period can be

determined from the 2-hour duration, 2-year return period value using the following

equation (WDOE, 2004):
})Z»hr,Xyear = 106 x C2hr,Xyear x P2hr,2year (Equation C21)
where P, ... i the 3-hour total precipitation for a specified return period [in], 1.06 is

the multiplier used for all climatic regions to convert x-year,2-hour precipitation to x-

year,3-hour precipitation, C is the coefficient for converting the 2-year, 2-hour

2hr, Xyear

precipitation to x-year, 2-hour precipitation depth, and P, is the 2-year, 2-hour

hr,2 year

precipitation [in].
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Figure C.2. Short duration storm hyetograph for regions 1, 2, 3 and 4 in Eastern

Washington.
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The long duration storm occurs over a period of 24 to 72 hours. However, it does
not occur continuously, but rather it consists of a series of storm events with multiple
peaks separated by a dry intervening period ranging from 12 to 18 hours, depending on
the region (Figure C.3). The long duration storms appeared to generate the greatest runoff
volumes, and is therefore used for designing volume based BMPs such as infiltration

facilities and stormwater detention basins.
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Figure C.3. Example 72-hour long duration storm hyetograph for region 7.

Two types of rainfall distribution can be used for long-duration design storms; 1)
the 24-hour SCS Type 1A storm distribution for climatic regions 7 and 77, or 2) the
regional long-duration storm for regions 7, 13, 14, and 77. The regional long-duration
storm distributions were developed by Righellis (2003) as a modified Type IA storm

distribution to more directly reflect the second portion of the long duration storm for each

107



region. If the regional long-duration hyetographs are used, the precipitation totals need to

be adjusted as indicated in Table C.2.

Table C.2. Characteristics of the modified Type IA storm hyetographs used in each

region.

Modified Type 1A Hyetograph Region 14 Region 77 Region7 Region 13

Duration (hour) 35 24 28 29
Duration as ratio of 24 hours 1.46 1.0 1.16 1.21
Conversion Factor 1.16 1.00 1.06 1.07

Schafer et al. (2006) updated the total depths of the 24-hour duration rainfall for
the 6 months, 2, 5, 10, 25, 50 and 100-year recurrence intervals for the four different
regions within Eastern Washington. These quantities are to be used with any one of the
four distributions. The Modified Type IA rainfall distributions associated with a 24 hour
6-month return period design storm for four typical Eastern Washington cities are shown
in Figure C.4 through Figure C.7 to illustrate the range of rainfall depths encountered in

the area.
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Figure C.5. Modified Type IA storm Applied to a 24-hour 6-month return period design

storm for Richland city, region 77.
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Although long duration storm hyetographs appear to be more appropriate to the
storms likely to occur in Eastern Washington, there is a concern regarding using the SCS-
CN method for modeling these types of multi-peak storms. Currently the initial
abstraction in the SCS-CN method is computed by considering just the first portion of the
hyetograph and does not take into account the occurrence of a dry period (and draining of
soils) before the second portion of the hyetograph commences which would allow for
additional abstractions. This results in greater peak flows and runoff volumes than what is
encountered in real situations and thus causes over design of facilities. In addition, as can
be seen in Figures C.4 through C.7, the storm totals in Eastern Washington are generally
less than one inch which causes the predicted runoff to be extremely sensitive to the
magnitude of initial abstraction and initial infiltration rate (Schafer, 2002). Thus an effort
has been made in this work to assess the currently used initial abstraction storage ratio
(1,/S) in the SCS-CN equation and to develop 7,/S values that are more appropriate for

use with long duration storms by model calibration tool.

C.4 Rain-on-Snow and Snowmelt Design Considerations

In many cold climate regions, a considerable amount of annual precipitation falls
in the form of the snow. Snowfalls represents an important source of water in these
regions since runoff generated from snow melting and rain-on-snow events plays a major
role in recharging ground water and replenishing surface water storage (USACE, 1998).
Snowfall from one or more events can accumulate over time on the contributing area, and
if rainfall occurs, the snowmelt can be accelerated and generated runoff volumes may

lead to flood (Sui and Koehler, 2001; Valeo and Ho, 2004). Rain-on-snow events, as well
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as snowmelt can heavily influence the performance of the BMPs in cold regions.
Increased runoff volumes due to snow melt can saturate or fill the BMP prior to the
occurrence of the actual design event. This problem can be of critical important if the
BMP’s ground below the snow cover is frozen at the onset of rainfall or during the snow
melt. The impacts of rain-on-snow events, as well as snowmelt should be considered
while designing the runoff treatment BMPs and it may be more appropriate in some areas
to use these events for design of stormwater storage facilities (NEH, 2004).

However modeling snow hydrology for cold regions is quite complicated and
required too many input data that are not readily available in many cases (Walter et al.,
2005). Despite this fact several methods have been used for estimating snowmelt runoff
volumes and hydrographs (USACE, 1956; USDA, 2004). The US Army Corps of
Engineers (USACE) developed an expression to calculate the snow melt in terms of the
average daily rainfall rate and the free air temperature as follows (USACE, 1956):

M =0.007P(T, —32) (Equation C.22)
where M is the daily snowmelt from rain [in], P is the daily precipitation [in], and T, is
the air temperature [°F].

Urbonas and Stahre (1993) recommended the following minimum design value
for snowmelt rates:

Snowmelt = impervious surface area x 0.04 cfs/acre +

Pervious surface area x 0.02 cfs/acre (Equation C.23)
However, the Urbonas and Stahre (1993) method is not universally accepted. Instead the
USACE (1956) proposed a temperature index approach for estimating daily snowmelt as

follows:

112



M =C,(T, -T,.) (Equation C.24)
where M, is the daily snowmelt [inches/day], T, is the average daily air temperature [°F],
Thase 18 the base temperature typically around 32 [°F], and C,, is the melt rate coefficient
that depends on site conditions [inch/(°F /day)]. The range of melt rate is typically varies
between 0.04 and 0.08 inch/(°F /day).

In addition to the temperature index method, the USACE uses the most important
parameters in the energy balance equation (such as temperature, wind, and radiation) to
develop regression equations for estimating snowmelt for rainy and non-rainy periods.

The equation for non-rainy period in partially forested area is (USACE, 1998):

M = C[0.0021,(1-a) + (0.001v+ 0.0145)(T, — T,.) + 0.0039w(T, —T,.)] (Equation C.25)

For snowmelt during rainy periods, the equation is (USACE, 1998):

M = C[0.09 +(0.029 + 0.00504v + 0.007 P)(T, — T)] (Equation C.26)

where M is the snow melt [in/day], /; is the incident solar radiation on a horizontal surface
[Langley/day], a is the albedo of the snow, v is the wind speed 50 feet above the snow
surface [miles/hour], 7, is the air temperature [°F], T is the freezing temperature [°F], Ty
is the dew point temperature [°F], P is the rainfall [in/day], and C is the coefficient to
account for variations.

In addition to the previous equations, there are numerous numbers of snowmelt
computation models that were developed and used by Federal, State, and private
institutions including PRMS (Leavesley et al., 1983), SRM (Martinec et al., 1983), HEC-
1, HEC-1f (USACE, 1990), and SSARR (USACE, 1991). Moreover, efforts have been
devoted recently to study and develop models that more precisely simulate the spatial

distribution of snow accumulation and melt taking advantage of Geographic Information
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System (GIS) and spatial data sets of elevation, vegetation, soils, and surface cover
conditions (e.g. Models of Marks et al., 1999; Tarboton et al., 1995).

WDOE (2004) has indicated that the rain on snow condition can be neglected in
many parts of Eastern Washington where the average daily snow depth from December
to February is less than 1 inch. However, if the daily snow depth is greater than 1 in, the
24-hour design storm precipitation should be adjusted using the following steps:

1) Determine the snow water equivalent for the 24-hour storm by assuming 20%
moisture content:

SWE = 0.20 x average daily snow depth

2) Determine the 24-hour to the 72-hour precipitation ratio based on climatic region.
3) Calculate the regional storm adjustment as the above ratio multiplied by the SWE

computed in step 1.

4) Add the long duration adjustment factor calculated from step 3 to the 24-hour
design precipitation storm.

The adjustment’s factors vary among the regions and are based on the assumption
that snow will melt completely during the 72-hour long duration storm. Table C.3 shows
the adjustment factor value for selected cities in Eastern Washington.

Whether the snowmelt and rain on snow events or the additional contributions
from them are more appropriate than the traditional design rainfall storms for stormwater
runoff treatment facility design in areas of Eastern Washington are questions that were

addressed by the work completed in this study.
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Table C.3. Adjustment snow factor calculated for selected cities in Eastern Washington

using the method proposed by WDOE (2004).

Selected cities from Eastern Washington

City Name Wenatchee Richland  Spokane  Colville
Region 14 77 7 13
Regional Long storm duration (hr) 36 24 30 30
Average daily snow depth (cm) 6.78 0.84 5.92 12.7
24-hr, 6-month design storm (cm) 1.57 1.19 1.96 1.96
Average rainfall intensity (mm/hr) 0.50 0.66 0.81 0.81
Snowmelt adjustment factor (cm) 2.89 N/A 2.26 4.52
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APPENDIX D

LONG DURATION HYETOGRAPH FOR CITY OF SPOKANE, WASHINGTON

The long duration storm hyetograph for Spokane city was computed using two
components: (1) the dimensionless storm pattern for region 3 (Okanogan, Spokane,
Palouse) presented in the second column, and (2) the 24 hr precipitation amount for a 6
month return period for Spokane city ( P = 0.77 in ). The 24 hr precipitation values times
1.06 was used to determine the long duration storm total precipitation amount (fourth

column), where the 1.06 is the long duration scaling factor for region 3.

Incremental Rainfall Rainfall Rainfall
Time Rainfall Cumulative | Rainfall | Intensity Intensity Intensity
(Hr) Ratio Rainfall (in) (in®hr) (mm%hr) | (ml/min)
0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.5 0.0017 0.0017 0.001388 12.79 209550.71 3.49
1.0 0.0030 0.0047 0.002449 22.57 369795.36 6.16
1.5 0.0041 0.0088 0.003346 30.84 505387.00 8.42
2.0 0.0053 0.0141 0.004326 | 39.87 653305.14 10.89
25 0.0068 0.0209 0.00555 51.15 838202.82 13.97
3.0 0.0092 0.0301 0.007509 69.20 1134039.11 18.90
3.5 0.0108 0.0409 0.008815 81.24 1331263.31 22.19
4.0 0.0126 0.0535 0.010284 94.78 1553140.52 25.89
4.5 0.0132 0.0667 0.010774 99.29 1627099.60 27.12
5.0 0.0139 0.0806 0.011345 | 104.56 1713385.18 28.56
55 0.0147 0.0952 0.011998 | 110.57 1811997.28 30.20
6.0 0.0154 0.1106 0.012569 | 115.84 1898282.86 31.64
6.5 0.0162 0.1268 0.013222 | 121.86 1996894.96 33.28
7.0 0.0169 0.1437 0.013794 | 127.12 2083180.54 34.72
7.5 0.0177 0.1614 0.014447 | 133.14 2181792.64 36.36
8.0 0.0184 0.1798 0.015018 | 138.41 2268078.23 37.80
8.5 0.0192 0.199 0.015671 | 144.42 2366690.32 39.44
9.0 0.0228 0.2219 0.018609 | 171.50 2810444.76 46.84
9.5 0.0238 0.2457 0.019426 | 179.03 | 2933709.88 48.90
10.0 0.026 0.2717 0.021221 | 195.57 3204893.15 53.41
10.5 0.0282 0.2999 0.023017 | 212.12 3476076.41 57.93
11.0 0.0395 0.3394 0.03224 297.12 4868972.28 81.15
11.5 0.0564 0.3958 0.046034 | 424.25 6952152.82 115.87
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12.0 0.0855 0.4813 0.069785 | 643.14 | 10539167.85 | 175.65
125 0.0451 0.5265 0.036811 | 339.25 5559256.96 92.65
13.0 0.0348 0.5612 0.028404 | 261.77 4289626.21 71.49
135 0.0335 0.5948 0.027343 | 251.99 4129381.55 68.82
14.0 0.0276 0.6223 0.022527 | 207.61 3402117.34 56.70
145 0.0199 0.6422 0.016242 | 149.69 2452975.91 40.88
15.0 0.0179 0.6601 0.01461 134.65 2206445.67 36.77
155 0.0158 0.6759 0.012896 | 118.85 1947588.91 32.46
16.0 0.0156 0.6915 0.012733 | 117.34 1922935.89 32.05
16.5 0.0154 0.7069 0.012569 | 115.84 1898282.86 31.64
17.0 0.0152 0.7221 0.012406 | 114.34 1873629.84 31.23
175 0.015 0.7372 0.012243 | 112.83 1848976.82 30.82
18.0 0.0148 0.7519 0.01208 111.33 1824323.79 30.41
185 0.0145 0.7664 0.011835 | 109.07 1787344.25 29.79
19.0 0.0142 0.7806 0.01159 106.81 1750364.72 29.17
195 0.0139 0.7945 0.011345 | 104.56 1713385.18 28.56
20.0 0.0136 0.8081 0.0111 102.30 1676405.65 27.94
20.5 0.0133 0.8215 0.010855 | 100.04 1639426.11 27.32
21.0 0.0131 0.8346 0.010692 98.54 1614773.09 26.91
21.5 0.013 0.8475 0.010611 97.79 1602446.57 26.71
22.0 0.0128 0.8603 0.010447 96.28 1577793.55 26.30
22.5 0.0126 0.8729 0.010284 94.78 1553140.52 25.89
23.0 0.0123 0.8852 0.010039 92.52 1516160.99 25.27
23.5 0.012 0.8972 0.009794 90.27 1479181.45 24.65
24.0 0.0116 0.9088 0.009468 87.26 1429875.40 23.83
24.5 0.0112 0.92 0.009141 84.25 1380569.36 23.01
25.0 0.0108 0.9308 0.008815 81.24 1331263.31 22.19
255 0.0104 0.9412 0.008488 78.23 1281957.26 21.37
26.0 0.01 0.9512 0.008162 75.22 1232651.21 20.54
26.5 0.0096 0.9607 0.007836 72.21 1183345.16 19.72
27.0 0.0092 0.9699 0.007509 69.20 1134039.11 18.90
27.5 0.0086 0.9785 0.007019 64.69 1060080.04 17.67
28.0 0.0074 0.9859 0.00604 55.66 912161.90 15.20
28.5 0.0054 0.9913 0.004407 40.62 665631.65 11.09
29.0 0.004 0.9953 0.003265 30.09 493060.48 8.22

29.5 0.003 0.9983 0.002449 22.57 369795.36 6.16

30.0 0.0017 1 0.001388 12.79 209550.71 0.00
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APPENDIX E

FLOW METER AND CONTROLLER SCRIPT FILE

The script below presents the data format that defined the set point which
corresponded to each of the rainfall intensities at the defined interval. The number of
lines in this script file corresponds to the total number of times the flow meter will be
polled, and thus the total number of lines of data it will produce. The letter A proceeding
the value in each line is the flow meter unit address on the RS-232 line. The set point
value for each time interval was calculated using the following formula:

_ Desired Set Point x 64000
Full Scale Flow Range

Value (Equation E.1)

where, the full scale flow range for the flow meter device that used in this work is 200

CCM.
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AO
A1306
A2305
A3150
A4073
A5225
A7069
A8299
A9682
A10143
A10681
Al11296
A11833
Al12448
A12986
A13601
Al14139
A14753
A17520
A18288
A19979
A21669
A30352
A43338
A65699
A34655
A26741
A25742
A21208
A15291
Al13754
Al2141
A11987
A11833
A11680
A11526
A11372
Al1142
A10911
A10681
A10450
A10220
A10066
A9989
A9836
A9682
A9451
A9221
A8914
A8606
A8299
A7991
A7684
A7377
A7069
A6608
A5686
A4149
A3074
A2305
AO
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APPENDIX F

CALIBRATING THE SCS-CN FOR THE TEST PLOT

Based on the SCS-CN published tables, a CN of 98 was selected to describe the
characteristics of the plot surface. However, the accuracy of using this value for
calculating the runoff hydrograph under the different plot slopes used in this study (S =
1.56 %, 3.13%, and 4.69%) was examined by conducting three control runs. For each of
the control runs, rainfall was applied on the test plot with no snow cover. The observed
runoff hydrograph obtained from each of the control runs was plotted and compared to
the calculated runoff hydrograph obtained by SBUH method. As can be see in Figures
F.1 and F.2, for S =1.56 % and S = 3.13 %, the simulated runoff volume and discharge
peak resulted from using a curve number of 98, overestimates the measured runoff
volume, and the measured peak discharge. While for S = 4.69 % the simulated runoff
volume and discharge peak resulted from using a curve number of 98, underestimates the
measured runoff volume, and the measured peak discharge as shown in Figure F.3. To
achieve a better agreement between the simulated and observed runoff hydrograph, the
curve number parameter in SBUH method has been adjusted using a trial and error
adjustment procedure until the difference between the SBUH outputs (runoff volume and
peak discharge) and the measured hydrograph outputs (measured runoff volume and
measured peak discharges) was minimum. The calibrated CN values for each of the test
runs were then recorded to be used in calculating the runoff hydrograph for the simulated

rain-on-snow events.
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Figure F.1. Measured and calculated plot runoff for control run 1 (S =1.56 %) where a)

before calibration CN = 98, b) after calibration CN = 93.
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Figure F.2 Measured and calculated plot runoff for control run 2 (S =3.13%) where a)

before calibration CN = 98, b) after calibration CN = 96.
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Figure F.3. Measured and calculated plot runoff for control run 3 (S = 4.69 %) where a)

before calibration CN = 98, b) after calibration CN = 99.
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APPENDIX G
CALCULATED RUNOFF HYDROGRAPHS USING THE CALIBRATED

PARAMETER, A

The following figures illustrate the results of the calibration task. The figures
compared calculated runoff hydrograph using the calibrated initial abstraction storage
ratio (A) to the measured runoff hydrograph for each of the rain-on-snow events

simulated in this study.
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Figure G.1. Measured versus calculated runoff hydrographs using the calibrated A value

for event 1.
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Figure G.2. Measured versus calculated runoff hydrographs using the calibrated A value

for event 2.

Figure G.3. Measured versus calculated runoff hydrographs using the calibrated A value

for event 3.
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Figure G.4. Measured versus calculated runoff hydrographs using the calibrated A value

for event 4.
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Figure G.5. Measured versus calculated runoff hydrographs using the calibrated A value

for event 5.
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Figure G.6. Measured versus calculated runoff hydrographs using the calibrated A value

for event 6.
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Figure G.7. Measured versus calculated runoff hydrographs using the calibrated A value

for event 7.
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Figure G.8. Measured versus calculated runoff hydrographs using the calibrated A value

for event 8.
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Figure G.9. Measured versus calculated runoff hydrographs using the calibrated A value

for event 9.
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Figure G.10. Measured versus calculated runoff hydrographs using the calibrated A value

for event 10.
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Figure G.11. Measured versus calculated runoff hydrographs using the calibrated A value

for event 11.
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Figure G.12. Measured versus calculated runoff hydrographs using the calibrated A value

for event 12.
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Figure G.13. Measured versus calculated runoff hydrographs using the calibrated A value

for event 13.
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Figure G.14. Measured versus calculated runoff hydrographs using the calibrated A value

for event 14.
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Figure G.15. Measured versus calculated runoff hydrographs using the calibrated A value

for event 15
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Figure G.16. Measured versus calculated runoff hydrographs using the calibrated A value

for event 16.
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Figure G.17. Measured versus calculated runoff hydrographs using the calibrated A value

for event 17.

138



300 ‘ ‘
1 —e—Calculated Runoff Date: 03/28/08
1 —a—Measured Runoff _
1 = = =Rainfall : Ds=10.0cm
250 | Rainfall Intensity | 3|~
- l l ps =0.24 g/cm
] | | S=3.13%
200 | | |
= i | |
O 4 | |
Q 1 1 1
o 150 v------- S S 2 E i
9 ] | |
I T | |
~ — | |
Q 1 ‘ 1
(ﬁ 100 h |
o ] |
50 | T —
1T resp =3.03 hr |
1 AP 4 |
T tZ—p o |
0 &see"zw ; ; ‘ ‘ \ !
0 5 10 15 20 25 30

Time (hr)

Figure G.18. Measured versus calculated runoff hydrographs using the calibrated A value

for event 18.
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Figure G.19. Measured versus calculated runoff hydrographs using the calibrated A value

for event 19.
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APPENDIX H

EXAMPLE APPLICATION OF THE PROPOSED MODIFICATIONS

The following example illustrates the necessary calculations to obtain the

percentage change in the proposed design treatment volume for a site near Spokane.

Given:
Site Location Spokane area
Drainage Basin Area, A 1.37 acre — Paved surfaces
Curve Number, CN 98
Design rainfall event, Ps_month, 24-hour 0.77 in
The 24-hour to regional storm 1.06
precipitation depth conversion factor for
Region 3 (from Table C.2)
Snowmelt adjustment factor (from Table 0.45 inch
C.3)

The design runoff volume for this example can be obtained using the following steps:
1. Determine the total rainfall depth during the long duration regional storm
The total rainfall during the regional storm = (1.06)*(0.77 in) = 0.82 in
2. Compute the maximum storage using the following equation

S = 1000 _ 10 (Equation H.1)
CN

Applying the assigned CN for the given drainage basin surface, (CN = 98) and
solving for S yields:

S=0.20 inch
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3. To account for the rain-on-snow, the total rainfall during the regional storm
was adjusted using the snow melt adjustment factor as follows:

P =0.82 inch +0.45 inch = 1.27 inch

4. The runoff depth from the given basin area is solved by the following form of

the SCS-CN equation:

2

0= _(P=AS)” (Equation H.2)

[P+(1-1)S]

Setting the initial abstraction storage ratio A to 0.20 in the above equation

and solving for Q yields:
0- (1.27-0.2x0.2)>

[1.27+(1-0.2)0.2]
0=1.06 inch

5. To convert this runoff depth to total runoff volume, we multiply this runoff
depth by the drainage basin area:

Total runoff volume (ft) = Q (inch) * A (acre) * 3630 ft® /acre-in (Equation H.3)

Total runoff volume, V = 1.06 * 1.27 acre * 3630 ft° /acre-in

Total runoff volume, V = 4886.7 ft’

6. Determine the % change in the required facility area if A value other than 0.20
is used in the SCS-CN equation for runoff volume computations. The
following computation was used to determine the percentage change in the
required facility area:

V..
= devign (Equation H.4)

req
f design
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Where, T}, [T] is the time required for runoff treatment, V’ [L*] is the design
runoff volume, and f[L/T] is the design infiltration rate.

The design infiltration rate is estimated by the following equation:

f=K-i-4 (Equation H.5)
Where K [ L/T] is the hydraulic conductivity, i [L/L] is the hydraulic gradient, and
A [L?] is the infiltration area.

Substituting Equation H.5 into Equation H.4 yields:

_n_n

"
req - =
o N

A
AZ
By computing the design runoff volume for different A values, the % change in

the required facility area can then be determined. The results are presented in

Table H.1.
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Table H.1. Percentage change in the required facility area for different assigned values of

initial abstraction storage ratio, A.

Runoff Increa;e in

A Runoff Depth Volume Areay—o 2/ Area)—pew Reql.n‘red

(in) (fF) Facility

Area (%)
0.01 0.609 3030.22 1.063 6.34
0.02 0.607 3020.70 1.060 6.0
0.04 0.604 3001.66 1.053 5.33
0.05 0.602 2992.15 1.050 5.00
0.06 0.600 2982.63 1.047 4.67
0.07 0.598 2973.12 1.043 4.33
0.08 0.596 2963.61 1.040 4.0
0.09 0.594 2954.10 1.037 3.67
0.10 0.592 2944.60 1.033 3.33
0.12 0.588 2925.59 1.027 2.67
0.13 0.586 2916.09 1.023 2.33
0.14 0.584 2906.59 1.020 2.0
0.16 0.581 2887.60 1.013 1.33
0.18 0.577 2868.62 1.007 0.67

0.20 0.573 2849.64 1.000 0
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