05-299 (7-08) PUBLICATION:
TRANSMITTAL LETTER Sl 5
v7 March 2015 Edition
o
pennsylvania DATE:
DEPARTMENT OF TRANSPORTATION
April 15, 2015

SUBJECT:

PennDOT Drainage Manual
March 2015 Edition

INFORMATION AND SPECIAL INSTRUCTIONS:

Publication 584 (PennDOT Drainage Manual) is to be re-issued with this letter. The enclosed March
2015 Edition represents a complete publication. This Edition supersedes the December 2010 edition
and all subsequent changes. The effective date of the March 2015 Edition is April 15, 2015.

This release only includes incorporation of outstanding Strike-off Letters issued through February 28,
2015, and those changes are already in effect. Strike-off Letters issued on or after March 1, 2015
are still effective until they are incorporated into this publication.

CANCEL AND DESTROY THE FOLLOWING: ADDITIONAL COPIES ARE AVAILABLE
FROM:
Publication 584 (December 2010 Edition and all
associated changes) [] PennDOT SALES STORE
(717) 787-6746 phone
SOL 432-12-01 (Jan. 24, 2012) (717) 787-8779 fax
SOL 482-14-10 (April 28, 2014) ra-penndotsalesstore.state.pa.us

J PennDOT website - www.dot.state.pa.us
NOTE: Publication 584 is only available Click on Forms, Publications & Maps

electronically via the PennDOT website.
[ ] DGS warehouse (PennDOT employees ONLY)

APPROVED FOR ISSUANCE BY:

LESLIE S. RICHARDS
Acting Secretary of Transportation

BY: _
¢ A
A/ y
Bfi H G. Thompson, P.E.

Director, Bureau of Project Delivery,
Highway Administration

D




PUB 584 (3-15)

PennDOT Drainage Manual
2015 Edition

' pennsylvania
DEPARTMENT OF TRANSPORTATION




Table of Contents Publication 584
2015 Edition

PENNDOT DRAINAGE MANUAL

CHAPTER SUBJECT PAGE
CHAPTER 1 INTRODUCTION

1.0 INTRODUCTION. ....octiitiiiiit ettt et r bbbt bt be e e n e b sr b e sbeeneas 1-1
1.1 BACKGROUND......cocoiiiii e bbb 1-1
1.2 CONTENTS OF PENNDOT DRAINAGE MANUAL ......cccccoiiiiiiiii s 1-2

CHAPTER 2 LEGAL ASPECTS

RESERVED FOR FUTURE DEVELOPMENT
CHAPTER 3 POLICY

RESERVED FOR FUTURE DEVELOPMENT

CHAPTER 4 DOCUMENTATION AND DOCUMENT RETENTION

4.0 OVERVIEW ..ottt h e bt bt e bt e a e b e e bt e e bt e ke e steeaeesbe e sbeenbeanbeenbesnee e 4-1
N 111 7 o [1Tox o] SRS 4-1
B.  PUIMPOSE ... 4-1
C. Documentation and DiStrict PrOJECE FIlES.........c.coiiiiiiiiiiiiiici e 4-2
D. Roadway Management System (RMS) and Location Reference System (LRS) .........ccccocvrviviirenne. 4-2
B PISES . b e E b h e bR E Rt bbbt bbb b ereenes 4-2
41  DOCUMENTATION TYPES......o oottt bbbttt bbb 4-4
YN B Lo To{ 1 1] o T TP TP PSPPI 4-4
B. National Pollutant Discharge Elimination System (NPDES) Permit Application...........c.cccccevevennnne 4-5
C. Erosion and Sediment Pollution Control (E&SPC) Plan and Narrative ..........cccccoeveeveive e see e, 4-5
D. Roadway Drainage REpPOrt (RDR)........cciiiiiiiiiiiiriiieie sttt 4-5
E. Post-Construction Stormwater Management (PCSM) PIan.........cccoviviniiiiineinnesc e 4-6
F.  Preparedness, Prevention, & Contingency (PPC) Plan..........ccooiiiiiiiiiiiiiiesese e 4-6
G. Water Obstruction and Encroachment Permit (Waterway Permit) ..........ccooveriivinninennnenecnens 4-6
H. Hydrology and Hydraulics (H&H) REPOIT ........cviiiiiiiiiiiie et 4-8
I.  FEMA Conditional Letter of Map Revision (CLOMR) and Letter of Map Revision (LOMR) .......... 4-8
Jo PUMIP SEALIONS ...ttt b ettt bt bbbt ae Rt e e et b e e bt e b e e bt e b e e e e s beneenbenbe b 4-9
4.2 PROCEDURE ...ttt bbbt bt bbbt bbb bt e b s b bttt b ket nn et 4-9
AL FIIE OVEIVIBW ...t bttt bbbt bt h et e b b eb e s b e bt e b e e e enbeneenbenbeane s 4-9
o o 0 (o2 TSRS ROUSTTUPRPR 4-9
C.  Filing and REIENTION ...viiviiicie ettt e e ae st et neere e e ene e aesteseeaneereenes 4-10
[ TR Tod V=T 1] T oo SO PSRRPR 4-10
B, RESPONSIDIILY ...ttt ettt et b et bt st e bt e ne e e e e e b saesbeaneeneas 4-11
APPENDIX A Documentation Quick Reference GUIE ........ccccveciiiiiiiiccic e 4A -1
APPENDIX B Sample Notice of Intent (NOI) Application FOrM .......ccccoiiieiiieneie s 4B -1
APPENDIX C  Sample Stormwater and Floodplain Management Consistency Letters.......c.cocvvvevvevvivennnnne 4C-1
APPENDIX D  Sample PNDI Project Environmental ReView RECEIPL .......cccvevvereiiieiiee e 4D -1

CHAPTER 5 PLANNING AND LOCATION

RESERVED FOR FUTURE DEVELOPMENT

TOC-1



Table of Contents Publication 584

2015 Edition

CHAPTER 6 DATA COLLECTION

8.0 OVERVIEW ...ttt ettt ettt s bt s bt e s b e s st b et e s et e b e st et et en et et en et e e eneebe e 6-1
N 111 7o [FTox o] ISR S PP 6-1
B.  Data REGUITEIMENTS ...ttt ettt sb ettt bbbttt b etk eb et et e sb e bt b e b anes 6-1
6.1 TYPES OF DATA REQUIRED AND DATA COLLECTION .....cccctiiiirieiiisieese et 6-1
F N C =10 | OSSOSO PSP 6-1
B.  Watershed CharaCleriStiCS ........oiviiieieiiieiieiesie ettt ettt ettt ettt sttt sb e et sbe e ene e 6-2
C. Geographic Information Systems (GIS) Data.........c.ccevvereriiiiieiieieeeese st se e sre e 6-4
D. National FIoOd INSUrANCE PrOGIaM .......ccveiiiiiiitieitieieeeiesie e e e seeae e steesaeesseanseensessaesraesreeseeeeens 6-5
E. Field Investigation - Site CharaCleriStiCS ........cevveiieiiiiieiie e se e 6-5
F.  SUIVEY INTOMMALION........iiiiiic et ste e s teenteeseeenaestaentaesteeteaneeas 6-8
G. Global Positioning SYSIEM (GPS).......ciiiiiirieieiirieieie ettt bbb 6-10
H.  Aerial PROOGIAMIMELIY .....c.oiuiiiiiiiiieieie ettt ettt et b e bbb 6-11
. Channel Meander and INStability Data ..........ccoviiriiiiiiie e 6-11
8.2  SOURCES OF DATA .. oottt ettt sttt ettt e et st et ebe st e s e et e st e s e ebe st e s e et e sa e s e ebe st eseebe st eseeteseeseateseas 6-12
Al ODJECLIVES ...ttt bbb bbb bbbt bbb e 6-12
S 0T o -1 TSRS 6-12
6.3 DATA EVALUATION . ..ottt sttt sttt sttt e et abese e s e ebe st e seebeseeseebe st eseebeneereabeseerenbe e 6-13
N @ | o =11 1TSS 6-13
B.  EVAIUALION ...t b bbb bbb bt b ettt nbe et ene s 6-13
T - Y1 Y/ SR 6-13
D.  ACCUIACY OF DALA ... .ectiiteitieiiiiiie sttt bbbt bttt b e s bt bt et e e st enb et e nbenbe b 6-13
B, DAtA IMIEIGING ..ottt bbbtk bbbtk bbbt bt bbbt 6-13
6.4 REFERENGCES.......ci ittt ittt ittt sttt sttt et b et s b e e besb et e be s b e e e be s b et et e ebe e et e sbe e etesbe e ebesbeentenres 6-14
APPENDIX A Sources of Data and Data Access Quick Reference GUITE .........ccceevveevieiieiiececcie e 6A -1
APPENDIX B Hydraulic Site INVEStIgation FOMM .........coiiiiiiiiiriieisiee s 6B -1
APPENDIX C  Hydraulic SUIVEY INSITUCTIONS. ........eciiiieiieiieiee e eie st ste ettt e et steesteeae e sneenneennas 6C-1

CHAPTER 7 HYDROLOGY

7.0

7.1

INTRODUCTION TO HYDROLOGY ..ottt sttt sttt 7-1
YN €= T =L o 1Yo [ (0] (oo YT 7-1
B. Peak Discharge versus Frequency REIALIONS .........c.cccviieiiieiieiie et 7-1
(ORI o ToToTo [ o 1Yo 100 T o] SR 7-2
[ T U o1 Yo oo - o] USSR 7-2
E.  Site INVESHIGALION ...ceiiieieci ettt et e st e e s te e steenteeneesaeenteeste e teentenneeas 7-3
F. Interagency COOMINALION .......c.cciuiiieiie ettt ae e esteesteensesneesneesteesta e reeseenneens 7-3
FACTORS AFFECTING FLOODS .......ooiiiiiitiiiitiieteie sttt sttt et sr b nr et sbesr e sbenn e ene e 7-3
A. Rainfall versus RUnoff QUantity/VOIUME ...........ccciiiiiiiii e 7-3
B DFAINAYE AT, ... ittt ettt ettt b et b bbbt b e s bt e bt e b st e bt e b et ekt e bt b e bt eb e bt b e bt ere e 7-4
€. SNAPE FACTOT ...ttt bbb bbbt bbb bbb bbbt b et 7-5
D 2] (o]0 OO O PSP URTUPPOURTPOPRN 7-5
B LANG USB .ottt e bR bR Rt R e r e en s 7-5
o] | =g Lo [ C1=To] oo VTSRS 7-6
(G (o] = To I AN €T R o] 1] ¢TSS 7-7
H. Slope and Orientation 0f the BASIN ..........ccoiiiiiiiiiiie e e 7-7
. Influence of Channel and FIoodplain GEOMELIY.........ccciiiiiiiiiiiiireeee e e 7-7
J. Stream and Drainage DENSITIES ... ....ccieiiiiie ittt see st eneas 7-7
K. Site-SPecific CharaCteriStICS ... ... uiiiieiirie ittt bttt e bbbt eneas 7-8
L.  Aggradation and Degradation........ ..o ettt st st e e e se et saesaesneaneas 7-8
YO (ot Ta o D L o LRSS 7-8
N. Seasonal and Progressive Changes in VEGETatioNn ............ccoeiieiiiineiieiiceese e 7-8
O.  Channel MOGITICALIONS .......c..oiuiiiiiii ettt bbbttt et et et e b saeseeene e 7-8
e UL (0] (=3 @] 1o 11 T LSRR 7-9



Table of Contents Publication 584

7.2

7.3

7.4

7.5

7.6

7.7

7.8

2015 Edition

(@ T O 111 4T TSROSO 7-9
DESIGN FREQUENCY ...ttt sttt sb ettt sb et sb ettt b et b ettt ab et sb et ebesbe e enennes 7-9
N N 4Ll o g ot o) o =T (11T T PR 7-9
B, DESIGN STOMMS ..ottt ettt bbbtk bbbtk b bbbt bbb bt et n et n s 7-10
C. Design by Cost Optimization Using RiSK ASSESSIMENT .........c.cerveiririeinerieisie et 7-12
D.  CheCK-FIO0d FIEOUENCIES .....c.eiveieiiiteieie stttk bbbttt 7-12
E. Frequencies of CoinCidental OCCUITENCE ..........oiiiiriiiiieriei sttt 7-13
F.  Rainfall versus FIOO FrEQUENCY .........cciiiiiiiiiiieiciste ettt ettt 7-14
HYDROLOGIC METHOD SELECTION. ...ttt 7-15
A. Overview of Hydrologic Method SEIECHION.........c.eeiiiie i 7-15
B. Peak Flow Rates Versus HYydrographs ..........ccveieiieiieiieie et seeste e ss sttt nne s 7-15
ORI o Yo 1 70] (oo ol o o Tt=To [0 RS S 7-15
[ ST (- [0 ToTo I 151 ] Y2 ST 7-15
E.  FEIMA STUIES ..ottt sttt bbb bbbttt ettt st et b e st et re st 7-15
F. 1978 Act 167 Stormwater Management STUAIES .........cccverviiieiiieiiee i 7-16
G. Hydrologic Methods and MOTEIS .........cooiiiiiiiiiee bbb 7-16
H.  Analysis of Stream Gage RECOMS ........coiiiiiieiie st 7-16
I = LT - LIV =112 To T SO 7-17
J. REQreSSION METNOAS ....c.coviiiiiiiee bbbt b et 7-17
K. HEC-1 & HEC-HMS ...ttt et e et e e ta e st e e e te e s beesteesnbeeaneeennreas 7-23
L. WINTR-55 NG TR-55. . ittt ettt be e be et e as e s be e e beeebeesbeetbesbeesbeesbeesreeanes 7-23
VL. EFH 2 et bR bR bR bR bt b et Rttt et bens 7-23
TIME OF CONCENTRATION ...ttt ettt et b et 7-24
A.  Overview of Time 0f CONCENTIALION .........oviiiiiiiiiece e 7-24
B, OVEIIANG FIOW ...t ettt bbbttt et sttt bt 7-24
(OT o 4oLt a1 v Y =1 o o SRS 7-25
D. Conduit Flow and Open Channel FIOW ............ccooiiiiiiiiiienese e 7-26
E. Other Methods for Estimating Travel TIMe.........cciiiiiiiiiee e 7-28
F.  Procedure to Estimate Time 0f CONCENTIAtION .........ccveiiiiiiiie i e 7-28
PEAK DISCHARGE USING THE RATIONAL METHOD .....cccoiiiiiiiieicesee e 7-29
A. Introduction to the Rational Method............cooiiiiiiieiee e 7-29
B. Assumptions and Applicability of the Rational Method............cccccoieiiiiiiincee, 7-29
C. The Rational Method EQUALION...........cccuiiieiie ettt e e teesreeaeeneennae e 7-30
[ o U] 1 1 T ] 0 SR 7-30
E.  RUNOTT COBTTICIENT. ...t bbbttt bbb eneas 7-30
F.  Procedure for Rational IMEtNOd ............coooiiiiiiiiiieee e e 7-32
G. Example Problem - Rational Method ............coviiiiiiiic e 7-33
NRCS RUNOFF CURVE NUMBER METHODS........cccccitiiiiiieseeste et 7-36
A, Introduction 10 NRCS MELNOUS ........cveiiiiieieeiieeie et seesnenre e 7-36
B. NRCS Rainfall-RUNOTF EQUALTON .......c.ciuiiiiiiiiieiie e 7-36
C.  Accumulated RAINTAI (P) ...c.ooviiiiiiiiiieie ettt sb e ebe e 7-37
D.  RaiNfall DIStIDULION .....eeieiceiecce ettt ste s re e e e seeneenreanens 7-37
B SOI GrOUPS ...ttt bbb bbb bbbttt bbbt b e 7-37
F.  RUunoff Curve NUMDEr (RCN) .....eiiie ettt st et et e st teesteeneeaneas 7-37
G. Procedure for NRCS Graphical Peak Discharge (TR-55) ....ccccoiiiiiriiiiiiiee e 7-42
H. NRCS (SCS) Dimensionless Unit Hydrograph ..........cccovviiiiiiiiiieee e 7-43
I.  Procedure For Determining Flood Hydrographs Using the NRCS Dimensionless Unit Hydrograph7 - 46
DESIGN RAINFALL HYETOGRAPH METHODS ..ottt 7-48
A.  Use of the Rainfall HY&tograph ..........oovie i et 7-48
B. NRCS 24-Hour Rainfall DiStrDULIONS. ........cccoiiiiiiieie st 7-48
C. Example of Hyetograph Developed from NRCS 24-Hour Rainfall Distributions (Metric Units)..... 7 - 49
D. Example of Hyetograph Developed from NRCS 24-Hour Rainfall Distributions

(U.S. CUSLOMATY UNIES)..ctreiuieiieiieiieieetesttesieesteeseeaesesesieesbeesbeabeesbeasbestsesbeesbeesbeabessnesaeesaeesaeenbeenns 7-52
STORAGE ROUTING OF FLOOD HYDROGRAPHS ...ttt 7-53
AL FIOOT ROULING ..ttt bbb bbb bbbttt an e 7-53
B. Hydrograph ROULING IMEINOUS ........eeiiiiicie ettt nne e 7-53
C. Storage-Indication ROUING MENOM ..........ccveiiiiiiiic e 7-54
D. Procedure for Storage-Indication Method ...........cccoiiiiieii i 7-55



Table of Contents

7.9

7.10

7.11
7.12

Publication 584

2015 Edition

E. Example of Storage-Indication Method...........ccccviiiiiiiiiie e 7 - 56
CHANNEL ROUTING OF FLOOD HYDROGRAPHS. ..ottt 7-59
A. Introduction to Channel ROULING ......cveiviiiiiiiciesece ettt 7-59
B.  HYArologic ROULING ......c.oiviiiiiiieieieiteee etttk b bbbt 7-60
C. MUSKINGUM IMELNOU ...ttt ettt sttt 7-61
D. Example of Muskingum MEethod ..........ccooiiiiiiiiii e 7-62
E.  Muskingum-Cunge MENOG..........coiiiiiiiiiiiec bbb 7-64
STATISTICAL ANALYSIS OF STREAM GAGE DATA . ...ttt 7 - 66
A. Introduction to Statistical Analysis of Stream Gage Data ..........ccccevvvereiiiiinse e 7-66
B. Sources of Stream Gage RECOIS .......cuiiieiieiieieeiesie ettt se e ste et e st et e steesteeaesnaesreesneennas 7-66
C.  Applicability and LIMItatiONS ..........coeveiiieiieiieie st e s ste e ste e e e e sreenaeeeeeneennee e 7-66
D. Log-Pearson Type H DIiStriDULION .......cccooiiiiiiiccc et 7-67
E. Log-Pearson Type I ANalysis PrOCEAUIE.........c.ciiiiiieiiee et ste e ste ettt sne s 7-67
o OB ettt bR Rt R bR bt Re bbb e bt Re et ettt e et b 7-68
G. Accommodating Outhiers inthe Data ..........c.cccviieiieiiie i 7-68
CHAPTER 7 NOMENCLATURE ... .ottt ettt ettt e saa e e st e e snre e snaeeaneee e 7-71
REFERENGCES..... ..ottt ettt ettt s e et e et e et e e te e e ate e e teeeateeenteeanteeanteesnteesnteesrbeeanneennres 7-72

APPENDIX A  Field Manual for Pennsylvania Design Rainfall Intensity Charts From
NOAA At1as 14 VErSiON 3 Data......ccuervererieriireeieiesisiesiesiesiesseeeseesseseessessessessesssesseseessessessens TA-1

APPENDIX B  Frequently Asked Questions for Pennsylvania Design Rainfall Intensity Charts
From NOAA Atlas 14 Version 3 Data........cccueeiieiriiiieiesiesie e mB-1

APPENDIX C  Implementation Guide for Pennsylvania Design Rainfall Intensity Charts
From NOAA Atlas 14 Version 3 DAta........ccceveiieieiieieie et sne s 7C-1

CHAPTER 8 OPEN CHANNELS

8.0

8.1

8.2

8.3

8.4

INTRODUCTION TO OPEN CHANNELS .......cotitiiitrestee ettt e 8-1
A © o T=1 4= 1 - £ SUPSRSRSS 8-1
T B L] o | o o €0 To0 SO TRPRPR 8-1
CHANNEL DESIGN CRITERIA ... .ottt ettt ssese b ssene s s 8-2
A, SEream Channel CrILEIIA .......oeiieiiieie ettt ettt st s b et be st et e s e seenbesbeseesbesneeneas 8-2
B.  Roadside Channel CritBria.. ..ottt bbbttt bbb eneens 8-2
OPEN CHANNEL HYDRAULIC PRINCIPLES........cocctiiititiiiiiseests e 8-2
A, CONLINUILY EQUALTON ...ttt ettt bbbt b et b ettt nens 8-2
S T O 1 - 1o 1= B = o - Tod | SRR 8-2
LG 070101} o [0l PP TP UPPTP 8-3
[ T o] =L T o YU 8-3
ST o 1< Tox | o =1 4 T=T {0 | S SSSSRR 8-4
F.  Kinetic ENergy COETFICIENT (0) .ovveiveiiieiieiiiie ettt te e e e sra e reeneeneeas 8-4
G. Energy Balance and the Energy Grade LiNE.........cccoveiviieiieiiie it 8-5
H.  UNITOIM DEPTN. ...ttt bbbttt b ettt bbb e b e 8-5
L CFIICAI DEPN .ottt bbb et b e e 8-5
B o (01010 [N\ 2] o] SRS 8-6
K FIOW TYPES ettt bbb bt bbbt bbbt bt bbb bbb bbb e bt bbb 8-6
L. Steady, UnifOrm FIOW ......ccoiiiiiiiieieee sttt st st raene e ententeseesnesneanens 8-7
M. Gradually Varied FIOW ..........cov oottt et e et e st e nta e beeteeneeas 8-7
N.  Subcritical/SUPErCritiCal FIOW ..........ccoviiiiiiiiece et re e 8-7
L@ N O 1S3 1= od 1 o S SRR PO PP PRPRR 8-7
P. ROUGNNESS COBTFICIENTS ...ttt bbbttt b e bbb b 8-8
Q. Wetted Perimeter Weighted Manning's N-ValUE ..........ccceveierineienise s 8-10
R.  Cross Section Subdivision for Conveyance CalCulations............ccoovviviieiininiireieicse e 8-11
CHANNEL ANALYSIS ..ottt sttt sttt bt te s b e e e e sbe e eteabe st atesae st etesbe e etesbeseetenees 8-13
A.  Overview of Channel Analysis MEtNOUS ..ot 8-13
B. Stage-Discharge RelationShip........ccooioiiiiiii e 8-13
SLOPE CONVEYANCE METHOD .....coiiiiitiiietiesee ettt sttt sae st sae et sbesaetesnesaesennes 8-15



Table of Contents Publication 584

8.5

8.6

8.7
8.8.

8.9

8.10

8.11

8.12

8.13
8.14

8.15
8.16

2015 Edition

A. Introduction to the Slope-Conveyance Method ............ccceveiiiiiicieiere e 8-15
B. Application and Limitations of the Slope-Conveyance Method...........cccccevvvvniviincieicnc s 8-15
(OT B - ;W (-0 U T=T 1T 1 (PR 8-15
D.  SIOpe-ConVeyanCe PrOCEAUIE.........cceieiiieieieiteeete sttt sttt sttt b ettt sb bbb nn s 8-16
STANDARD STEP-BACKWATER METHOD ......ccoviiiiiie ettt 8-22
A. Introduction to the Step-Backwater Method. ... 8-22
B. Application and Limitations of the Standard Step-Backwater Method .............cccooeeinineininecnen, 8-22
C. Data Requirements for the Standard Step-Backwater Method ............ccocooeiiiiiiiinciicece, 8-23
D. Standard Step-Backwater PrOCEAUIE .........ccooiiiiieiiierese et 8-23
O N (0] 11 L O] 1V =T 0T o SRS 8-25
F. Example of the Standard Step-Backwater Method.............cocooiiiiiii i 8-26
TWO-DIMENSIONAL BACKWATER MODELS ......cocoiiiiiiieisesese s 8-31
A. Introduction to Two-Dimensional MOGEIING .......ccvciiiieiie e 8-31
B. Finite Element Surface Water Modeling System (FESWMS).......ccccoiviiiiievieceece e 8-31
C. Application and Limitations of Two-Dimensional Models ...........c.ccccevveiiiii i 8-31
D. Data Requirements for FESWMS APPHCALION ..o 8-31
E.  Surface-water MOdeling SYSIEM........cuiiiiiiiieiie et 8-32
STREAM CHANNEL DESIGN ... .ooiiiiiiie ittt s et sat e st a e san e et e e nnaeestaeeaneee e 8-32
ROADSIDE CHANNEL DESIGN ......cciiiiiii ettt ee et et e st et e s te e st e ateesnteestaesnaaeanneennreas 8-34
A.  Channel Design CONSIAEIALIONS. ..........eiuiiriiiiirieieicrte ettt b et 8-36
B.  CRANNET LINMINGS. . .ctiitiiiiie ettt bbb bbb et sb et e bt e se e e et et sbesbesneeneas 8-36
O T T o N 13T [P 8- 36
D.  Permanent FIEXIDIE LiNINQS .......coiiviiiiiieiese sttt ettt te e e e e se st snesreanaaneas 8- 36
E.  Temporary FIEXIDIE LININGS ....cccviviiiiiie ittt sre e ne e e et sresrennnaneas 8-37
F.  Channel-Lining DeSign PrOCEAUIE. ........c.coueiiiieiiseseeiestestes e steste e ae et e stesteste e esae e esesaesaesresresnens 8-37
(T =T 1= LYo I T3 T 8-43
H. Rolled Erosion Control Products (RECPS) ........ccciiiiiiniiinenieisiesieesie sttt 8-44
I, ROCK (RIprap) and CONCIELE ........ooveuiieiieiiiierieiet ettt bbb 8- 46
STREAM STABILITY ISSUES ...ttt sttt st e et e e snb e e snaeesneeeanes 8-48
A, Stream GEOMOIPNOIOGY .......cviuiiiiiiitiie ettt bbbt 8-48
B.  LVEIS OF ASSESSIMENL .. .euieiiiiiiteeit ettt sttt stesbeebe st ese e e e tesaesbesaeeseeseeneeneesaesreareaneas 8-49
C. Factors that Affect Stream Stability...........cocooiiiiiiii e 8-50
D.  Stream ClasSITICAIION .........oiiiiiiieitieee e bbbt bbbt e bt nbesbeene s 8-51
E.  Stream MOGITICATIONS ........cuiiiiiiiitie ettt see b b sne s 8-55
F.  Stream Meander CONSIABIALIONS ..........ciieiiiiieie ittt sb et se bbbt e b b sne s 8 - 56
THE EFFECTS OF CHANNEL ALTERATIONS ..ottt 8-59
A, Channel REAIIGNMENT .......coiiiie ettt e et e e e s e e sreeseeaneas 8- 60
[ TS o o L= 1Y oo [ o= L1 o o ISR 8-61
O - Tod o] o 1V, T L 10> Ui o] PSSR 8-61
D.  Conveyance MOITICALION. .........coiiiiiiiie ettt 8-62
CHANNEL STABILIZATION AND BANK PROTECTION ..ottt 8-63
A, Stabilization CONSIAEIALIONS .........viveieieiiie sttt re e eree e eneeseesrenre e 8-63
B.  Selection Of ProteCtiVe IMBASUIES. .......ucveierieie e sieseeeeeesees e steste e ssae e seeaeseessesnesneeseessesaeseessessessens 8-64
G RBVEIMENTS ...ttt bbbt bbbtk et bR R R bR e e r b n e n s 8-64
SUBSURFACE INVESTIGATIONS ...ttt ettt 8-65
A. Reinforcement for Rigid LININGS.......coooviiiiiiiiicie ettt 8 - 65
B.  BUOYANCY QN0 HEBAVE ......cuveiiiiie ettt sttt et et bt e s e s e e et e ntesnenreanaeneas 8 - 66
(O T o= To [T @] 1 o] S 8 - 66
CONSTRUCTION RELATED HYDRAULIC CONSIDERATIONS .......coviiiiiiiriencneescsiesicsieeees 8-66
MAINTENANCE RELATED HYDRAULIC CONSIDERATIONS......cccooteitieieesen e 8-66
A.  Maintenance during CONLraCt PEIIOU ..........ooveireiieiiiiie s 8-67
B. Hydraulic Related Maintenance Considerations. ..........cccoeieiiiieinieieese e 8-67
CHAPTER 8 NOMENCLATURE ...ttt sttt ae et e et e teeanbe e s aeeenaeeanes 8-67
REFERENGCES. ... ..ottt sttt s et she e e st e e st b e e st e e e s ta e e tb e e atee e tbeeebeeesbeeebeeesteeeneeereas 8 -68

TOC -5



Table of Contents Publication 584

2015 Edition

CHAPTER 9 CULVERTS

9.0

9.1

9.2

9.3

9.4

9.5

INTRODUCTION TO CULVERTS ..ottt ettt ne bt nennns 9-1
AL GENEIAL = CUIVEITS. ...ttt st b et b e bt et e n e e e sbesbesbesbeeneeneas 9-1
B CONCEPLS ..ottt et 9-2
C.  General CUIVErt CONSIABIALIONS. ........eeiiieie ettt sttt sb et sbe et se et eseesbesbesaesreene e 9-3
D. ECONMOMICS ...vitiiteiietiite ettt sttt sbe sttt sb et sbe e et e bt e ke ab et e b e eb et et e e bt e b e e bt et e ebe st ebeabe e ebesbe e ebennes 9-4
DESIGN CONSIDERATIONS ... ..ottt ittt sttt sttt et sbe et sb et sb et sbe et sbe st ebesbe e ebesbeseerennes 9-5
F A B TSy T T =T [0 =] o)V SRS 9-5
B.  HEAAWALET ...t bbbt b e E bbbt e bbb bbb nes 9-5
ORI T1 3 D | - T T TP P PP PR PRV VRTPRTPROPO 9-6
D.  CUIVEIT LOCAIIONS ...ttt sttt etttk et bbbkttt e bbbttt heeh et e b et sbeabeaneeneas 9-10
E.  Stream MOGIfICATION ......coviiiiice ettt sre st e eneas 9-11
Fo CUIVEIT PIOTIIE .ottt st te e et e e et seestesreeneas 9-12
G. Temporary Diversion ChannelS.........cciiiiiiiiiiiieire et 9-13
H. Design and Allowable OUutlet VEIOCILY .........ccooeiiiiiiieiieeee e 9-13
I = 0o I I =T Vi 11T ) £SO 9-14
J. Safety CONSIARIALIONS .....c.oiviieiiitiieist bbb bbb bbbt ebns 9-15
K. CUIVEIT TYPE SEIECLION .....eciiiiece ettt ettt e st e s te e beesbeesaesraesreenreeneas 9-16
L. ECOMOMIUCS ...ttt b bbbt b bbb £ b e ht et e b e bt e bt e bt e bt ebt e st e b et nbe b e b e 9-18
M. HYOFaUIIC PrOPEITIES ... veevieieee ettt re et e e ne e s ae e e teeste e beesbeeseesraesteeneeeneas 9-18
[N TR O] o 1= -1 o] o TSSO UPTURUPUPTPTPRPRON 9-18
O, FHIEHEIGNES ..t e b bbbt b bbbt bt e e e e b e bbb ens 9-18
HYDRAULIC ANALYSIS OF CULVERTS ... .ottt 9-18
A.  General - Hydraulic Analysis Of CUIVEITS.........cuiiiiiiii e 9-18
B. Computations for CUlVert HYArauliCS...........cooi i 9-19
C.  Supercritical versus SUDCIITICA FIOW ..........coiiiiiii s 9-19
D.  Critical Depth iN CUIVEITS .....c.i ittt sttt sb e b e sbesneeneas 9-20
E.  Uniform Depth in CUIVEITS ......c.oiiiiic e 9-21
e eI (o] o TSP 9-21
G. Steep SIope VErsuS Mild SIOPE .......ccvcieieie et r e e eneens 9-22
H.  Headwater Under INIet CONLIOL .........oviiiiiiiiieice s e 9-22
. Headwater Under OUlEt CONLIOL........cooviiiiiiiiiiece e 9-27
J. Outlet Control Headwater Due to Full FIOW in CUIVEIS ..o 9-29
K. Outlet Control Headwater Due to Free-Surface FIOw in CUIVErtS............ccoveiiiiiiiiciinceee, 9-30
L STUG FIOW..e bbb bbb bbb bbb 9-32
M. Determination 0f OULIEL VEIOCITY ........coviiiiiiiiiiic e 9-32
N. Direct Step Backwater Method Applied t0 CUIVEIS .........ccoiieiiiiie e 9-33
O.  Hydraulic JUMP iN CUIVEITS .....c.oiiiiieiie ettt 9-34
P.  Sequent Depth for Rectangular CUIVETT..........coooiiiiiiiinise e 9-35
Q. Sequent Depth for Circular CUIVETT ..o e 9-35
R.  Sequent Depth for Other SNAPES........cvi i sae e 9-36
T (o o VT YA @Y LT (] o] o1 T RS 9-36
T, PEIfOrMANCE CUIVES ..ottt bbbttt e bbbt bt b e bt e e et sb et sbe b enes 9-39
CULVERT DESIGN/ANALYSIS PROCEDURE ......cccceotitiiiiitinieieeie ettt st sae st snesesse e 9-41
A. General - Culvert Design/Analysis PrOCEAUIE..........cceouiiiieiee sttt 9-41
B.  MURIPIE BAITEIS ...ttt bttt bbbttt be st et et e b sbesbeaneeneas 9-41
C. Overview of Culvert Hydraulic DESION .......ccoiiiiiieieiee ettt 9-41
D. Design Procedure fOr CUIVEIS. .........oiiie ittt sttt be st sre e aneas 9-44
IMPROWED INLETS ..ottt ettt ettt ettt ettt es bt se bt sa bt es e be st es e nenneneane e 9-46
A, Conditions fOr IMProved INIELS. ..o 9-46
B.  BEVEIEA EUUES ...ttt bbb bbbttt n 9-47
(OF o R I 1o 1= =0 B I U0 o o SRS 9-48
[ T [0 (o I 1Y 1o 1o =1 SRS 9-48
O (o] oTc R I T o LT =T I [ ][ SRS RPRPRON 9-49
F.  Flared Entrance Design for CirCUIAr PIPe.........ccviieiieiieieeie sttt 9-49
VELOCITY PROTECTION AND CONTROL DEVICES........ccccooiiiiiiiineisc e 9-49
A. General - Velocity Protection and Control DEVICES.........cceiveiiiiieri e 9-49

TOC -6



Table of Contents Publication 584

9.6

9.7

9.8

9.9

9.10
9.11
9.12

2015 Edition

B.  VElOCity ProteCtiON DEBVICES ....ccueiuveiieieieriesiesiesteseseeie st e et ste e e sae e e stestesaesteaneeneeeesesaesresreanaenens 9-50
(T Y -1 [oTod 14V @0 i £ B DT S 9-50
D.  Other CONIOI DEVICES ....c.euviiiiieieieiteiee ettt sttt st sttt bbbt b st sttt b st 9-50
SPECIAL HYDRAULIC CONSIDERATIONS......coiiititieeite ittt a vt svesnete v te v et e 9-50
Al ANCNOTAGE. ...ttt e bbb R R bR R R R b b h bbb r et n 9-50
Bl PIPING ettt bbb bbbttt r et er s 9-52
LT T 11 o1 (TSRO PRTUSRR 9-52
D.  ANLI-SEEP COIAIS ..ottt bbbttt b ettt ettt ne 9-53
E.  WWEEP HOIES ..ottt bbbt b bbbttt 9-53
F.  Junctions and BifUrCatioNS..........couiiiiiieieiie bbb bbb 9-53
L I - V10100 A= 1SS 9-53
[ TR T o X G T | T o £ 9-54
O [ (<o [0 P U AN 1o a1 o TS 9-54
B 0%V - i 0] E USSR SO U T PP PP PRUPTPRO 9-54
K. Tidal Effects and FIO0d ProteCLION ..........ccoiiiiiiieieieiie et 9-55
MULTIPLE USE CULVERTS ... .ottt sttt a ettt et et e st aante e s teeaneeentaeennneanreas 9-55
AL UBIHTIES oottt et et h e e be e e beebe et e etb e e bt e et e e ebe e be e beereeereeereeareenras 9-55
B.  Stock and WildIITe PASSAGE .....cveviiiiiiieieieee st ettt 9-55
. LGNGO ACCESS. .. ettt ettt ettt ettt ettt ettt st e e be et e s ae e ehe e ebe e be e st e e abeehbeebe e beeebeeabeeaeeeaeeebeeabeenbeenbeerae e 9-55
D, FISN PASSAGE .. ettt bbbttt 9-55
(] =T IR 0 N I I {1 SR 9-57
A, Debris Control STrUCLUIE DESIGN .....coveviitiiieiiieieiieiie ettt bbbttt see b bbb 9-57
B, IMIAINTENANCE ...evivieieiieieie ittt s b ettt bttt b et b et s bbb st b b e n e bbb r et 9-57
SERVICE LIFE. .. .ottt ettt et b ettt b e et e e bttt sb e et esb et ebe st e ebe e 9-58
N o] (o] o OSSOSO 9-58
EXAIMPLE ...ttt et b et bR bR bR et E e bRt be bRt be et n et ren et 9-59
CHAPTER 9 NOMENCLATURE ...ttt enesaensans 9-64
REFERENGCES. ......cooiiiciitei ettt sttt s b et s bbb st et s b et e b e e b et et e st e s e e te b e s e e be st e neete st e seebesbene et 9-64

APPENDIX A Joint Agency Guidance for the Analysis of Environmental Impacts and

Other Issues for SNOrt SPaN SEIUCLUIES ........ciirviiiirieiitiiieeet et 9A -1

CHAPTER 10 BRIDGE HYDRAULICS

10.0

10.1

10.2

10.3

INTRODUCTION TO BRIDGES ...ttt sttt sttt ta e snae s taesnbe e taeennee s 10-1
AL GENETAL - BIIOGES .. vttt bbbttt ettt 10-1
B.  DESIGN REGUITEIMENTS. .. c.eitiietiiteieieit ettt b et b ettt b ettt b e ek b ettt eb ettt eb e e et e abe e ebesbe et 10-1
PLANNING AND LOCATION CONSIDERATIONS ...ttt 10-1
A. Overview of Planning and Location CONSIAErations ...........c.ccccvuviiveiierieneerie e se e 10-1
B.  L0Cation and OFIENTALION .........cieiieieieie ettt bbbt sb bt es e e 10-1
(OIS (0 (ox (1] £ Y o[- T TP UROTRPURPPNS 10-2
D.  Environmental CONSIABIALIONS. .......cueiiiiiiiieitiiieic ettt bbbt 10-2
E.  Stream CharaCEriSTICS .......oii ettt bbbttt b e sb bbb e s 10-3
F.  Replacement, Repair and Rehabilitation .............cccoiiiiiiiiii e 10-3
COORDINATION WITH OTHER AGENCIES. .......ccoii ittt e 10-4
A.  General - Coordination With Other AQENCIES .........coiiiiiiiiie e 10-4
B.  Water Resource DevelopmeNnt PrOJECS .........ccoeiiiiiiieieisie e s 10-5
C. FEMA Designated FIO0T PIAINS .........ccoiiiiiiiiiieiie ittt 10-5
[N N @ 1 I I = @ i ]\ SR 10-5
A, TOPOGrAPNIC FEALUIES ...ttt ettt b e bbb e et ene e e sb et sbeebeene e 10-5
B. Land Use and DeVEIOPMENT RESOUICES ......ccviveiueeeeeerieriesiesiestesreseeseeseessessessessesseessessessessessessessesses 10-6
(OT 1Yo | (0] (oo (o3 I | v LSS 10-6
D 2 (0T To I L OSSOSO PRSP 10-6
E.  Highwater INTOrmMation .........ooviiiicicce e ettt e et st resresneeneas 10-7
Fo  EXISHING SITUCIUMES. ... .eeiuiceie ettt ettt ettt e e s e e et e tesbesteaneenee e et e neeseenreaneaneas 10-7
G.  Channel CharaCtEIISTICS .. .. cveiueitirierieeiie ettt sttt ettt bbbttt bt ne et e s tesbesbesneeneens 10-8
H.  ENVIFONMENTAL DALA.......ccieiiitiiieieitieee ettt b et bt be s et et et saesbesreeneas 10-8
IS 1 C- N o] = o PSSO 10-9



Table of Contents Publication 584

10.4

10.5

10.6

10.7

10.8

10.9

10.10

10.11

10.12

10.13

10.14
10.15
10.16

2015 Edition

Jo FHEIA REVIBWS ... 10-9
BRIDGE HYDRAULIC CONSIDERATIONS .......ooiiiiiriiietii et 10-9
A. General - Bridge Hydraulic CONSIAEratioNnS..........c.coveiuereieieseseeeereesie e ste et eee e sre e eneens 10-9
B.  DESIGN SEOIMM .ttt bbb bbbt bbbt bbb bbbt b e e 10-10
C. FIOW NEAI BIIUGES. ... etttk b bbb bbbt eb e nn s 10-10
D. Allowable Backwater DUE t0 BIIAGES .......ccveiiiriiiiirieisiesieise ettt 10-11
E.  FIOW DISHIIDULION.....citiiiiiieie ettt bttt e e et seesbesne e 10-12
F.  Bridge Scour and Stream Degradation .............cocoiiiriiieneineee e 10-13
G. Freeboard and LOW ChO........cooiiiiiiie ettt see e 10-13
STREAM CROSSING DESIGN .....oiiiiiiiiiiiiieiisiee ettt 10-13
A. Design Criteria for Highway-Stream Crossing SYStem .......cccocviiiiieiiieiieie e 10-14
B. Analysis of the Stream CroSSinNg SYSIEM .......c.vcciiiuiiiieiieiiesiee st se e sre e e e sraesreenee e 10- 38
C. Protective and Preventive MEASUIES .........cccvreiiirieinienees et 10-50
D. Dolphins and FENUEr SYSIEMS ......ccviiieiiei e s teete e e snsesteesta e reenaenreens 10-61
HYDRAULICS OF BRIDGE OPENINGS........ccotiiitiiiinieiiseie it 10 - 62
A.  Hydraulic Performance 0f BIOGgES .........ccuiiiiiriiiiieiecree et 10- 62
B.  IMELNOUOIOGIES ... bbbttt bbb 10 - 65
C.  Bridge MOdeling MENOUS .......c.couiiiiiiieiiese ettt 10 - 66
D. Defining INEffECtiVe FIOW ATEES .......ooveiiiieiiiiier bbb 10-71
E. Contraction and EXPanSION LOSSES .......cuiiruiiririeiriirieiisiesiesesie sttt sttt b 10-73
F.  Hydraulic Computations through the Bridge..........cccooviiiiiininieee e 10-74
G. Selecting a Bridge Modeling APProach.........couiiiioiiiie e 10-85
SINGLE OPENING DESIGN .....ociiiiiiiiiieieiisieiesie ettt sttt 10 - 86
A. Single Opening Design APPIrOACH .......cuiiiiiiiiirte e e e 10- 86
B. Recommended Procedure for Single Opening DESIGN .......covvieiivereiieeseee e 10 - 86
MULTIPLE OPENING DESIGN .....ccoiiiiiiirieiiisrecrinreee s 10 - 87
A.  Multiple Opening DeSign APPIOACH.......ccuiiiieieiee ettt sae et e e es 10-87
BRIDGE SCOUR.......otiitiiiititet ettt ettt bbbt bbbtk E b bt e b b £ b bt et b et e e bt e ee et 10 - 87
A, SCOUN COMPONENES. ... couvitiitiiteitieiiee ettt bbbt se bbbt se e ar b ere s 10 - 87
B.  RAES OF SCOU....cuiieiitieiiie ettt b et b et e e s e eneeseesbesbesbeeteane e 10-87
C.  Requirements fOr SCOUr ANAIYSIS .......cuiiiiiiiiiiiie ettt eene 10-88
D. Aggradation and Degradation...........ccoeeierieineieenieiee ettt et 10- 88
E.  CONFACLION SCOU .....iviiitiiiieieiisi sttt ettt 10-88
B PIBI SCOUN ...ttt et R ettt Rt r et nr e 10-89
G, ADULMENT SCOUN ...ttt et ettt r et r e nr et r et nr e nn s 10-89
H.  TOtal SCOUI ENVEIOPE ....cvieiieiee ettt ettt te et e et e st e enbesnaesta e taenteeneeas 10 -89
L. PIESSUIE FIOW ..ottt 10-89
J. Other SCOUr CONSIAEIALIONS ........eivereeiirreeeiirre ettt nenr e ere s 10-89
DECK DRAINAGE ... .ottt sttt ettt sttt ettt s e s e e s be e sbe e s be e beenbeeseeessesbeenbeenbeenbenreens 10-91
N B LT Q101 RSP TP 10-91
B.  Britdge ENG DIaiNS .....cviviiiiiiiiitiieiiiteeeste sttt bbbt bbbt bt 10-92
HYDRAULIC-RELATED CONSTRUCTION CONSIDERATIONS.......oioiiiiiieeeeeeneeneee e 10-92
F Y g o= T o) = - o S 10-92
T L T T O =T o[- PSSR 10-93
€. BOITOW ATBAS.....cuiiiiiiiite ittt bbb bbb bbb b e bbbt e e se b e er e 10-93
D. Detours, Contractor Crossings and WOIK AFEaS..........cccveiieiiiiieiiiesiee s e esre e see st e sreesre e sae e 10-93
E. Environmental and ECOlOQICAl ASPECLS ......c.oiuiiiiiriiieieries e e 10-94
F.  Hydrologic INfOrMALtION ........cc.oiiiiiiiiiee e e bbb e 10-94
G. Cofferdams, Caissons, Barges, and FalSEWOrK...........cccvviviieiveiieieiese e 10-94
[ R =TT | - Vo) SRS 10-94
HYDRAULIC-RELATED MAINTENANCE CONSIDERATIONS ..ot 10-94
A, MaintenanCe INSPECTIONS ........cuiiiiieiitiiteist ettt bbb 10-95
B.  FlOOU DAIMAGES ... vttt ettt bbb bbbt bbb bbb bbbt b et b et r et nn 10-95
APPURTENANCES ...ttt bbbt bbbt bbbkttt e et en et s 10 - 96
A BIIAGE R ..o 10 - 96
DESIGN DOCUMENTATION ..ottt 10 - 96
CHAPTER 10 NOMENCLATURE........ooitiiteitisiettssiee s 10 - 97
REFERENCES ...ttt bbbt bbbt bbb bbb n e 10-98



Table of Contents Publication 584

2015 Edition

APPENDIX A  Field Checklist for the Preliminary Design Permit Coordination ...........cccccvvvvvvivenvenneinnennne 10A-1

CHAPTER 11 SURFACE WATER ENVIRONMENT

11.0

11.1

11.2

11.3

114

115

11.6

11.7
11.8
11.9

INTRODUGCTION. .. .ottt sttt sttt ettt s et e s b e ek e b e e b et e st e b e e s e eb e b es e et et es e b e b eneerees 11-1
Y {011 o [FTed 1o ] o OSSOSO 11-1
Bl PUIPOSE . bbbttt b e b be et e e b bes 11-1
€. SUIMACE WALEIS....c.eieeieiete ettt bbb bbbt bbbtk e e e s b e bt b et eb et e bt en e nnennes 11-1
D.  SENSItIVE SUIFACE WALEIS ..ottt ettt sttt ettt sa e tesneenee e eneas 11-1
E.  FUNCLIONAL WAIUES ...ttt ettt bttt et s et et e sbesaesreaneeneas 11-2
F.  Effect and SIgNITICANCE . .......ooiiiiiiiii bbb 11-2
(T S G e £ o] (=30 1 (<o) £SO RPR 11-2
[ TR o 0 o Lo =SSOSR 11-2
[, DESIGN AREINALIVES ....o.eiiiiiiitieitiit ettt bbbt b bbb bbb et nb s 11-3
POLICY oottt bt sttt b et bRtk bRt e b bRt e b bRt bR e Rt e R b e Rt b bRt bt n e bt ne et 11-3
AL INETOTUCTION 1.ttt bbbt e e s bbbt b e e e et e b sb et sb et e ene e 11-3
B.  RUIES @aNd REGUIALIONS ......ecviiiiiii ettt et et e st e teesteeaeanaesneenaeennas 11-3
C.  COSE EFTECLIVENESS ...ttt ettt et bbbttt b et b e bt et et ebesb e bbb enes 11-4
D. ENhancing FUNCLIONAI VAIUES ..........oiiiiieie ettt sttt ettt et esneesne e 11-4
E.  EValuation COMPIEXILY ...c.eciiieieiie ettt sttt e e et et e teeteeaesnaesneenaeennas 11-4
F.  SUIface Water ASSESSIMENT .......ceiiiiierieieiesesiestesteseeseesteste e steste e eseeeesseseeseessesseeneeseenseneeseessessensens 11-4
G.  SUfaCe WALEr ANGIYSIS ....eiviiiiitiiteieerte ettt bttt sttt sb et sn et e 11-5
[ TR - 0T O ] 1 T USSR 11-5
DESIGN CRITERIA ..ottt ettt sttt se et st b e et st s e st et ete et et e se e be st esesbe st esesbe b enesrens 11-5
Y 1T T L O ] (T T LS 11-5
[ B L= o o N O ) o T VOSSPSR URTPTPURPRPRON 11-6
DESIGN CONSIDERATIONS......ooiiititeet ettt st sttt bbbt st nb et b st 11-8
N 1111 {0 [3To1 o o ISP 11-8
B.  WaaLEr QUAIILY ...viiiiiiceieicie ettt ettt s et et e e e et e Reen e e b e ae e renreaneeneas 11-9
. CRANNEIS ...ttt bbb bbbt b bbbt 11-13
D.  LAKES OF PONGS ...ttt sttt bttt b et b et s b et bbb b ne e 11-14
B WWBHIANGS ...t b bbb et n et bt eaeereene e 11-14
F.  FiSh PaSSAg8 CIITEITA ....cueiuiiiiiitiicet et bbbttt 11-14
G.  FiSh PaSSag8 CUIVEITS ......c.viuiiieietiiieiee sttt bttt ettt n et nn s 11-15
H.  Stream Geometry and COVEL ..ottt ettt ne s 11-15
DESIGN PROCEDURES ..ottt sttt ettt nee st ettt eeneene e e e saentesneeteane e 11-16
A DESIGN STEPS ettt e R bbb bbb b h bbb et 11-16
T LT T [ i D L LSS SR PSSR 11-16
C. Water QUAILY IMIBASUIES .....eveeiieiiteeieeieetiestiesteesee e stesae e sae e s te e be et e an b e asbesteesteesteeeeennesneesneenneennas 11-18
D.  FiSh Passage ANAIYSES TYPE ...uueiiiieiieiieeieesttesteeteestestaesteestae e e seeseesseesseesteeteesseansesseesseesreesenssnens 11-21
GROUNDW ATER ..ottt sttt bbbt b et b st s b b e st et b e bt st st e st et st eseabe st nentens 11-21
YN @ ol =10 [of TSP PR PR 11-21
B.  GroundwWater MOVEIMENT..........ccciiieieieiese sttt eee e te e sse e eseesaessestesae et e eseeneeseeseestesseeseanens 11-21
C.  LOSS OF GFOUNTWALET ......ecuieiieiieiieeee sttt ettt see e e stestestesneeseeseeneesaesaenteaseeseanens 11-22
[ TR 1 o 114> LA o o OSSP 11-23
E.  Groundwater QUAITLY .........coueiiuiriiiitiitiiite et bbbt bbb bbb 11-26
WATER BUDGET ..ottt sttt sttt e s st e s s et e b r et et e ne et e e neane s 11-26
A, The Water BUAQEet EQUALION ........oviiiiiiiiitietiteese ettt 11-26
B.  Data REGUITEIMENTS ....veiiiiiiieitiiteeie ettt sttt sttt bbbt bt s e b e b ek sbeeb e e beeab e e e b e nbesbesbesee e 11-28
C.  THdal CONSIABIALIONS.......eiuiitiiiietietete ettt sttt sttt b e b b e bt bt bt et et et sbe b sbeebeene e 11-37
D. Water Budget COmpuUtation PrOCEAUIES ...........oiiiiriiieiiesie et s 11-37
E. Example Pennsylvania Water Budget ProbIEM ..........cccoiviiieiiiieiice s 11-37
GLOSSARY L.ttt etk b et b bbb bR R R R AR bRt R e R Rt be bRt bt r et et 11-43
CHAPTER 11 NOMENCLATURE......ccctitititet ettt sttt sttt et 11-44
REFERENGCES. ... ..cooitiiiiitt ettt ettt et s bt s bbb et e e b e st e e b e st et eneabe b ereabe st ene st 11-45

TOC-9



Table of Contents Publication 584

2015 Edition

CHAPTER 12 EROSION AND SEDIMENT POLLUTION CONTROL

12.0  INTRODUCTION. ...ttt etttk b etk h e bbbk e bkt bbbt e bttt et b e bt ne e 12-1
12.1 REGULATORY REQUIREMENTS ..ottt ettt ettt sttt st 12-1
A, Overview Of the REGUIATIONS ..ot 12-1
B. Permitting Process — The NPDES Permit Application For Stormwater Discharges Associated With
CONSLIUCTION ACEIVITIES. ...vveieeiriiicrieeire et 12-3
12.2 OVERALL PROJECT COORDINATION ..ottt 12-4
YA T A -T2 1 To [PPSR 12-5
[ T o T=T oy Y @ Yo o [T LA o] o TS 12-5
C. PennDOT District E&S Co0rdinator ROIE...........cccceveiiiriiiieieiie et 12-6
12.3° DESIGN ..ot bbbt 12-7
A 1011 o [ Tox o] RSP PRP 12-7
B.  Factors INFIUENCING EFOSION.......c.oiiiiieiiieiee ettt 12-8
C. Erosion and Sediment Pollution Control (E&SPC) Plan. ..........coviriiiiiiiiiiicieee e, 12-8
D. Post-Construction Stormwater Management (PCSM) PIan. ........ccccoeviiniinineinene e, 12-9
E.  ONQGOING COOMAINALION. ...oviiiitiitiiiiieiteieie et bbbt b ettt bbb 12-9
F.  HYArologic ANGIYSIS. ....c.oiiiiieieee bbb bbb 12-10
G, BIMP SEIECTION. .ttt 12-10
H.  NPDES Permit Preparation.........cccoiiieiiieiie ettt ae e s te e steete e e s e staesnaebeennennnens 12-12
. Erosion and Sediment Pollution Control Narrative Preparation. ...........ccccoocevievieeiieeveece e 12-12
124 STABILIZATION BIMPS. ...ttt bttt bbbttt 12 -13
A, Seeding and MUICHING. ..o bbbt sb e b b 12-13
B. Rolled Erosion Control Products (RECP). .......cooueiiiiiiiieisieiese e 12-13
C.  SPray ON IMUICNES. ......cuiiiiiiii ettt b ettt bbb bbbt sttt b 12-15
D.  Geocell SIope CONFINEMENT. ......oiiiiiiiieiee bbbt sb et 12-16
E. Articulated Concrete Block Revetment System (ACBR) ..o 12-32
[ 7 o] (o] 1RSSO UPTUTR PRI 12 - 46
125 GENERAL E&SPC BIMPS ...ttt etttk bttt 12 - 47
A. ROCK CONSLIUCTION ENFANCE .....cciiiieiiieicicric e 12 - 47
B.  ROCK FIIEr QULIEL. ...t 12 -48
C.  COMPOSE FIEEE SOCK .. .iviiiiiieiieie ittt sttt sttt e be s re et e e se et e saeseestesreereaneans 12 -48
[ TR O] 0] TS (=T 27T oS P 12 -49
E.  SHt BaAITIEr FENCE....cuiiiiicieee et n e 12 - 49
F.  Heavy DUty Silt Barrier FENCE. ...iiiiiieiee ettt et e e e sae st nresrenne e 12-51
G. Vegetative Filter Strip fOr E&SPC .......ooiiiiiiiieriee et 12 -52
H.  PUMPEd WaALEr FIlTEr BAG ... c.eiveeeiiitiieiitec bbb bbb 12 -54
I TempPOrary SIOPE PIPE ..o bbbttt bbbt b s 12 -55
B (o] 1 0 T ][] () o o OSSP 12 -55
K. OUtIet ProteCtion: ROCK. .......oiiiiiiiiiieiee sttt sttt neenrenne e 12 - 56
L. Outlet Protection: SHIIING WEIL ..o 12 -61
M. DIVEISION DITCR. ..o 12 - 65
I TR @ o=V 1= I Vo TSSO 12 - 66
. ROCK BAITIET. ..iiitiieeieete ittt ettt r et eb et r ettt r ettt r et nn et nn e 12 - 66
e T T 1= AL I o TSP USROS 12 - 67
(O T 1= Yo 700 T=T T B = 7T [ RS 12-70
126 IN-CHANNEL E&SPC BIMPS ... .ottt sttt sttt ettt e st e st este e nteeeeaneesneesneenneenes 12-81
A. Bypass Channel with Non-Erosive Lining (For Channel Work) ...........ccccoevininiiiiiicnn, 12-81
B. Temporary Stream Diversion: Flume through a Work Area. .........cccovovniininiinieneeneee, 12-82
C. Temporary Stream Diversion: Pump around In-Channel Work Area...........cccocvevvienennicnenieennnn, 12-82
D.  IN-Stream COffErdam. ......c.cieie ettt renre e 12-83
12,7 GLOSSARY ...ttt b kbbbt £ bbb £ b bt £ bR e bbb bR e R Rt b bRt b bbb e 12-84
12.8 CHAPTER 12 NOMENCLATURE.......cco ittt 12-89
12,9 REFERENCES...... .ottt n et n s 12-90
APPENDIX A E&S Related REQUIALIONS.........ccviiieiieiee ettt e sneenne e eneennee e 12A-1
APPENDIX B Recommended NOtes for E&SPC PIaNS.........cccovviiiiiniiiicsese s 12B-1



Table of Contents Publication 584

2015 Edition

APPENDIX C  Recommended Standards for E&SPC PIaNS ...........coviviiieieiiiieie s 12C-1
APPENDIX D  E&S Initiative Coordination INfOrmation .............ccocevoeiiiiiiieiene e 12D-1
APPENDIX E  Guidance on Chapter 102 Requirements for Road Maintenance Activities............ccocvevvennn. 12E-1

CHAPTER 13 STORM DRAINAGE SYSTEMS

13.0

13.1

13.2

13.3

13.4

13.5
13.6

13.7

OVERVWVIEW ...ttt ettt e ettt e et e et e et e et eea b e e et e e e abe e e s teeente e e s teeanbeeenbeeanbeeanteeanseeanes 13-1
AL INTFOAUCTION ..ot e ebe e be et e eab e e tb e st e e sbe e beesbeesbesaeesreesaeennas 13-1
B.  INAJEQUALE DIAINAGE ... cvevereeteiteeete sttt bbbttt bbbtttk b etk b et et b et et n b nnns 13-1
POLICY AND GUIDELINES ... .ottt ittt s e e e st e e ae et e et e e te e e nbe e e steeenteeesbeeanaeesreas 13-1
AL INTFOTUCTION ..ottt sbe s be e ebe et e etb e e bt e sbeesbeebeesbesreesreesreesteennas 13-1
T = T [0 T B =T ol ST 13-1
C.  CUIDS AN TNIELS ... bbbttt bbbt bt e bbb e bbb ns 13-1
[ B LTSy T [ =T [N L= oSSR 13-2
O B L (= (0 (I (0] = To [ SR 13-2
F.  GuUEEr FIOW CalCUIBLIONS......c..iitiiiiitiiieee bbbttt bbb 13-2
LT o 1Yo 170 (o]0 Y BSOS 13-2
H.  HYAIOPIANING .ttt e b e et b e et b ettt bttt sttt 13-2
DO ] -1 £ e U SRS OTT PR PRPPRRO 13-2
Jo IMIANNOIES ... e be et h et e e be e be e benreeareeabeeareenras 13-2
K. PAVEMENE DIAINAGE ... .. cteiteieiteiteiete sttt sttt sttt ettt bbb bbb bbb bbbttt be st b et n bt 13-2
L. Roadside and Median DiItChES ........c.ccueriiriiieiiiiiie et saeneenne e 13-2
Y TR (o] 0 T o= TSSO TURUSTUROUPTPTPTRPRPRON 13-3
N, SYSEEM PIANNING ..ttt bbbttt b et sb e bt be e bt e e et et sbesbesbeaneas 13-3
SYSTEM PLANNING .....c.ectitttet ittt sttt sttt sttt ettt e s b e besbe e e tesbe e ebesbe e abesbe e etesaeseeteneas 13-3
AL INEFOTUCTION L.ttt bbbttt b bbb b bbbt ben et 13-3
B.  General DeSIgN APPIOACK. .......cciiicieiie st e sttt te e e e et e tesaeete e e ne e et et sreareaneeneas 13-3
(ORI Lo [0 CCTo [ - P 13-3
D.  Preliminary SKEICN ..o bbb 13-4
E. Location and Size of STOM DI@iN ........couoiiiiiiiiiiciee et s eneas 13-4
F. OULTAITE POLICY ..ottt bbbttt n e 13-4
HYDROLOGY ..ottt sttt sttt sttt sa et st e s e e be st e st e be b e b e et e b e s e et et e Reabe st e teebe s ereebe st eresbe st esesrens 13-5
Y 1 (0T [N 4 o] RSSO 13-5
B.  RAtioNal MELNOM ........cciiiiiieec ettt e e et e st e et e e be e tesaeesbeesaeeanas 13-5
C.  Other HydrologiC IMEtNOUS ........ccviiiiieiccie ettt et e e naeeneennee e 13-7
D.  DELENLION ...tttk bbbt h bbb bbbtk e bR Rt bRt h e et bbb b b eneas 13-7
PAVEMENT DRAINAGE ..ottt sttt et sttt sttt sttt ne et st n et b ne st 13-7
AL INETOTUCTION ..ttt h bbbt b e s bt bt bt bt e bt e b e beebenbesb e et e b e 13-7
L T o Vo T (0 To [T g LIRS o] o TS 13-7
€. Cr0SS SIOPE ...ttt bbbkt b bbbt b bbbt b e r et be e 13-7
DT o V=T 0T L I L SRR 13-8
E.  CUID QN GULLET .ovtiiiecticcte ettt ettt ettt e e e et e s be e s beeebeeabeeaseebsesbeebeesbeeseesreesbeesbeeanas 13-8
F.  Roadside and Median Channels............ccoeiiiiiiiiiiecieese et sreenens 13-8
G, BIIOGE DECKS ...ttt sttt bbbkt b bbbt bbbt b e btk nb et et r et 13-9
H.  Shoulder GUHEr and/Or CUIDS ........ccviieieereie sttt st e e e e saenresreanens 13-9
I Median/MEAIAN BATIEIS ... .c.i ittt sttt b bbbt b e b b s bt b e bt et e e e b et saesbesee e 13-9
Jo IMPACT ATENUALOLS ...ttt sttt ettt st b et b e an e b e e bt et e e bt et e e se e s beenbeesreenneennas 13-9
HYDROPLANING .....oootiiiiiett ettt sttt sttt sttt st st be s bt e beabe e e besbe b e besbe e atesbe s e besbe s etenbens 13-9
DESIGN FREQUENCY AND SPREAD .....ccocotiiiiiiieiiesieis ettt sttt sne s s s 13-10
A B 1S T T =T (1= Y 13-10
T =T o USRI 13-10
T -1 1=Tot (o] OSSR 13-10
D.  DESIGN CIITEITA ..t ettt bbb bbb ettt et et bt ne 13-11
GUTTER FLOW CALCULATIONS ..ottt sttt sttt sttt sbe st tasbe s tesbesaanesnesnenens 13-11



Table of Contents Publication 584

13.8

13.9

13.10

13.11

13.12

13.13
13.14
13.15
13.16
13.17
13.18
13.19

2015 Edition

AL INTOTUCTION ..ottt b et en et 13-11
B.  Manning's N fOr PAVEMENTS. ........cccviiiiiie ettt sttt sre st sa e sa e aestesneereeneens 13-11
C.  Uniform Cross SIOPE PrOCEAUIE ........ccuviiieiecieiee ettt sa et sneeraane e 13-11
D. Composite GUEEEr SECIONS PrOCEAUIE ..........eiviiriiiieirieieie sttt 13-12
E. V-Type Gutter SECtIONS (PIrOCEAUIES)......cuirviiiiirieiiiirieieie sttt 13-18
LI 1 R SRPRRRR 13-20
F N T o - | OSSPSR 13-20
B TS e 13-20
(O [ ][ oo U1 o ST 13-21
INLET SPACING ..ottt ettt bbbttt s bt s bt e e bttt nb st st n et et eneanen 13-21
AL GBNBIAL ... 13-21
STORM DRAIN MANHOLES .....cooiiiitieeie ettt sttt sttt sneseene s 13-22
A LOCATION ...ttt 13-22
T o Tox | o [ SR 13-22
LT Y/ o<1 T o IS 74 T T SR 13-22
STORM PIPES ...ttt ettt st e ettt se e ehe e sbe e bt e n b e e s be et e e ebeesbeenbeenteeneeaneeanes 13-22
N ) o T L1 Tod o o PSS 13-22
B, DESIGN PrOCEUUIES .....c.eiiiitiieiiite ettt ettt bbb bbbt b et b ettt 13-23
T o[ oo 1| SO OO OO OO PR PRSP PRTPTPOPRPRPN 13-24
D.  HYAraUlIC CAPACILY ....cveviriitiiiiiietirteiei ettt bbbttt ettt 13-24
E.  IMINIMUM PIPE SIZES.....ciiiiiiiiiieiee ittt ettt bbbttt b e 13-25
F.  IMINIMUM GEAAES .....viiiieiiiiciit ittt 13-25
G.  CUNVEA ATIGNIMENT L.ttt bbbkt e b et b ekt be e bt e e et e naesbenbe bt ebeene e 13-25
[ R o - Tol T 41 | U U SO ST PROPO 13-25
HYDRAULIC GRADE LINE ...ttt bbbt 13-33
AL INEFOAUCTION ...t r e r ettt e n s 13-33
S T I U1 1 1T USSP 13-33
O O | A I 3 OSSOSO 13-34
[ TR = T o o o TSSOSO 13-34
E. PP FIICHION LOSSES. .c.eiueititiiiitiiteiietestei ettt bbb bbbttt et 13-34
I VT T To] (=3 0TSSR 13-35
G. Hydraulic Grade Line DesSign ProCEAUIE .........ccuciieiiirieieiesiet ettt 13-38
WATER QUALITY TREATMENT ..ottt ettt 13-42
INVERTED SIPHONS ......ooiiiiie ettt ettt sttt sttt sb et sb et sb et e sbe e ate st e ere e 13-42
UNDERDRAINS ...ttt ettt ettt sttt bbb ettt s e n bt ne et 13-42
COMPUTER PROGRAMS ...ttt sttt sttt sttt sttt b et sttt st ne b b ne et 13-42
DEFINITIONS ... .ottt bttt bt s bbbt bbb e et bbbt be e b e n bt ne et 13-43
CHAPTER 13 NOMENCLATURE.......cciitiit ittt sttt sttt sttt sttt st et 13-44
REFERENGCES. ... .ottt sttt ettt sb e ke e e st e e st e s b s be e s been bt enbesn b e nbeenbe e beebeeneens 13-45

CHAPTER 14 POST-CONSTRUCTION STORMWATER MANAGEMENT

14.0

141

14.2

14.3

INTRODUCTION. ...ttt ettt bbb s ket e s e b et e e b et s e be st et e b e be e besbe s enesbe s erenbens 14-1
Al OVEIVIBW ..ottt ettt ettt ettt e et e st e e be e beesbeeaeesheesbe e ebeeabeeabeeabeeabesbeebeesbeesbesseesreesbeesreennas 14-1
B.  BACKGIOUNG. ..ottt ettt bbb bbb bbbt bbbt b e bbbt 14-1
HIGHWAY SPECIFIC STORMWATER ISSUES .......coiii ettt 14-2
A. Increases in RUNOTT Rate and VOIUME ......c.ooiiiviiiicie ettt 14-2
B.  Winter MaintenanCe MaterialS ..........cc.oiiiiiiiicicie ettt et ettt sbe e re s sbe e sre e 14-2
C. THhermal IMPACE ....ocueieiiee bbbttt b e bbbttt sbe et sbe et e 14 -2
2 I O 2SSOSR 14 -3
AL INEFOTUCTION ..t bbbt e btk b et e e se e s b e b e ebenbeebe et e eneeneenen 14 -3
[ T o 0] 1= ot QO =T o] £ 1SRRI 14 -4
C. Act 167 Plans and Municipal OrdiNanCES...........ccviveverierieresesesiesreeseesie e stessessessaesaese e sseseessssseenes 14 -8
D.  LIMIALIONS. .. ottt b ettt b et b et s bbb et b et et b et b ne b 14-9
E.  SPecial CONSIABIALIONS ......ccveiviiiiiierieieie e ste et e et e e st e e et e et esae st e tesaeereeseensesaeseentenneereaneens 14 -10
LEG AL ..ottt ettt bt E et R et et R b e bR e R et Rt R e b e Rt b e bR et et n e e R e n et ee 14 -10
A. The Federal Clean Water Act, 33 U.S.C. 8§ 1251 BLSEQ....ccvvrvererririiiiiririeiisierieiesie s 14 -10

TOC - 12



Table of Contents Publication 584

144

14.5

14.6

14.7

14.8
14.9

2015 Edition

B. Pennsylvania's Clean Streams Law, Act of June 22, 1937 (P.L. 1987, No. 394)

as amended 35 P.S. § 691.1 8L SEQ ..u.vcuevierrreririeerieteresisteeseetere st ste et ter et s et ne s 14-11
C. Pennsylvania's Stormwater Management Act, Act of October 4, 1978, P.L. 864 No. 167,

32 P.S. §680.1 et seq. (as amended DY ACE63)......ccuiiriiiiiiiriie e 14 -11
D. Federal National Pollutant Discharge Elimination System Phase Il..........c.ccooeoiiiviiinciienee, 14-12
E. Pennsylvania's Dam Safety and Encroachments Act (Act of November 26, 1978 (P.L. 1375 No. 325) as

amended, 32 P.S. § 693.1 €L SEU) .vvrverveuirteieiirierieiist ettt bbbt 14 -12
F.  Commonwealth of Pennsylvania, PA Code, Title 25, Chapter 105: Dam Safety and Waterway

MAEANAGEMENT ... e e 14 -13
G. Pennsylvania’'s Flood Plain Management Act, Act of October 4, 1978, P.L. 851, No. 166, 32 P.S. §

A L0 T T PSPPSR PSRN 14 -13
H. Commonwealth of Pennsylvania, PA Code, Title 25, Chapter 106: Floodplain Management........ 14 -13
I.  Commonwealth of Pennsylvania, PA Code, Title 25, Chapter 92: National Pollutant Discharge

Elimination System (NPDES) Permitting, Monitoring and Compliance............cccooevvevviiviciennnenn, 14 -13
J.  Commonwealth of Pennsylvania, PA Code, Title 25, Chapter 93: Water Quality Standards ......... 14-14
K. Commonwealth of Pennsylvania, PA Code, Title 25, Chapter 102: Erosion and Sediment

(O] 11 (o SR 14 -14
I Y I 1 1 ] I = 1 ) SRR 14-16
A, MiNIMIZe COMPACTION ....viiiiiitiiteet ettt bbbttt bbbttt 14 - 16
B. Preserve Trees and Re-vegetate Using NatiVe SPECIES......c.ccvviriiiiriiienesees e 14 -16
C. Maintenance of Dual-Purpose E&S/PCSM BMPS .......cccoiiriiiiiiiiiienee e 14-16
D. Restoration of Temporary Staging ATBAS .........coeiiririeiieriere et sb et see b 14 - 16
B SUMIMAIY ..ottt h e bbbt e s bt e b e e s b e e s b e e e bt e bt e me e e Reeen s e ebeebeenbennnenrnens 14 -16
LEVEL 2 TOOLBOX ..ottt ettt bbbttt ettt be st et nnns 14 - 17
F N 11 (= T= =T o113 o OO P RSO T P URPR 14 - 17
B.  IMPervious DISCONNECIION .......ccuiiiitiiieieie ettt bttt b e bbb nee b b 14 - 17
C.  SIOPE ROUGNENING. ..ottt ettt sb ettt b ettt sb et b et et nb et bennns 14 - 17
D.  Pavement Width REAUCLION .......cviiiiiiirieee bbb 14 - 17
E. Riparian BUFfer RESIOIAtION. .......cccviiiiiicie e se ettt neennenre e 14 -17
F.  Landscaping and PIANTING.........cooiiiiiii ettt b b 14 - 17
G. SO AMENUMENLS ...ttt e et be ettt et e e et e sbesbeebesseeseeseenbeseesaesbeseeareanens 14 -18
H.  VEQELALEA SWAIE ... .ottt et bbbt et et et e eaenbesaeebeane e 14 -18
I =1 To] =1 (<] o] (o] OSSOSO PRPRTRPRPPRPRN 14 -19
Y £ To oY v LT I | (=T ] 1 o SRS 14-19
K. Constructed Wetland / WEE PONG.........cociiiiiiiiieiiese s 14 -19
O TU ] 1100 PP P TP PP 14 - 20
LEVEL 3 TOOLBOX ...ttt b ettt b ettt ettt bttt n ettt 14 - 20
A =] 10 1] o] o 1= SR 14 - 20
B. Dry Extended Detention BaSin .........ccoeiiiiiiiiiiiiiiese e 14-21
(ORI ) 11 =L To T N =] T o SRS 14-21
[ T o 1L LT T = ] T o SO 14 -22
O 1o 1L U] T = =T o oSSR TPRP 14 -23
B SUMIMAIY .. ettt bt h e e st ne e E e b bt nenr e r e 14 - 23
LEVEL 4 TOOLBOX ..ottt ettt bbbt bttt et b 14 - 24
A, CoNSLIUCTED WELIANG ...t bbbt sbe s 14 - 24
B. WWBLPONM ...ttt bbbt b bbb bbb n e e e b e b b 14 -25
C.  Permeable PAVEMENL.......oiiitiiiitieie ettt bttt b e bbbt bttt se et nbe b e b 14 -25
D.  ManUFfaCtUrEd PrOQUCES......c..oouiitiiteitiiieiee ettt bttt b et e et e b 14 - 26
1 111 - U2 PO SOUR PSRRI 14 - 26
AREAS OF APPLICATION ...ttt sttt ettt st ae e stve e st aeestt e e s st e e sate e sneeesnseesrbaesnaeesnnaenneeenens 14 - 27
STORAGE FACILITIES ...ttt sttt s e e s e et e e st e e st e e s ta e e saaeestaeesaeeestaeennaeestaeenneeens 14 -28
AN 1311 7o [FTox o] S 14 - 28
B QUAIIEY ¢t b bbb bbb b et b b 14 - 28
(T O TV -V 1 YOS U TSP 14 - 28
[ T O ] 1= o3 1)Y= USSP 14 - 28
E. Detention and REENTION .......coiiiiiiiiriiieisiee bbbttt bt 14 - 29
N U 4 To T oo TU T IS o = To (-SSP 14 - 29
G, COMPULET PrOGIAMS . eiiutiiiitieiteeisieesteesteessbeessbeessbeessbeesabe e sbbeesabeesbbeesbb e e sbaeesbbe e sbaeesbbeesbbeenbbeenbneenbreens 14 -29



Table of Contents Publication 584

14.10

1411

14.12

14.13

14.14
14.15

14.16

14.17

14.18
14.19
14.20

2015 Edition

DESIGN CRITERIA ..ottt 14 -29
A, GENETAL CIIEIIA ..vveviveiiisr ettt et r e 14 - 29
B, REIEASE RALE ......oviiiiiiiiteiee e 14 - 30
O (] £ o[ T T TP TSR PP PP PP PRP 14 -30
D.  Grading and DEPtN........cooiiiiic b 14 - 30
E.  OULIEE WOTKS ...ttt sttt et b bt b e e st et e b e besbeebesre e 14-31
N I To%. 14T o SRS USRI 14 - 32
GENERAL PROCEDURE ...ttt sttt ettt s e sbe et e be e beesbeeneesreesbeeseeeneas 14 - 32
F N B T - L= =T OSSR 14 - 32
B.  StAge-SOTage CUMVE .. .eii ittt et et e et e e e be e et e e e bb e e nbeeenbe e e nbaeebeeens 14 - 32
C.  Stage-DiSCNArge CUIVE ......ccieeiieecie ettt ete st te e te e e s e ste e te e te st e e saessa e teebeesteesaesnaesreesreeneeeneas 14 - 33
D PIOCEAUIE......citieeeeieteee sttt e bt r et b e r et r et n et 14 - 33
OUTLET HYDRAULICS ..ottt 14 -34
AL OULIEES . b et b e n e 14 -34
B.  SNarp-CreSted VWEIIS......ciuiiiiieiieee ettt ettt e st e s te e s te e teenteeneeansenteenteenreeneenreeas 14 -34
O 1 (o 1o B0 1S =0 I ST 14 - 35
[ T VN o (o Y Y- T SR 14 - 37
T O 1 1 ot SR 14 - 37
PRELIMINARY DETENTION CALCULATIONS. .......o ittt sttt snee st 14 - 37
AL STOTAGE VOIUME 1.ttt b bbbt b bbbt b ettt 14 - 37
2 Y AN | =1 = LAY/ 1Y/ =11 g To T SO 14 - 38
C.  PeAK-FIOW REUUCTION ...ttt nr e 14 - 39
D. Preliminary Storage DIMENSIONS .........ccouiiuiiiieiiiieiei ettt bbbt e et e b 14 - 39
ROUTING PROCEDURE .......coiiiiiiiiiieinee et 14 -39
ROUTING EXAMPLE PROBLEM ....cooiiiiiiie e 14 - 40
N . T 1o SRR 14 - 40
B. Design Discharge and HYdrographs .........ccoeoiiriiiiniiise e 14 - 45
C. Preliminary Volume CalCUIALIONS. ........c.ooiiiiiiiiiieiee e 14 - 47
D. Design and Routing CalCUIAtIoNS ..........c.cuiiiiiiiiiiiiee e 14 - 47
E.  DOWNSIIEAM EFFBCLS ..ottt e b et ee e 14 -50
DRY POND (DETENTION BASIN) ..ottt sttt 14 - 50
A 111 7o [1Tox o] SRR 14 -50
B.  DESION ODJECLIVE ...iiuiieiiiitiecie ettt ettt et et e e te e e e e e s seesteesteenteesseansenseesnaesraeneeeseeas 14 -52
WWVET POND ...ttt bbbkt b bbbt b e 14 -54
F R {11 T [¥Tod o] o USSP PR TR 14 - 54
T B LTS o IO o] =T £ LY USSR SSR SRS 14 -58
PROTECTIVE TREATMENT ..ottt bbbttt 14 - 59
MAINTENANCE ...ttt b bt e bbb bbbt et r bt nn b 14 -59
FREQUENTLY ASKED QUESTIONS ... .oiiii ittt sttt st sttt st st sttt nee s 14 -60
A. What is the difference between stormwater management that may discharge to Special

Protection waters, or EV wetlands, and all other Waters?...........ooovevvv e cce e 14 - 60
B. Are wetlands and streams treated the same in terms of PCSM requirements?..........cccoceevvenecnen. 14 - 60
C. Do maintenance projects require an NPDES construction permit? .........ccocoeervenenniennicneneennen, 14 - 60
D. A project has between 0.4 hectares (1.0 acres) and 2.0 hectares (5.0 acres) of disturbance, but

all of the runoff leaves the site via sheet flow. Does the project require an NPDES construction

S 12T 1 0T ST SO TP VRURPRUR 14 - 60
E. IsaPCSM analysis required when the project does not require an NPDES construction

permit and it is not located in an approved Act 167 plan watershed?..........ccoceoeveiiiennenenennnn 14 - 60
F. Isitacceptable to leave parts of the NPDES permit application blank, or can questions be

addressed by simply writing "not applicable?" ... 14 - 60
G. Chapter 8 of BMP Manual provides for water quality calculations — when do these calculations

have to be completed for PENNDOT PrOJECIS? ..cvveveveiiriese e eeeeese sttt sre e 14 - 60
H.  What information should the PCSM section of an NPDES permit application submission

(o101 1] USSP 14 - 61

I.  The Summary Data Table in the NPDES permit application requires calculations demonstrating
the net change in peak discharge rate and volume of runoff. Is it necessary to complete this
table for all projects that require an NPDES permit, and what design event should be
indicated iN the TADIE? ..ot 14 - 61

TOC-14



Table of Contents Publication 584

2015 Edition

J. Do peak discharge rates and runoff volumes have to be mitigated at each source of

disturbance and before runoff goes beyond PennDOT's right-0f-way?..........ccccevvveveinsinnnseenen, 14 - 61

K. What information should be contained in the thermal impact analysis section of the
NPDES PEITNIE? ...ttt etttk b et b e bbbttt nb ettt b et sn e are e 14 - 61
14.21 DEFINITIONS . ... .ottt sttt s et s bt e st et et s et e bt e b et et e be st et eresbe s ere st 14 - 61
14.22 CHAPTER 14 NOMENCLATURE......ccoiitiiiit ittt ettt sn e nn e 14 - 63
14.23 REFERENGCES. ... ..oi ittt ettt ettt et e et et e et e et e e be e et s e e abae e bb e e bee e tseeateeesbeeentaeensreens 14 - 63

CHAPTER 15 ENERGY DISSIPATORS

RESERVED FOR FUTURE DEVELOPMENT

CHAPTER 16 PUMP STATIONS

RESERVED FOR FUTURE DEVELOPMENT

CHAPTER 17 BANK PROTECTION

RESERVED FOR FUTURE DEVELOPMENT

CHAPTER 18 COASTAL ZONE

RESERVED FOR FUTURE DEVELOPMENT

CHAPTER 19 DESIGN-RELATED CONSTRUCTION CONSIDERATIONS

19.0
19.1

19.2

19.3

19.4

19.5

19.6

OVERVIEW ...ttt sttt sttt sttt sttt s bt et e e b e e ek e et et e te s b e e et e et e e ebesa e e et e sbe e etesae e eteneas 19-1
DRAINAGE DESIGN AND CONSTRUCTION ....cciiiitiiiiisieiee ettt st 19-1
A. Relationship of CoNStruction t0 DESIGN.......ccveiieiieiice e 19-1
B.  COSt CONSIUBIALIONS ...ttt sttt sttt e bbb bt a e e et e b sb e st e s bt ehe e e et et sbesbesbeaneas 19-2
C.  ENVIronmental CONSIABIALIONS. .......ccuuiuiiiiierieste sttt ettt b bbb e e bbb b b ens 19-2
D, WALEE QUATTLY ...eeiitiitieeee ettt bbb bbb e bt sb e bt bt e bt et et et sbenbe et eneas 19-2
E.  EffECtS OF CRaNQES.....c.o i bbb bbbttt 19-3
DESIGN PROCEDURES / PROCESSES RELATED TO CONSTRUCTION .....ccccvviveieieriesesnsinseenns 19-4
A 0 111 0 1T I - T 19-4
B.  CoNnStrucCtability REVIEW .......c.oiuiiiiiieiit ettt e sn e 19-4
C.  SNOP DIQWINGS ..eveveieetiiteeete ettt sttt bbbt sb ek s b e et e ne e e et e sb et ebesbe e ebesbeseebenbeseebe e 19-4
D.  ValU8 ENQINEEIING ..veiveeieeiieieitiste sttt ete st e st e e et et teste e e s e s e e e testestesseeneeseenseeeseeneenrennens 19-5
E.  PrOJECE PAMTNEIING .. .eiviiiiiiiiiiitiite sttt ettt bbbttt e e et s bt b e s b bt e s e et et sbesbenbeeneas 19-5
F.  DeSIgN-BUIIU PrOJECS. .. c.iiiiiitiiie ittt sttt b bbbttt bbb b e b e et e b saesbesbesne s 19-5
TECHNICAL ANALYSES FOR CONSTRUCTION OPERATIONS .....c.ccooiiiiiiieei e 19-6
Y 1011 70T [FTox 1 o] ISR 19-6
[ N ] T o Vg To = SRR 19-6
C.  TemMPOrary CONVEYANCE......cccveiurertrerteartesieesteesteeseeaeessessseesseeseasseassessessseesseessesssessessssesseesseenseesensenes 19-7
[ T 1 (0T o] (o] 11 (o OSSOSO UPPTRTRPRURS 19-8
E.  SequenCe OF OPEIAtIONS ........ciitiieiirieieie ettt ettt ettt et eb bbb nn s 19-8
[ O 1 1] USSP PSPPI 19-9
DESIGN OF BRIDGES ...ttt ettt sttt bbb beene et e b et saesbesreeneas 19-9
A, Bridge CONSIAEIALIONS ....c.eivieeiiitiieiiit ittt bttt b bbbt b et an s 19-9
B.  FOUNAALION @NA SCOUT ...ttt sttt bbb b e e s e e e e e beseeebeene e 19-10
C.  ENVIFONMENTAL ASPECES . .c.uiiiiiiieiieiiiieste sttt ste et et st e be e s be e e e s e e et e besbesbesteebeesaenteaeseestesreereaneans 19-10
D.  STrEAM RESIOTALION ..ottt bbb bbbt e st et bbb b e e e 19-10
DESIGN OF CULVERTS ...ttt ettt sttt bbbttt ne st 19-11
N =T o - - LA o] 1SS 19-11
B.  INSTAIIALION ...t b et r b e b 19-11
(ORI (=T T 4l (-] (o] LA o o OSSR TPRP 19-11
DESIGN OF OPEN CHANNELS ... oottt sttt neeene e 19-11
N 111 7o [FTox o] SRR 19-11
[ 2 T V] = o] |72 L4 T ] o S 19-12



Table of Contents Publication 584
2015 Edition

LT o (e%: 1V 1 o] [ TR 19-12
D T N oo 11 SOOIt 19-12
E. Temporary Stockpiling of Materials in Regulatory FIoodplains ..........cccccoovvveviiieiencne s, 19-12
19.7 DESIGN OF STORM DRAINS ..ottt ettt ettt e e ettt e e e et e e e st e e e st e e e s aaeestteesteeesreeesanesaeeens 19-13
F AN 1211 (o o [0Tox £ o o IR 19-13
S T B -1 I I 1o £ [0 o T U TRRR 19-13
19.8 PRE-CONSTRUCTION CONFERENCE ........coo ittt ettt ettt sabbraa e 19-13
F AN 1211 oo (003 £ o o ISR 19-13
B.  PEIMIE REVIBW ...ttt ettt e ettt e e ettt e e s et e e e e sttt e e e st et e e s ebbaeeesabaeessbbasessabaeessabeneas 19-15
O @ ] 1 0 T=T O 0 o7=] o TR 19-16
19.9  CONSTRUCTION ...ttt ittt ettt et e et e e s bt s st e s s bt sssbessbesesbesasbessabesesbesasbessbasssbesssbesssbasebenans 19-16
AN 1011 (o o [0 Tox 1 o IR 19-16
S T 1S To [ = (o @0 3 1 8 od 1 o] o PSSR 19-16
O N U 1 [ = =10 TR 19-16
D.  FINAl INSPECLION .. ettt et e st e st e e s te e teentesneeansesteesteenbeeneenreens 19-17
E.  CoONStrUCION FEEADACK ... .veieieeee ettt e e et e st e e s st e e s et e e e s eaaeeessneees 19-17

CHAPTER 20 MAINTENANCE OF DRAINAGE FACILITIES
RESERVED FOR FUTURE DEVELOPMENT

TOC - 16



Table of Contents Publication 584

2015 Edition

LIST OF FIGURES

FIGURE SUBJECT PAGE
6.1 PAMAP TilE SIUCIUE .....veeeiireiietee ettt 6-10
7.1 Typical FIOOd FIEQUENCY CUMVE .....c.viiveiieiieeieeeetesteste e ste e s et et st st sna s et e testeseesteaneenae e eneeseesnenrs 7-2
7.2 Watersheds and Gage Numbers with the Highest Over-Prediction from the Observed
aNd WeiIghted Gage FIOWS. .......c.viiiiiiiiieeetesee ettt et b b nn e ebenn e 7-21
7.3 Watersheds and Gage Numbers with the Highest Under-Prediction from the Observed
aNd WeIghted GAgE FIOWS........c.iiiiiiiiiieeiete ettt ettt b e sr e b enenneneas 7-22

7.4 Velocities for Upland Method of Estimating Time of Concentration, f;........c.ccocvvrviiineininesenne 7-25
7.5 NRCS Dimensionless Curvilinear Unit Hydrograph............ccccooeiiiiiiiiniiie e 7-44
7.6 Triangular Unit HYArograph........ccooeiiieie et sttt sreste e e e eeeennenre s 7-45
7.7 Example of Rainfall Hyetograph (IMELHC).......coveiiiiiiie e st 7-51
7.8 Example of Rainfall Hyetograph (U.S. CUSIOMAIY) ......c.cccciuiiieiiiiieiisesieeieeseesee e see e e e e neas 7-53
7.9 Storage-OULFIOW REIALION.......ccviiiie st ne e sn e e s 7-55
7.10 Plot of Inflow and Outflow Hydrographs...........ccccveiiiieiiiiicc e 7-59
7.11 Pennsylvania Generalized Skew Coefficients of Logarithms of Annual Maximum Streamflow (G) ...7 - 70
7A.1 Map A. 15-, 30- and 60-minute durations for storms occurring with an ARI of 1-, 2-, 5-, 10-years

and 30- and 60-minute durations for storms occurring with an ARI of 25-years. ..........cccccoee.. 7A-9
TA.2 Map B. 5-minute durations for storms occurring with an ARI of 25-, 50- and 100-years................. 7A-10
7A.3 Map C. 5- and 10-minute durations for storms occurring with an ARI of 1-, 2-, 5-, and 10-years,

10- and 15-minute durations for storms occurring with an ARI of 25-years and 10-, 15-, 30-,

60-minute durations for storms occurring with an ARI of 50- and 100-years. ..........ccccccevvveneen. TA-11
TA4 Map D. 6-hour durations for storms occurring with an ARI of 1-, 2-, 5-, 10-, 25-,

50- N0 L00-YEAIS. .. .ccuvieeieetieitiesie et e e ese e s e e ste et e e e e steeste e te e teasae s e e steesteebeanseansesseestaesaeentanneens TA-12
TA.5 Map E. 2- and 3-hour durations for storms occurring with an ARI of 1-, 2-, 5-, 10-, 25-, 50- and

L00-YBAIS. ..ttt sttt ettt b e bttt e bt e et e b e e e be e e be e e teeareeans TA - 13
7A.6 Map F. 12- and 24-hour durations for storms occurring with an average recurrence

interval (ARI) of 1-, 2-, 5-, 10-, 25-, 50-, and 100-years and the 24-hour duration for the

500-year frEQUENCY STOIMM. ....oiuiiiiiiieeeee ettt sttt ettt e bt e et e e e e sbesaeebesre e TA-14
7A.7(a) Rainfall Intensity for 1- through 100-year Storms for Region 1 (Metric). .......ccocveveieieieiennnnnene. 7TA-15
7A.7(b) Rainfall Amount for 1- through 100-year Storms for Region 1 (Metric). ........cccovenevireneiinenincnnen, TA-15
7A.8(a) Rainfall Intensity for 1- through 100-year Storms for Region 1 (U.S. Customary). .......c.ccceervevennen. TA-16
7A.8(b) Rainfall Amount for 1- through 100-year Storms for Region 1 (U.S. Customary). .........cccceevvuvrvnnne. TA-16
7A.9(a) Rainfall Intensity for 1- through 100-year Storms for Region 2 (Metric). .......cccovevvevveverevesnsesrnnne TA - 17
7A.9(b) Rainfall Amount for 1- through 100-year Storms for Region 2 (MEetric). ........ccccevvevveveveiennsesrenne TA - 17
7A.10(a) Rainfall Intensity for 1- through 100-year Storms for Region 2 (U.S. Customary). ........ccccccveveruenne. 7A - 18
7A.10(b) Rainfall Amount for 1- through 100-year Storms for Region 2 (U.S. Customary). .........cccceevvernnnne. 7A - 18
7A.11(a) Rainfall Intensity for 1- through 100-year Storms for Region 3 (Metric). ........ccccooevvvineniieneninennn. TA-19
7A.11(b) Rainfall Amount for 1- through 100-year Storms for Region 3 (Metric). ........cccovereierennienenieennen. TA-19
7A.12(a) Rainfall Intensity for 1- through 100-year Storms for Region 3 (U.S. Customary). .......c.cccceervevennen. TA-20
7A.12(b) Rainfall Amount for 1- through 100-year Storms for Region 3 (U.S. Customary). ........c.ccccocevvevenen. TA-20
7A.13(a) Rainfall Intensity for 1- through 100-year Storms for Region 4 (Metric). ........ccccoveveivrenneneninennen, TA-21
7A.13(b) Rainfall Amount for 1- through 100-year Storms for Region 4 (Metric). ........cccvvereieneneicienieennen, TA-21
7A.14(a) Rainfall Intensity for 1- through 100-year Storms for Region 4 (U.S. Customary). ........cccccceeverneene. TA - 22
7A.14(b) Rainfall Amount for 1- through 100-year Storms for Region 4 (U.S. Customary). .........cccccvevenneene. TA - 22
7A.15(a) Rainfall Intensity for 1- through 100-year Storms for Region 5 (Metric). ........cccoveeviveve e cieiiesienn, 7A - 23
7A.15(b) Rainfall Amount for 1- through 100-year Storms for Region 5 (Metric). .....c.ccccevvevviveiieeve e, 7A - 23
7A.16(a) Rainfall Intensity for 1- through 100-year Storms for Region 5 (U.S. Customary). ........ccccceevennnnne. TA - 24
7A.16(b) Rainfall Amount for 1- through 100-year Storms for Region 5 (U.S. Customary). .........cccceevvervennenn. TA-24
7A.17(a) Initial Plot Of the Data (IMELFIC). ....c.o ittt 7A-30
7A.17(b) Initial Plot of the Data (U.S. CUSLOMAIY). ....coeiieiiieieie sttt ettt s enes 7A-30
7A.18(a) Logarithmic Curve Developed from 0 to 500 Minutes (MEtriC). .......cccocvrevireneiineneiinese e, 7TA-31
7A.18(b) Logarithmic Curve Developed from 0 to 500 Minutes (U.S. CUSIOMANY)......cccccoirereiinenerinienieennens TA - 32

TOC - 17



Table of Contents Publication 584

7A.19(a)
7A.19(b)
7A.20(a)
7A.20(b)
7A.21

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20(a)
8.20(b)
8.21
8.22
8.23
8.24
8.25
8.26
8.27
8.28
8.29
8.30
8.31
8.32

9.1
9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9
9.10
9.11(a)
9.11(b)
9.12
9.13
9.14
9.15
9.16
9.17

2015 Edition

Logarithmic Curve Developed from 500 to 1440 Minutes (MEtriC). ......ccvevrveivireererenere e seseennas 7A - 33
Logarithmic Curve Developed from 500 to 1440 Minutes (U.S. CUStOMAry).......c.cccovevvervsesivsnannns 7A -33
Hyetograph for the 50-year Storm, Region 5 (MELriC). ......cccvvvieiieieieie s TA -39
Hyetograph for the 50-year Storm, Region 5 (U.S. CUStOMAIY). ....ccoveriiireininieiee e 7A -39
S-Curve for the 50-year Storm, Region 5 (Metric and U.S. CUSIOMArY)........cccccovveneiineneninenieennen, TA - 40
EGL for Water SUIface Profile .........oooiiiiee e e 8-5
Typical SPecific ENErgy DIAGIAM .......ccociiiiiiiieiiteieii sttt b et 8-6
TYPICAI CrOSS SECLIONS ...ttt bbbt bbb bbbttt b s 8-9
CoNVEYANCE SUDTIVISION ..ottt ettt e te e s e e sreesteesteenseeneesneesreenneens 8-12
Alternative Conveyance Subdivision Method (HEC-2 and WSPRO Style) .......ccccccvvvvviiivvecneiecenn, 8-12
Typical Stage-DiSCharge CUIVE........ccuo ittt et et e e ae e sreenreas 8-14
Switchback in Stage-DiSCharge CUINVE ........cvi it sba e rae e sraenrees 8-15
T La0] o] O o TSR o o SR 8-17
Example Stage-DiSCharge CUIMVE .......cui it et e et et e e steeee e nnes 8-17
S =T La g o o) 1 OSSP 8-18
Water Surface Profile CONVEIGENCE ........ooiiiiiiiieiie et 8-24
Cross Section at Station 9.79 (Farthest UPSIrEam) ........cccoereiiineiieneiene e 8-26
Cross SECHION At STALION 9.7 .....ocuiiiiiieee bbbt b e et ae s 8-27
Cross SECLION At STALION 9.6......cueiveiitirieiete ettt b e 8-27
Cross Section at Station 9.5 (Farthest DOWNSLIEAM) .........orveiierieiieneine e 8-28
Sample ROAdSide ChanNEl..........coooiiii bbb 8-35
Void Space in Riprap Channel BOOM ..........cooiiiiiiiiiiiieee e e 8-47
Manning's n-Values for Riprap Channels..........cccovviiiieiiie s sne 8-48
INALUFAL SEFEAM PALIEINS .....eviieiiitieeee ettt bttt bt r et n e b e 8-51
Thalweg Location in Plan-View and Cross SECHION ........c.ccviieieiiriiesr e e e se s snens 8-52
Various Degrees OF SINUOSILY .......c.eveiiiiiiitiieise ettt 8-52
Plan-View and Cross Section of @ Braided SIream ..........c.cceeiiiieneiinieeieese e 8-53
Plan-View and Cross Section of a Meandering Stream...........cccoeoeirereinienenisesese e 8-54
Migration Leading to Formation of OXDOW-LaKe ..........cccoiiiiiiiiiiiee e 8 -55
Meandering Stream Threatening Bridge and Approach ROAAWAY ...........ccccereririreiieneniseneeesieee 8-57
Permeable Fence Spurs as Meander Migration COUNTEIMEASUIES. ..........ccurerreirerieireneesie e 8- 58
Meander Migration in a Natural SEream ...........ccoveiieiie i 8-59
Stabilization Measures Adapted to Improve Aquatic Habitat .............ccoceevv i, 8-60
Flood Flow Channel MOdifICALIONS ..........ciiiiiieierieseie e bbb 8-61
Highway Encroachment on Natural Streams and Stream Relocation.............ccccccovevivie e, 8-62
Gabions Used for Bank ProtECLION .........cccoiiiiiiiiiie i 8-64
Gabions Used 8S 8 REVEIMENT ...........oiiiiiiee et et 8- 65
Gabions Used @S @ REVEIMENT ........cviiiieiesie ettt sttt sae st st snesreene e 8 - 65
USGS FIOW TYPES ...ttt bbbttt b e bbbt b et bttt sttt 9-2
Culvert Located in a Natural Streambed ..o 9-11
Stream RelOCAtION OPLIONS.......ciiiiiiiiiee ettt bbbttt ebe e 9-12
CUIVErt PIacemeNnt LOCALIONS. ........eitiiiieiieiiieite sttt sttt ettt b e bbb bbb nn et bbb 9-13
Typical CUIVErt ENA TrEAIMENTS. .......cciiiiieieieie sttt sttt bbbt e b b sbesae b 9-15
Mitered End Treatment fOr SAfety ... 9-16
Plot of Depth of Flow versus Specific Energy for a Constant Flow Rate per Unit Width (q)............... 9-19
INIEt CONLIOL CONMITIONS ......cviiteieiiiie ettt bbbttt sb et sb e et sbe e ebenne e 9-25
OULIEE CONEIOL ... .ottt ettt ettt b et b et st r et e bt 9-31
Momentum Function and SPeCific ENEIGY .........cocoiiiiiiiiiiie e e 9-35
Metric Discharge Coefficients for Roadway OVErtoPPINg ........cccurveirerieisinenisesese e 9-38
U.S. Customary Drainage Coefficients for Roadway OVertopping.........cocuoeeereirensenenseneee e 9-39
Typical PErfOrmManCe CUMVE.........ciiiiiiiiieieteie ettt bbbt b bttt nr et eb e nn e enenreneas 9-40
Flow Chart A — CulVert Design PrOCEAUIE............couiiiirieirieieisie et 9-42
Flow Chart B — Culvert Design Procedure (CONtINUEA)........cceiierieirenieisenieesesiese e 9-43
BEVEIEU ENITANCE ... .cuivetietiitei ettt ettt bbb s bbb et e st et b et bene et b eee 9-48
Top-tapered BOX CUIVEIT.........ccuiiie ettt te et ear e nbe e be e b e esaennaesraenreas 9-48
Damage to Culvert Inlets Due to Hydraulic Forces and Drift..........ccccccovviviiiicieic e 9-51

TOC - 18



Table of Contents Publication 584

9.18
9.19
9.20
9.21
9.22
9.23
9.24
9.25
9.26

10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8
10.9

10.10
10.11
10.12
10.13

10.14
10.15
10.16
10.17
10.18
10.19
10.20
10.21
10.22
10.23
10.24
10.25
10.26
10.27
10.28
10.29
10.30
10.31
10.32
10.33
10.34
10.35
10.36
10.37(a)
10.37(b)
10.38
10.39
10.40
10.41
10.42
10.43
10.44
10.45

2015 Edition

Culvert and Roadway Fill Failure from Buoyant Forces: Culvert Carried Downstream...................... 9-52
Void From Piping AloNg CUIVErt Barrel .........ccoooveieiiiiie e 9-52
F A RSt T=T o 0] |- SRS 9-53
TRAINING WIS ..ottt b et b et b bbbt r et b e bbb nn e enenneneas 9-54
Culvert on Spread Footings to Retain Streambed for Fish Passage..........ccccoereiiieneiincnsieneneeniee 9-56
Culvert Invert Placed Below Streambed..........ooviiii i e 9-56
Vertical RISEr FOr REIIET ..ottt 9-57
Loss of Culvert Material from ADFASION .........coooiiiiii e 9-58
Chart 17 and Performance Curve for Design Example (MEtric) .......cccoervinirnineni e 9-63
Backwater at @ Stream CrOSSING .. ....ueiviieiieiie i st et ete e e e e eeste e te e seeseesseesaeesseeaeenseassessaesreesreas 10-10
Typical Flow Directions through Bridge OPeniNg .........cccuviviiieiieriieiesie e seesee e ee e e sreenreeaeens 10-11
Flow Distribution (1m = 3.28f1) ....cceoiiie e ae s 10-12
Vertical Sag CUIVE PrOfile........ccv e e 10-16
Crest-Vertical CUIVE PrOfile.... ..o 10- 16
LI T I (1T 10-16
Lateral SCOUN at @ BIIAGE ......c.cieiiiiieiite ittt b bbb e sb e e ebe e 10-17
Upstream and Downstream Water Surface Elevations at a Skewed Crossing..........ccovereireneenienn. 10- 18
Roadway Cut through the Embankment Caused by Head Differentials Across the Road at a

SKEWED CrOSSING ...ttt sttt sttt sttt b e et b ettt b ettt b ettt b e bbbt b ettt nb ettt 10-18
Diversion and Bridge Alternatives for Tributary Stream in the Floodplain ... 10- 20
Delta Formed in Principal Stream by Divided TribDUtary...........ccocooiiiiiiiineeee e 10-21
Stream CrosSing iN @ BEN ..o bbb 10-21
Grade Separation for another Transportation Facility in the Floodplain Will Serve as an

AuXiliary Waterway OPENING........eiueeeiieie et eieeeesie sttt e e e sbesbe b sbe e enbeseesaenee e 10-22
Scour at a Culvert in the FIOOAPIAIN .........ccoviiiecc e 10 - 26
Piers on Bank Undermined by Meander Bend Migration .............ccoceoieiieiieienene e 10-27
Pier Damaged by Boulders in Bed LOA .........ccooiiiiiiieieiie e 10-28
SPIEAA FOOTINGS ...ttt bbb bbbt bbbt bbbttt n e 10-29
Drilled Shaft FOUNGAIION .....c.eoiiiiiiieeeeeee ettt sttt e b nee 10-29
Typical Pile FOUNGALION ......cviiiiiiiieiitee ettt 10-29
Protected Pile FOUNUAIION.......c..oiiiiiiieecieee ettt sttt e et e 10-30
A Changing Channel can Underming FOUNAtioN...........covveieiiriine i 10-30
Girder Spans Displaced by Buoyant and Drag FOICES ........cc.cievieieiiiiiieseeieeieesie e e sre e 10-32
Span Displaced DY FOICE OF 108 .....uiiiiiii ettt e e re e e e 10-33
Girder TWISted DY FOICE O ICE....cuiiiie e 10-33
A Foundation Failure from Scour under an Ice Jam during a Small Flood ............cccccceevviiiiiiiiennns 10-35
Channel Enlargement which Preserves the Section of the Low Flow Channel.............cccccooe e, 10-36
Channel REAIIGNMENT ..o bbbttt 10-37
Backwater at @ Highway-Stream CrOSSING ........covevieiiiiiiieiieieeeste ettt 10-39
Hydraulic Performance of a Highway-Stream CroSSing ..........ccoeererieineneineieesenesie s 10- 40
Schematic Representation of Scour at a Cylindrical Pier ..., 10-42
Schematic Representation of Scour at an Embankment ENd..........cooevviiiivinienineieiee e 10-42
Combined Effect of General and LOCAI SCOUF ..........ociiiiiiiiiiiineeeee s 10-43
Sediment Transport at @ CONtrol SECHION.........c.ociiiiiiicc e 10-44
Envelope 0f WOISt GENEIAl SCOUF .........ccviiiiiicciee sttt et be et e e e sreeseeeneas 10-45
IN-SErEAM BOITOW ATBA......c.eiiiiiie ettt ettt b e bbbt b e b e et e e sb e et e e ne e e aneeene e 10 - 47
Borrow Area Filled after One Moderate Rise in the Stream ... 10 - 47
Degradation in a Stream Mined for Sand and Gravel............ccoieiiiiiiiin i 10-48
Degradation in a Stream Mined for Sand and Gravel.............coccoiiiiiiiniii e 10- 48
Measures to Suppress Vortex and Reduce LOCAl SCOUF ..........ccccieiiriiiiiniene e 10-52
Drop Structure of Concrete Walls and Grouted RIPrap........ccoceoeeererieinieere e 10 - 54
Grade Control Structure of Sheet Piling and ROCK RIPrap .......ccocooeiiriiieieiicie e 10 - 54
Scour AbUtMEeNtS aNd AGJACENT PIEI.........c.viuiiiiiieiiiieisee bbb 10 - 56
ShEEt PIle TOB WAL ... ettt sb e bbbt e e e ee e e 10-57
Cellular Concrete Revetment on Filter Cloth Revetment Toed in to Prevent Undermining ............... 10-57
ROCK RIPrap at ADULMENT....c.vcieieie ettt ettt te e e s e e e bestesbesteeneeneeeeneeneens 10-58
GUILE BANK ...ttt bbb b bbbttt bbb bbbt 10-59



Table of Contents Publication 584

10.46
10.47
10.48
10.49
10.50
10.51
10.52
10.53
10.54
10.55
10.56
10.57
10.58
10.59
10.60

11.1

11.2

11.3(a)
11.3(b)
11.4(a)
11.4(b)
11.5(a)
11.5(b)

121
12.2
12.3
12.4

12.5
12.6

12.7

12.8

12.9

12.10
12.11
12.12
12.13
12.14
12.15
12.16
12.17
12.18
12.19
12.20
12.21
12.22
12.23
12.24
12.25
12.26
12.27
12.28
12.29
12.30
12.31

2015 Edition

Partial Downstream Scour from Flood RediStribDUtion ..o 10 - 60
Dolphin and FENAET SYSTEIM ......ocviiiiiicecece ettt a e e stestesbeste e e eneeseeneenrenneas 10 - 62
Bridge Hydraulics Definition SKELCH ......ccveiiiiiiii s 10 - 64
Bridge FIOW TYPES ..ottt bbbttt bbbt 10 - 65
Cross Section Locations at @ BIiOQge........ccviveiiiriiiiicisee et 10 - 67
Cross Section LoCations at @ BIIOGE........ccviviiiirieiiiiesiees et 10- 69
WSPRO Cross Section Location for Stream Crossing with a Single Waterway Opening .................. 10-71
CroSS SECLIONS NEAN BIIAGES ......veviiirtiieiiite ettt bbbttt 10-72
Cross Sections Near and INSide the Bridge.........cociiiiiiiiiieeieee e 10-75
Example of a Bridge under a Sluice Gate Type Of Pressure FIOW..........ccccovviviiiiiicni e, 10-79
Coefficient of Discharge for Sluice Gate TYPE FIOW .......cccveviveiiiie e 10-81
Example of a Bridge under Fully Submerged Pressure FIOW.........cccccovveie i, 10-81
Example Bridge with Pressure FIOW and Weir FIOW ..........ccccoviieiiiniieie e 10-83
Factor for Reducing Weir FIow for SUDMEIgENCE........ccuviieiie e 10-84
Ineffective Bridge Deck Drainage INlet...........covoiiiii i 10-92
Subsurface Water Zones AN PrOCESSES. ........o ittt sbe et se s 11-22
Mechanisms for Saline Water Intrusion into Freshwater AQUITErs.........ccooviiiciienciiencc s 11-25
Average Annual Precipitation of Pennsylvania (IMEetriC).........ccooeviiiriiiiineiieneee e, 11-29
Average Annual Precipitation of Pennsylvania (U.S. CUStOMAry)........c.ccooevvienniniennieneneeseneeien, 11-30
Mean Annual Potential Evapotranspiration of Pennsylvania Landscapes (Metric)........c.ccoceevvereenns 11-35
Mean Annual Potential Evapotranspiration of Pennsylvania Landscapes (U.S. Customary).............. 11-36
Mean Base Flow at Example Site Using WRIR 90-4167 (MELFiC)......ccoeruereririniniiiee e 11-41
Mean Base Flow at Example Site Using WRIR 90-4167 (U.S. CUStOMAry)........cccocverieeeieenenienuenen 11-42
Geocell Slope CoONFINEMENT SYSEEM .......eiuiiiiie ittt see b s 12-16
Relationship Between Cell Depth, Slope Angle and Infill Material Minimum Angle of Repose ....... 12-19
Allowable Interface Friction Angle with Applied FOS..........cooiiiiiie e 12-21
Required Stake Array Resistance for Various Slopes and Interface Descriptions with

100 MM (4 N) CeIl DEPLN ..ottt see 12-22
Maximum DowWNSIOPe StAKE SPACING......c.cierieiriiieiirtiiet e 12-23
Required Stake Resistance for Standard 100 mm (4 in) Cell for 2 Cell Across by

3 Cell DOWN StaKing PatterN.........ccccviieiiiieiesiese ettt sttt et e s e e e sne e s 12-24
Required Stake Length for #4 Rebar Typical Roadway Soil Embankment............ccocoeviviiiieiciiennnne 12-25
Basic Geocell Swale ProteCtion SYSIEM .......cc.cvviiiiiiiie et st sre 12 - 26
Stability Analysis of the Geocell Slope Protection SyStem ..........ccccvcvviiiiiiiiienicce e 12 - 27
Geocell Selection for Various Slopes and Cell Depth..........cccovviiiieiiie i 12-29
Basic Geocell Slope Protection System COMPONENLS........c.ccveiieiieeiiereeie e e esre e ie e sree e e 12-30
Typical Geocell ANCNOrAgE SYSLEIM .......ciiiiiiiiiieeie ettt 12-32
TYPICAI ACBR SYSIEIM ...ttt ettt b et bbbt et b et et bt en s 12-33
Termination Details for ACBR SYSIEMS ........ccoiiiiiiiiieree e 12-37
AMOrloc System CoNfIQUIALION..........coviiiiiii i e 12 -39
N - To] <SS 12 -40
Armorflex BIOCK CONfIQUIALION .........c.cccviiiiiiieie ettt e 12 -43
Cable Concrete CoNFIGUIALION ........ccviiiiieeie et re e ste e e e sreesreeneas 12 -44
A LTo Lo e LRI T T ] ] o B SSS 12 -53
Riprap Apron Design, Minimum Tailwater CoNdition...........ccccveviiiiiiiiie s 12-59
Riprap Apron Design, Maximum Tailwater CONAItION ............cocoiiriiieiiiiire s 12 - 60
SHIIING WEIL (TYPICAL) ... bbb e b 12 - 62
Stilling Well DIameter (IMEEFIC) ....o.vivirieieiirieieiise ettt 12 -63
Stilling Well Diameter (U.S. CUSIOMAIY)......couiiriiiiiiieiieneeisie ettt 12 - 64
Depth of Stilling Well ADOVE INVEIT ..o 12 - 65
Sediment Trap (EMDANKIMENT).......cc.oiiiiiiiie ettt see e 12 - 69
SEAIMENT TTAP (RISEI) .ttt sttt ettt ettt et bt b et e es e e e e b e nbesbeebeabeaseeneaneeneeseennas 12-70
Example Embankment Sediment Trap Summary Table...........ccooooiiiiiiiiices 12-70
SEAIMENT BASIN ...ttt ettt b et r et n e nn e 12-71
SedimeNnt BaSIN VOIUME ......oviviieiriiriieeisie et 12-73
ANtI-SEEP COlIAr DESIGN.....cviveiieiie sttt et e et e e s restesresbeereaneenae e etees 12-78



Table of Contents Publication 584

12.32
12.33
12.34
12.35
12.36

12E.1
12E.2
12E.3
12E.4
12E.5
12E.6
12E.7
12E.8
12E.9
12E.10
12E.11
12E.12
12E.13
12E.14
12E.15
12E.16
12E.17

13.1(a)
13.1(b)
13.2
13.3(a)
13.3(b)
13.4(a)
13.4(b)
13.5(a)
13.5(h)
13.6(a)
13.6(b)
13.7(a)
13.7(b)
13.8
13.9
13.10
13.11
13.12

14.1
14.2
143
14.4
145
14.6
14.7(a)
14.7(b)
14.8(a)
14.8(b)
14.9(a)
14.9(b)
14.10(a)
14.10(b)
14.11

2015 Edition

Graphical Determination of Anti-Seep Collar SizZe ... 12-80
Example Bypass Channel Used For Culvert InStallation.............ccocooviriinniniiiesesees 12 -82
FIUME THroUugh WOTK AFA ......eeieiiieieieiee ettt sttt ee e e 12-82
Pump Around IN-Channel WOTK ATE&..........couiiiiiiiiiiirieiiieee e 12 -83
In-Stream Temporary DIVErSION DEVICE ........ccooeiiiriiiiiieiieiniereee sttt 12-84
Existing Road Cross Section - TwWo Way HighWay ... 12A -3
Existing Road Cross Section - Divided HIghWay ...........cociriiiriiiiiee s 12A -3
Existing Road Cross Section - Divided HIghWay ..........ccccoviviiiieiieie s 12A -4
Existing Road Cross Sections - CUMDEA.........ccucviiiiiiii e 12A -4
Displaced Course Stones at EAge 0f ROA ........c.cceieiiiiiiie st 12A -4
SROUIAET CULLING. ...ttt bbb bbbttt sb et b 12A-5
PIPE REPIACEIMENT ...ttt bttt st be st 12A-6
Overlay Before Backup (Left); Overlay After Backup (RIght) .......cooeieiiiriiinicince e 12A -7
MITTING OPEIALION ...ttt b bbbt b bbbt e b et 12A -7
MENUAL PAECRING ...t bbbt b et 12A -8
MECNANIZEA PALCHING. .. ...citiiiieiiiiee et bbbt b e bbb b b sbeeneas 12A -8
SUITACE TIRALMENT ... ettt b bbbt bt et e et e ab e b e b e sbesbesbesbeeneans 12A-9
Excavated Material Improperly Dumped over Embankment ...........ccccoooeiiiinininene s 12A-10
Bridge Scenario A — Roadway Approaches Above 100-Year Floodplain...........ccccoevieviiivciciennns 12A-11
Bridge Scenario B — Roadway Approaches Below 100-Year Floodplain...........ccocccoviiviieiiiiiennns 12A- 12
Temporary Widening SCheMALIC ........coeciiiiiii e 12A - 13
Temporary RO fOr STrEAM ACCESS......cveieriirierie ittt eteeeeste e st e se et e e e e e ste e sresresreereeeenee s 12A - 14
Flow in Triangular Gutter SECtIONS (MELIC) ... ..vcveieiiiie et 13-13
Flow in Triangular Gutter Sections (U.S. CUSIOMAIY) .......couiiririrerieinierieisienesesie s seens 13-14
Ratio of Frontal FIow t0 Total GULEr FIOW.........cccieiiieieiire e 13-15
Flow in Composite Gutter SECtioNS (MELFIC)......oviiriiiiirieiiereeree s 13-17
Flow in Composite Gutter Sections (U.S. CUSTOMAIY).......cccoiriiiiriinirieiseieesieseeese s 13-18
V-TYPE GULLET (IMBEFIC) .ttt ekttt bbbt 13-19
V-Type GULET (U.S. CUSIOMAIY) ...eiieieiiiiieiie ettt ee st s te e sre e e e e et sresbesteensesae e eneeseeneentenns 13-19
Manning's Formula for Full Flow in Storm Pipes (MEetriC). .....covevverereiiere s 13- 26
Manning's Formula for Full Flow in Storm Pipes (U.S. CUStOMArY). .....cccovvvvrveisieeieie e 13-27
Nomograph for Computing Required Size of Circular Pipe for Full Flow (Metric) ........ccccoceverennne. 13-28
Nomograph for Computing Required Size of Circular Pipe for Full Flow (U.S. Customary) ............ 13-29
Concrete Pipe Flow Nomograph (IMELHC) ........eviiiiiiiieiercrie e e 13-30
Concrete Pipe Flow Nomograph (U.S. CUSIOMAIY) ......cceriiiriiiiiniiinenieseseese s 13-31
Values of Hydraulic Elements of Circular Section for Various Depths of FIOW...........c.ccccooeriinennne. 13-32
DETIECTION ANGIE ...ttt bbbttt bbb 13- 36
REIAtIVE FIOW EFFECL......c.eieiee ettt n et ne 13-37
Schematic Representation 0f BENCHING TYPES .....c.viiiiiiiiiiiiiiiniiee e 13-38
Use of Energy Losses in Developing a Storm Drain SYSEem .........ccccoceiiiiiiiiiiene e 13-41
101 (o] LI eV ] o RSOSSN 14-21
Common Structural BMP APPIICALIONS........c.ccviieiiieiere et 14 - 27
Sharp-Crested Weir (NO End CONtraCtioNS) .......veverieierireiese et 14 - 34
Sharp-Crested Weir (TWo ENd CONIraCtiONS)........cuevverieriereresisesreieseesesiesie e snessaeeeee e see e ssessenees 14 - 35
Sharp-Crested WEeIr and HEAG .........coooviieiiri et nne e 14-35
Triangular Shaped Hydrographs (For Preliminary Estimate of Required Storage Volume) ............... 14 - 38
Example Storage Characteristics CUVE (MELFIC) ....c.vovireiiiirieiiirieecierees s 14 - 43
Example Storage Characteristics Curve (U.S. CUSIOMAIY) .......coiiriiirinieiniieiseneecsieeeieseeeee s 14 - 43
Example Stage-Storage Curve (IMELIC)......oe ittt e 14 - 44
Example Stage-Storage Curve (U.S. CUSLOMAIY)......cc.oiiieiireniaeeieie et sie e ste e ee e sesseesaeseesnen 14 - 44
Stage-DiSCharge CUIVE (IMELTIC) ......eviiiiiiiirieeise ettt sttt sttt 14 - 45
Stage-Discharge Curve (U.S. CUSIOMAIY) ......ccooiiriiiiiiieisieieeseis st 14 - 45
RUNOTT HYdrographs (IMELFIC).......coviieieeieie sttt 14 - 49
Runoff Hydrographs (U.S. CUSIOMAIY) .......ccciiiieieieieiiiesestese e sreeseeie e sre e ste e sna e s eaeseessesnesnens 14 -50
CoNCrete RISEr EXAMPIE .. .iiiiiiiiciciec et et sr ettt e s teeneenee e et e seenrenan 14 -53



Table of Contents Publication 584
2015 Edition

14.12 Example of Dry Pond ConfigUIatioN ..ot 14 -54
14.13 Example of Methods of Increasing the Length-to-Width Ratio of a Storage Facility .............c.ccco...... 14 - 57
14.14 WVBE PONM ...ttt bbb b bbb s bbbt b bt bbbt e bbb e et ebe s 14 - 58

INTENTIONALLY BLANK

TOC -22



Table of Contents Publication 584

TABLE
6.1
6A.1

7.1
7.2
7.3
7.4

7.5
7.6
7.7
7.7(2)
7.8
7.9
7.10
7.11
7.12
7.13
7.14
7.15
7.16
7.17
7.18
7.19
7.20
7.21

7A1
7A.2(a)
7A.2(b)
7A.3(a)
7A.3(b)
7A4(a)
7A4(b)
7A5(a)
7A.5(b)
7A.6(a)
7A.6(b)
7A.7(a)
7A.7(b)
7A.8(a)
7A.8(b)
7A.9(a)
7A.9(b)
7A.10(a)
7A.10(b)
7A.11(a)
7TA.11(b)

7C.1
7C.2
7C.3

2015 Edition

LIST OF TABLES

SUBJECT PAGE
Pennsylvania Stream ClassSifiCatiONS ..........c.eieiiiiiiiieii e sr e 6-5
Data Access QUICK RETEIENCE GUITE.........cuiiieirieiteecre ettt ettt ettt be e sbe e ebeebeenbeeree e 6A -5
RETUIN INTEIVAL TEIMS. ..ttt sttt bbb ene e e et et sbeneas 7-10
Suggested Design Return INErvals (YEAIS)........coviireiiirieinesieese ettt 7-11
Frequencies for CoinCidental OCCUITENCE ..........cviuiiriirieirieriese et 7-14
Gages with the Highest Over- or Under-Predicted USGS SIR 08-5102 Values
and Their Watershed CharaCteriStiCS ........oouiiiiaieieieie sttt e nee s 7-20
Roughness Coefficients n-value for Manning's Equation (Pipes and Pavements) ..........ccccccvevevvenenne. 7-27
Intercept Coefficients for Velocity versus Slope Relationship..........ccccovoveveeiiiiecisccecee e, 7-28
Runoff Factors for the Rational EQUALION.............cccveiiiiie e 7-31
Runoff Coefficient for Rural Watersheds............cooeviiiiiiii e 7-32
Runoff Coefficient Adjustment Factors for Rational Method ... 7-32
Runoff Curve NUmMDers for Urban ATaS..........ccoviiriiiiriecne s 7-38
Runoff Curve Numbers for Cultivated Agricultural Land...........ccccooviriiiniiiieeeee e 7-39
Runoff Curve Numbers for Other Agricultural Lands...........ccccooeiiiniiiiiiicceeeeeeee 7-40
Runoff Curve Numbers for Arid and Semi-Arid Rangelands ...........cocovireiiineincicesceeee 7-41
Rainfall Groups for Antecedent Soil Moisture Conditions During Growing and Dormant Seasons.....7 - 41
Coefficients FOr EQUATION 7.19.......ci ittt bbb bbb 7-43
Ponding AdJUSEMENT FACLOT .......icii ettt et te e be s e e s te e steesteeteeneeaneennee e 7-43
NRCS 24-Hour Rainfall DiStriDULIONS. .........ccoiiiiiiiiiiinicree s 7-49
Example of Incremental Rainfall Tabulation (MEetriC) .........cocoiiiiriiiiiiieie et 7-50
Example of Incremental Rainfall Tabulation (U.S. CUSIOMArY) .......cccoiiiiiiieiireiieeeee e 7-52
Stage-Storage-Outflow and Computed Storage-Outflow Relation............ccccocooiiiiiiiiiiiiicic e 7-57
Storage ROULING CaAICUIATIONS ........couiiiiiiiiice bbbttt bbb 7-58
Channel Routing Using the Muskingum Method ...........ccocuriiiiiiiiiee e 7-63
Appropriate Rainfall Region Map for each Storm Duration and FrequUenCy ..........ccceveeeieienenenennn. TA-1
Five (5) minute through twenty-four (24) hour storm totals for Region 1 (Metric). ........ccccocevvrenee. TA-2
Five (5) minute through twenty-four (24) hour storm totals for Region 1 (U.S. Customary). ............. TA-2
Five (5) minute through twenty-four (24) hour storm totals for Region 2 (Metric). .........c.cccoverrernen. TA-3
Five (5) minute through twenty-four (24) hour storm totals for Region 2 (U.S. Customary). ............. TA-3
Five (5) minute through twenty-four (24) hour storm totals for Region 3 (Metric). .........cccccevvvrvrnene. TA-4
Five (5) minute through twenty-four (24) hour storm totals for Region 3 (U.S. Customary). ............. TA-4
Five (5) minute through twenty-four (24) hour storm totals for Region 4 (Metric). .......cccccevvvevrrnnne 7TA-5
Five (5) minute through twenty-four (24) hour storm totals for Region 4 (U.S. Customary). ............. 7A-5
Five (5) minute through twenty-four (24) hour storm totals for Region 5 (Metric). .........c.cccoereenen. TA-6
Five (5) minute through twenty-four (24) hour storm totals for Region 5 (U.S. Customary). ............. TA-6
Composite 10-year storm in REGION 5 (IMELFIC). ....cverveiiirieiiirieeste et 7TA -8
Composite 10-year storm in Region 5 (U.S. CUSIOMAIY). .....cccreiiiriiiiiriciienieesie et 7TA -8
Values obtained from 2007 PDT-IDF (MELFIC). .....eveuiriiiiiriiiiirieieiesiesicsie e 7A - 29
Values obtained from 2007 PDT-IDF (U.S. CUStOMANY). ...cc.eviuiriiiiiirieiniirieesieseeesie s 7A - 29
Data from Time 0 t0 500 MiNULES (MELFIC). ....eecvveiuieiice et 7A - 31
Data from Time 0 to 500 Minutes (U.S. CUSIOMAIY). ......ccceiiieiieiiiiie et esve e 7A - 31
Data from Time 500 t0 1440 MinULES (IMELFIC). ..ccvveviiieiie et 7A - 32
Data from Time 500 to 1440 Minutes (U.S. CUSTOMAIY). ...ccceiieeieeieiiieireiee e este e see e see e TA - 32
Composite Storm DevelopmeNnt (METFIC). ....oouieiiiiiiiie et TA-34
Composite Storm Development (U.S. CUSEOMAIY). .....couiiiriiiiiiiiieie st TA-36
Project location map for bridge replacement over Big Sandy Creek........cccevvvvrierivivsineiiererininnnneens 7C-2
Project location map for culvert replacement over Queen Anne Creek Tributary.........ccoccovvvrviencnns 7C-3
Project location map for culvert replacement over Sherman Creek Tributary ..........ccocooiiiiiiiienns 7C-4

TOC - 23



Table of Contents Publication 584

7C.4
8.1

8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9
8.10
8.11
8.12
8.13
8.14
8.15
8.16

9.1
9.2
9.3
9.4
95
9.6

10.1
10.2
10.3
10.4
10.5

11.1
11.2
11.3

121
12.2
12.3
124
12.5
12.6
12.7
12.8
12.9
12.10
12.11
12.12
12.13
12.14
12.15
12.16
12.17
12.18
12.19
12.20
12.21

2015 Edition

Project location map for bridge replacement over BaKer RUN.........cccooveveiiviininceceee e 7C-5

Roughness Coefficients n-values for Manning's Equation (Channels, Flood Plains

and EXcavated ChanNEIS) .........cv ittt 8-11
Cross Section Data (Section "A™ - Sta. 14+36) .....ccccereririreiiereese sttt 8-18
Cross Section Data at Elevation 221.83 m (727.80 Tt) ......cooiieiiiiieiieeeeseee e 8-20
Cross Section Data at Elevation 222.14 m (728.80 Tt) ......covoereiiiiieiiesee e 8-20
Cross Section Data at Elevation 222.14 m (729.81 ft) ....c.covviieiiiiieiieree e 8-21
Cross Section Data at Elevation 222.74 m (730.61 ft) ....cccoviiiiiiiiieiieeee e 8-21
Cross Section Data at Elevation 222.74 m (730.78 ) .....ecoveeiiiieci e 8-22
Water-Surface Calculations (Q = 57 M*/S (2000 CFS)) .......vvuivierirereeiieeieeeeeeseeeeses s 8-29
Channel Lining Application and CONSIAEIatioNS............cucveieriereresesrseeeeieese e ste e se e e see e 8-40
Adjusted Manning's n-Values for Various Channel LiniNgS........cccccvvviiviviieienene e 8-40
Allowable Shear Stresses for Various LININGS .....cc.eceieieiriieieeieie s se s e see e 8-41
Permissible Velocities for Various LiNINGS ........ccccvviiiieiieieeieie et as e nes 8-42
Retardance Class for Lining Materials ..o e 8-43
Manning's n Relationship for Vegetal Degree of Retardance............coccooevineinineiieneseeeeee 8-44
Temporary RECPS DY FHWA CIaSS .....cvciiiiiiiiiiieiite ettt 8- 46
Permanent RECPS DY FHWA CIaSS ........coviiiiiiiieietse e e 8- 46
Alternate Pipes Selection Criteria Based on Type of Installation..............cccoeoiiiiiiniiinicee, 9-16
Pipe Selection Criteria for Corrosion Protection Based on pH and Resistivity Values............c..ccoc.... 9-17
Constants for Inlet Control Design EQUALIONS ........ccvecvieiiiiiiie ettt ve e 9-23
Regression Coefficients for Inlet Control EQUAtIONS ...........cccveieiieiiiiicse e 9-26
g T oI I S O i o =] £ (O SR 9-29
Quick References for CUIVErt Variables..........ccoovviiiiiiiiiiiecece ettt 9-45
BIiAQE OF CUIVEIT ...ttt sttt et et e et e s b e abesbeebeereene e e e nnenteseeas 10-25
Flow Classification According to Submergence Conditions...........cccooieeeieiieieiene e 10-70
Subcritical Flow Contraction and Expansion COeffiCientS...........ccoviieriininniicsc e 10-74
Yarnell's Pier Coefficient, K, for Various Pier SNapeS..........ccccoiririiiiineinecseee e 10-76
LOW FIOW CIASSES ...ttt sttt sttt ettt bbb bt e s et et se et sbe et e e reeneenee e et e 10-78
Fate of Pollutants by Management MEASUIES ........cc.ecvieieeieerieriesiesiesiesresseesseseessestesresresresnaeseessesseseens 11-11
Wapwallopen Creek Near Wapwallopen, PA...........oo oot 11-39
Base Flows for Selected RecUrrence INErVAlS ..........ccoooiiiiiiiiieii e 11-41
Relationship of Earth Disturbance Activities, Regulations, and Associated Permits..........ccc.cceevenenne. 12-4
Suggested Points For Project Coordination with County Conservation DiStricts.........c.ccoevvvveieieiennnne 12-6
BIMP SEIECHION. ....veeeie ettt ettt s e et e sttt e R e er et e re e neereene e 12-11
RECP Selection (TYPICAI) ....cviiiiiieiieiie et bbbttt 12-15
Six-Step Geocell Static DeSigN PrOCEAUIE ..........cciiuiiiiriiieries et 12-18
Typical Soil and Interface CharaCteriStiCs..........viiiiiiiiirer e 12-20
General Guidelines for Selection of Swale Infill MaterialS............ccooviiiiiiiiiie 12-26
TYPICAI TENUONS ...ttt te et e et e e e et e e be e te e be e s teesaesseesteesteenaeenteansenseenes 12-31
ACBR SYSIBIMS ....iiitiieiiete sttt sttt sttt et et et et et e b e et et e b e e be e R e e be e et e be st s ere b 12-33
ACBR System DeSigN PrOCEUUIES .......ccvciuieiieeiecie et steeseete s et esteeste e e e ae e sraesteesreenneeneesnsesneenns 12-35
ACTUAL TESE RESUILS ...t b ettt bbbttt see b b e 12 - 36
RANGE OF AFTICUIALION ...t bbbttt e e sr b b sne s 12 - 36
Summary of A-JaCkS DIMENSIONS ......ccuiiiiriiiiirtiiesie bbbttt bbb 12 -40
AIMOTFIEX BIOCK SYSIEIM ...ttt et bbbt 12-42
Cable Concrete Block Specifications Original Block — Closed Cell.........ccocoovviiiiinieneineneiee, 12 - 45
Maximum Permissible Velocities for Mattress and BIock Gabions...........ccccceviiiieiiiinicie e 12 - 47
Maximum Slope Length for Compost Filter SOCKS .........c.coiiiiiiiiiiiie e 12 -49
Silt Barrier FENCe SIOPe LENGLN ..o 12-51
Silt Barrier Fence Post Spacing and Geotextile REQUIFEMENTS........cccvvviveieriereiesese e eeeeesee e 12-51
Heavy Duty Silt FENCe SIOPE LENGLN .....c.eciciiie e 12 -52
Maximum Flow Length For Vegetative Filter Strip SIOPE.......cccvvviiiie i 12 -53

TOC - 24



Table of Contents Publication 584

12.22
12A.1

12D.1

13.1
13.2
13.3
13.4

14.1
14.2
14.3
14.4
145
14.6
147
14.8
14.9
14.10
14.11
14.12
14.13
14.14
14.15
14.16
14.17
14.18
14.19(a)
14.19(b)
14.20
14.21(a)
14.21(b)
14.22(a)
14.22(b)
14.23(a)
14.23(b)

19.1

2015 Edition

SUGPESTEd IMINIMUM SIZES ...vvevieieiieiie sttt ettt e e s et e e te st e steaseeseeneeneeneesrenns 12 -55
Relationship of Activities, Regulations, and Permits for Stream Work ...........ccocevveveveveivininenene, 12A-6
Correlation between PA DEP Regions, PennDOT Engineering Districts, and Conservation

[T (T £ PSSR 12D-1
Manning's n for Street and PaVvement GULLETS ..........ccoeririiireiiiieiseees s 13-11
ManNhole SPACING CIITEITA........ciiviiiiitece ettt bbb 13-22
Correction FOr BENCHING ......cviiieiee e e s te e te e e raenraesreas 13- 38
Hydraulic Grade Line COmMPULALION FOIM........cccviiiiiieiie ettt srae e nnees 13-40
PCSM Levels for Projects Located in NON-SENSItIVE ATEES ........ccvevvieiueriesiiesieeseesesseeseeseesreesseenaeens 14-5
PCSM Levels for Projects Located in SENSITIVE AFEaS.........cccviveiiereeieriesieesieeseesiesseeseesseesreesseeneeans 14-5
LAY LS oY =Y N G I O 1 (=T o o Y 14-8
Relationship of Activities, Regulations, and Permits for Stream WOork ..........cccceoevviieiceniviivninenennn, 14-15
Level 1 BMP TOOIDOX SUMMAIY.......cviiiiiiiiieieiesie ettt sttt st sn e 14 -16
Vegetated SWAIE SUMMAIY.......coiiiiie ettt bbb bbbt be bbb n et 14 -18
BIOrEtENtiON SUMIMAIY....cviiiiiiieiitiiteete ettt ettt b ettt sb etk sb et bbb ene e 14-19
Vegetated Filter St SUMMAIY ..o bbb sa e 14-19
Level 2 BMP TOOIDOX SUMMAIY.......ciiiiiiiiiiieenieete ettt sr bbb e ene e 14 -20
BIOSIOPE SUMIMEIY ..ottt b bbbttt bbbt bt et e st et e e et e b e b e 14-21
INfiltration TreNCh SUMMAIY .......cooiiii e e sb e 14 -22
INFiltration BASIN SUMIMAIY .........ooiiiiiiii ettt e bbb e e bt 14 -23
INFIlEration BEIM SUMMAIY ......cooiiiiiitiiiii ettt bbbt b e e b b e 14 -23
Level 3 BMP TOOIDOX SUMMAIY.......coiiiiiiiiie ittt et bbbt n e e b b 14 -24
Constructed WetIand SUMMAIY ........cooiiiiiiiie et be bbbt e e e e e 14 - 25
WWEL PONG SUMMAIY ...ttt ettt sttt b et be ettt e e e e b e ebesbeebesbe et e eneeneennesee st e 14 - 25
Permeable PAVEMENT SUMIMEIY .......oiuiiiiiaieieie ettt e et esee st sbesbesseene e e enneneesaeas 14 - 26
Level 4 BMP TOOIDOX SUMMAIY.......ciiiiiiiiietiiteiet sttt sne e 14 - 26
Broad-Crested Weir Coefficient C-Values as a Function of Weir Crest Breadth and Head (m)......... 14 - 36
Broad-Crested Weir Coefficient C-Values as a Function of Weir Crest Breadth and Head (ft) ......... 14 - 36
Orifice DiSCharge COBTIICIENTS ..c.viviiiiieiicec ettt sre e 14 - 37
Stage-Discharge-Storage Data (MELFIC) ..ovvivviviieiieiicie e e 14 -41
Stage-Discharge-Storage Data (U.S. CUSLOMAIY).......ccccviiiieiieiieiiesesesresie e eessesie e sre e sss s saeae s 14 -42
Example Runoff Hydrographs (MELHC)........cccuiiiiiicicc et 14 - 46
Example Runoff Hydrographs (U.S. CUSIOMAIY)......c.ccciiieiiieiie e seese et sve e snae e 14 - 47
Storage Routing for the 10-Year Storm (IMELriC).......ccoveiieieeieeie s 14 -48
Storage Routing for the 10-Year Storm (U.S. CUSIOMAIY).......cciiririiirinisineieeseee e 14 - 48
Changes that May Affect Drainage Designs and are Detectable during Field Observation................. 19-15

TOC - 25



Table of Contents Publication 584
2015 Edition

BLANK PAGE

TOC - 26



Chapter 1 - Introduction Publication 584
2015 Edition

CHAPTER 1

INTRODUCTION

1.0 INTRODUCTION

Drainage design is an essential element of highway design. It encompasses hydrology, hydraulics, erosion and
sediment pollution control, permitting, and ultimately, providing facilities to collect and intercept surface runoff,
remove or divert it from the roadway, and channel it to suitable locations where it can be managed and then safely
discharged downstream of the roadway.

Drainage is a key factor in the development of all types of improvements on all classifications of highways, and in
all phases of project development. For projects ranging from local roads in rural areas to busy, urban freeways,
drainage must be considered in the development of preliminary and final design plans, specifications and estimates.

Hydrology, hydraulics and soil mechanics are the sciences generally applicable to the design of highway drainage.
This manual may be revised from time to time to keep pace with the modern development of hydrologic, hydraulic
and soils science. It should be noted that this manual serves as a general guide to design techniques and procedures;
there is no intention to replace sound engineering judgment.

Controlled topography should be obtained, prior to construction, on the portion of projects involving significant
floodplain encroachment or on those projects where there is a potential for significant additional flooding. This data
would be of significant value during design and in evaluating flooding complaints.

The roadway drainage and waterway structures, as referred to above, include culverts, bridges, channel changes and
longitudinal encroachments on waterways or floodplains.

This manual provides the engineer with general guidance and direction to evaluate the Department's drainage design
options by addressing a broad range of issues related to drainage design. The manual has been developed to provide
the designer with a basic working knowledge of hydrology and hydraulics complete with example problems.
Careful analysis of existing site conditions, sound engineering judgment, and judicious application of the principles
and procedures described or referenced in this manual is to result in highway drainage designs that are functional
and cost effective.

1.1 BACKGROUND

The PennDOT Drainage Manual was developed using the American Association of State Highway and
Transportation Officials (AASHTO) Task Force on Hydrology and Hydraulics produced The Model Drainage
Manual (MDM) as the basis. The MDM was developed as part of the Task Force's continuing work to assist the
Standing Committee on Highways, Subcommittee on Design, in developing guidelines and in formulating policy.
The first edition of the MDM, which was published in 1991, was produced in cooperation with the FHWA Rural
Technical Assistance Program and the Georgia Institute of Technology. The second edition of the manual, published
in 1999, was produced in cooperation with the Transportation Research Board, National Cooperative Highway
Research Program (NCHRP) and was developed using the International System of Units (SI).

The 2005 third edition of the MDM was used as the basis for the PennDOT Drainage Manual along with
incorporating applicable sections from and coordination with Publication 13M, Design Manual, Part 2, Highway
Design, Chapter 10. Each chapter has been written based upon the MDM's generic design policies and state-of-the-
practice design procedures. These design policies and procedures have been supplemented by PennDOT's policies
and procedures.
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1.2 CONTENTS OF PENNDOT DRAINAGE MANUAL
The PennDOT Drainage Manual currently contains fourteen chapters.

Due to a great number of variables that may be presented within a chapter, the next to last section of several of the
chapters provides the nomenclature that is used for the specific chapter. The user is directed to these sections to
assist with understanding the variables used within each chapter.

1. Chapter 1, Introduction, introduces the PennDOT Drainage Manual, how it was developed and
introduces each of the chapters contained in the PennDOT Drainage Manual.

2. Chapter 4, Documentation and Document Retention, introduces the plans, reports, specifications and
analyses that are to be developed during the design of a hydraulic facility. A system for organizing the
documentation of hydraulic designs and reviews to provide a complete history of the design process is
identified. Information that is to be included in the design files and on the construction plans is reviewed. This
will result in a compilation and preservation of the design and related details and all pertinent information on
which the design and decisions were based and is referred to as the District Project Files.

3. Chapter 6, Data Collection, introduces the types of data, along with possible sources, that will be required
prior to conducting the hydrologic and hydraulic, stormwater management, highway drainage, or erosion and
sediment pollution control engineering analysis. In addition, the types of data and data collection, items to be
considered while performing site investigation, necessary geographic information system (GIS) and survey
information to be collected to aid in performing analyses and associated data evaluation are discussed.

4. Chapter 7, Hydrology, introduces hydrology as dealing with the design of highway drainage facilities to
convey specific predetermined discharges in order to avoid significant flood hazards. The chapter also
discusses how to convey floods in excess of these discharges in a manner that minimizes the damage and
hazard. The analysis of the peak rate of runoff, volume of runoff and time distribution of flow is fundamental
to the design of drainage facilities as well as site investigation and interagency coordination. Peak discharges
are used to design facilities such as storm drain systems, culverts and bridges. The entire discharge hydrograph
is used for the design to control the volume of runoff, like detention storage facilities, or where flood routing
through culverts is used. The chapter discusses in detail the methods that are in PennDOT's approved
hydrology toolbox.

5. Chapter 8, Open Channels, introduces open channel hydraulics for stream channels, roadside channels or
ditches, irrigation channels, and drainage ditches and the associated interrelationship of channels to all
highway hydraulic structures. The principles of open channel flow hydraulics are applicable to all drainage
facilities, including culverts. The chapter discusses the hydraulic design process for open channels and
consists of establishing criteria, developing and evaluating alternatives, and selecting the alternative which best
satisfies the established criteria.

6. Chapter 9, Culverts, introduces the hydraulic aspects of culvert design, construction and operation of
culverts, and makes references to structural aspects only when they are related to the hydraulic design.
Culverts are considered minor structures as compared with bridges, but they are of great importance for
drainage and the integrity of the facility. The following important concepts for culvert design are discussed as
part of the chapter: critical depth, crown, flow type, free outlet, improved inlet, invert, normal flow, slope
(steep and mild), inlet and outlet control, and submerged flow.

7. Chapter 10, Bridge Hydraulics, introduces structures designed hydraulically as bridges considering the
total crossing, including approach embankments and structures in the flood plain. Bridges are also important
and expensive highway-hydraulic structures and are vulnerable to failure from flood-related causes. To
minimize the risk of failure, the hydraulic requirements of stream crossings must be recognized and considered
carefully. The design of bridges for hydraulic requirements includes an estimate of peak discharge (sometimes
complete runoff hydrographs), comparing water surface profiles for existing and proposed conditions,
consideration of potential stream stability problems, and consideration of scour potential. Hydrologic and
hydraulic analyses determine whether the water surface profiles are or are not affected.
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8. Chapter 11, Surface Water Environment, is broken into three sections regarding surface waters, ground
water and infiltration, and water budget. The section on surface waters discusses the evaluation of the effects
that highway construction has on surface waters and the designer's role in determining the hydrology and
hydraulic related highway effect and significance on sensitive surface waters. Only the simpler, more reliable
and accepted engineering practices are discussed and should address 90% or more of the surface water
environmental problems encountered. More complex practices are briefly noted, but only to provide
background and suggest possible analytical courses of action.

The second section presented in this chapter is regarding groundwater and infiltration. Highway and bridge
projects can affect groundwater in several ways. Some of these effects are from the groundwater being
disrupted in a way that prevents or degrades its use. Retention or detention basins work as a stormwater
management tools by storing the stormwater to control the peak flow and timing of stormwater flowing
downstream. However, a portion of the stormwater which ordinarily infiltrates into the subsurface is retained
and routed to a body of surface water resulting in reduced infiltration. Infiltration of stormwater runoff into the
groundwater hydrologic flow regime can often be an appealing alternative to more traditional stormwater
control methods such as detention basins and wet ponds in that it promotes groundwater recharge. The concept
of groundwater recharge is an important consideration in areas where aquifers have been depleted due to
pumping, or in more urbanized areas where impervious cover has greatly reduced the quantity at which surface
water infiltrates into the ground. This reduction has a compound effect on the hydrologic system in that while
reducing infiltration of surface water depletes underground aquifers, the base flow from groundwater
movement that feeds streams is reduced and surface waters suffer the consequence in turn.

The third section presented in this chapter is regarding water budget. The water budget (water balance) is a
hydrologic procedure that refers to the balance between the inflow of water from precipitation, snow melt, and
groundwater, and the outflow of water by evapotranspiration, groundwater, and streamflow. The water budget
may be used in a variety of scenarios, and is able to predict human impact on a wetland, watershed, and the
hydrologic cycle to determine a management approach to sustaining the natural hydrologic conditions of a site.
The water budget as discussed in this section is presented in a generic format which may be applied annually or
for any period of time as long as the parameters input into the equations are representative for that length of
time. This section also presents equations necessary to calculate the water budget, and potential sources for the
various parameters used in the equations.

9. Chapter 12, Erosion and Sediment Pollution Control, introduces guidance on how to determine when
Best Management Practices (BMPs) are needed, and which BMPs would best meet the regulatory requirements
and design objectives. This guidance categorizes BMPs into three groups: Stabilization BMPs, General
Erosion and Sediment Pollution Control (E&S) BMPs and In-Channel Erosion and Sediment Control BMPs.
These BMPs are temporary controls used by construction site operators during the period of earth disturbance
to control erosion and sedimentation during construction activities. The guidance provided gives an overview
of the regulatory basis for these requirements; guides the reader through the steps of coordinating with the
federal, state, and local regulatory authorities; explains the types of analyses that should be performed; and,
describes a variety of BMPs including where and when they can/should be used and how they should be
designed to achieve their optimal functionality.

10. Chapter 13, Storm Drainage Systems, introduces guidance on storm drain design and analysis. The
aspects of storm drain design (e.g., system planning, pavement drainage, gutter flow calculations, inlet spacing,
pipe sizing, hydraulic grade line calculations) are discussed. The design of a drainage system must address the
needs of the traveling public and those of the local community through which it passes. The drainage system
for a roadway traversing an urbanized region is more complex than for roadways traversing sparsely settled
rural areas.

11. Chapter 14, Post-Construction Stormwater Management, introduces PennDOT's Antidegradation and
Post-Construction Stormwater Management (PCSM) Policy. In addition, general design criteria for
detention/retention storage basins, procedures for sizing basins, procedures for performing routing calculations,
and design guidelines for post-construction stormwater management controls intended to manage stormwater
after construction is complete are provided. The chapter places PennDOT project types into four PCSM
categories, and explains what BMPs will satisfy regulatory requirements for each.
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12. Chapter 19, Design-Related Construction Considerations, introduces the designer to key construction-
related drainage concepts to be considered during design. The material is presented in order to familiarize the
designer with other construction aspects of the design that affect the function, constructability, maintenance,
overall cost and the sustainability of a drainage design. In addition, special considerations for the construction
of bridges, culverts, open channels, stormwater management measures and storm drains are discussed.
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CHAPTER 4

DOCUMENTATION AND DOCUMENT RETENTION

4.0 OVERVIEW

A. Introduction. An important part of the design or analysis of any hydraulic facility is the documentation.
Appropriate documentation of the design of any hydraulic facility is needed for:

e  The importance of public safety;

e  Justification of expenditure of public funds;

e  Future reference by designers (when improvements, changes or rehabilitations are made to the highway
facilities);

e Information leading to the development of defense material for matters of litigation; and

e  Public information requirements.

Frequently, it is necessary to refer to plans, reports, specifications and analyses (records) long after the actual
construction has been completed. Documentation also allows evaluation of the performance of structures after flood
events to determine if the structures performed as anticipated or to establish the cause of unexpected behavior, if
such is the case. In the event of a failure, it is essential that contributing factors be identified so that recurring
damage can be avoided. Records management is the systematic control of recorded information from the time that
information is created until its ultimate disposition either through its destruction or its transfer to archives for
permanent preservation. PennDOT is responsible for making provisions for the continued retention of permanently
valuable records (permanent records) in a human-readable format (paper or microfilm) even though they have been
copied into an imaging system. PennDOT must retain the original copy of a permanently valuable record or generate
a security microfilm copy to serve as a substitute. Microfilm copies must be created and maintained in conformance
with applicable Commonwealth standards.

B. Purpose. This chapter identifies the documentation to be included in the design files and on the construction
plans. Although PennDOT's documentation requirements for existing and proposed drainage facilities are similar,
the documentation retained for existing facilities are often slightly different than that for proposed facilities, and
these differences are discussed. This chapter focuses on the documentation of the findings obtained in using the
other chapters of this manual, and thus designers need to be familiar with all the hydrologic, hydraulic, erosion and
sediment pollution control, drainage, and stormwater design procedures associated with this manual. This chapter
identifies PennDOT's system for organizing the documentation of hydraulic designs and reviews to provide as
complete a history of the design process as practical.

The major purpose of providing good documentation is to define the design procedure that was used and to show
how the final design and decisions were determined. Often, there is expressed the myth that avoiding
documentation will prevent or limit litigation losses because it supposedly precludes providing the plaintiff with
incriminating evidence. This is seldom, if ever, the case and clear, organized documentation provides a record of
reasonable and prudent design analysis based on the best available technology. Thus, good documentation can
provide the following:

e  Protection for PennDOT by proving that reasonable and prudent actions were taken.

o Identification of the situation at the time of design.

e  Documentation that rationally accepted procedures and analysis were used at the time of the design that
were commensurate with the perceived site importance and flood hazard.

e  Continuous site history to facilitate future reconstruction.

e  The file data necessary to quickly evaluate any future site problems that might occur during the facility's
service life.

e  Expedient plan development by clearly providing the reasons and rationale for specific design decisions.

e  Ensure any municipal agreements for future maintenance or ownership are negotiated and documented.
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C. Documentation and District Project Files. The definition of hydrologic, hydraulic, drainage and stormwater
documentation is the compilation and preservation of the design and related details and all pertinent information on
which the design and decisions were based and is referred to as the District Project Files (DPFs). DPFs may
include:

The documentation for filing National Pollutant Discharge Elimination System (NPDES) applications.

The documentation for Erosion and Sediment Pollution Control (E&SPC) Plans.

The documentation for Preparedness, Prevention and Contingency (PPC) Plans.

The documentation for Post-Construction Stormwater Management (PCSM) Plans.

The documentation for the determination of a significant encroachment as per Publication 13M, Design

Manual, Part 2, Highway Design, Chapter 10, Section 10.1.A.5.

e  The Location Hydraulic Studies (Preliminary Engineering Phase) as defined in Publication 13M, Design
Manual, Part 2, Highway Design, Chapter 10, Section 10.1.A.10 is to be included as part of the
environmental review documents noted below.

e  The Design Hydraulic Studies (Final Design Phase) as defined in Publication 13M, Design Manual, Part
2, Highway Design, Chapter 10, Section 10.1.A.15.

e  The Hydrologic and Hydraulic Reports as defined in Publication 13M, Design Manual, Part 2, Highway
Design, Chapter 10, Section 10.7.

e  The documentation for Roadway Drainage Report as per Publication 13M, Design Manual, Part 2,
Highway Design, Chapter 10, Section 10.3.G.

e  Environmental review documents pursuant to 23 CFR 771 and Publication 13M, Design Manual, Part 2,
Highway Design, Chapter 10, Section 10.1.A.12(e).

e  Conditional Letter of map Revision (CLOMR) or Letter of map Revision (LOMR) as per Publication
13M, Design Manual, Part 2, Highway Design, Chapter 10, Section 10.7.C.9 and Appendix C.

e Written agreements with the municipalities to maintain closed stormwater facilities that PennDOT installs
during construction projects if applicable.

e  Other supporting documentation such as drainage area and other maps, field survey information, source

references, photographs, engineering calculations, analyses and computer files, plans, specifications,

measured and other data and flood history including narratives from newspapers and individuals (e.g.,

highway maintenance personnel and local residents who witnessed or had knowledge of an unusual

event).

D. Roadway Management System (RMS) and Location Reference System (LRS). The Roadway
Management System (RMS) is PennDOT's primary means for defining and monitoring the State-owned highway
network, maintaining an inventory of the roadway features, conditions, and characteristics, and providing decision-
makers with the information that is necessary for funding, business planning, project design, and maintenance
programming. The Location Reference System (LRS) provides a framework for which all RMS data can be tied to
true roadway locations. Data stored and managed in RMS includes roadway geometry information, traffic
information, pavement and shoulder history, maintenance history, municipal and legislative boundaries,
intersections, roadside features, structure locations, railroad crossings information, pavement testing, condition
survey information (including guide rail and drainage features), and posting/bonding information. One of the
primary uses of RMS is the annual allocation of highway maintenance funds. For an introduction to the RMS/SR
system please see the LRS Introduction Manual specified in Appendix 4A, Documentation Quick Reference Guide,
Section 4A.0.L.

RMS data can be obtained from all PennDOT District offices and most county maintenance offices, which are
linked to the RMS network. For further information about RMS or the SR system, the RMS coordinator in each
Engineering District office should be contacted. One of the most important aspects of RMS is having a viewable
representation of a State Road (SR). This is accomplished with a graphical diagram called a Straight Line Diagram
(SLD). The Bureau of Maintenance and Operations produces an electronic version of the SLD for every state road,
in every county, annually that can be downloaded from the link specified in Appendix 4A, Documentation Quick
Reference Guide, Section 4A.0.L.

E. Phases. Hydraulic documentation needs to be developed for up to four different phases of the project
development cycle. The four phases are preliminary engineering, final design, construction, and maintenance or
operation.
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It is important to prepare and maintain in a permanent file the as-built plans for every drainage structure to document
subsurface foundation elements (e.g., footing types and elevations, pile types and (driven) tip elevations).

According the Commonwealth of Pennsylvania, Governors' Office State Records Management Manual, record
series considered permanent by an agency should be identified by using “999" in the Retention for Agency field on
the STD-56 and the retention fields on the STD-57. As the hydraulic facility design or investigation develops,
additional information may be identified by the designer and incorporated into the project file at the designer's
discretion.  PennDOT also needs to record and maintain the agreements with local municipalities for
operation/ownership of stormwater facilities.

1. Preliminary Engineering. Preliminary engineering documentation in the project file needs to include the
following, if available, or within the budgetary restraints of the project:

. Location map and identification of the facility.
e  Aerial photographs.
e  Contour mapping.
e  Watershed map or plan including:
o  Flow directions.
0  Watershed boundaries.
0  Watershed areas.
0  Natural storage areas.
e  Surveyed data reduced to include:
0  Existing hydraulic facilities.
0  Existing controls.
o  Profiles (e.g., roadway, channel, driveways).
o  Cross sections (e.g., roadway, channels, faces of structures).
Flood insurance studies and maps by FEMA.
NRCS soils information.
Hydrologic and hydraulic investigation/report.
Site visit report(s) that may include:
o  Video recordings.
Audio recordings.
Photographs.
Interviews with local residents, municipal officials, and PennDOT maintenance personnel.
Written analysis of findings with sketches.
Reports from other agencies (local, state or federal), PennDOT's personnel, and newspapers.
Design notes/assumptions.
Engineering cost estimates.
Other preliminary documentation as described in Publication 13M, Design Manual, Part 2, Highway
Design, Chapter 10, Section 10.2.B and Publication 10C, Design Manual, Part 1C, Transportation
Engineering Procedures, Chapter 3.

(0}
0}
(0}
0}

2. Final Design. During Final Design, the designer may need to contact the county maintenance office to
determine if there are any concerns with what is being installed. In addition, if no maintenance agreement with
another entity has been developed, the designer needs to determine whether the District's Maintenance forces
are willing to maintain it. Design documentation in the project file needs to include all the information used to
justify the design, including:

Reports from other agencies.

Hydrologic and hydraulic (H&H) report.

Erosion and sediment pollution control plan and report.

Completed water obstruction and encroachment permit.

Post-construction stormwater management plan and report.

Roadway drainage report.

Preparedness prevention contingency plan approvals as described in Section 4.2.

4-3
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Other final documentation as described in Publication 10C, Design Manual, Part 1C, Transportation
Engineering Procedures, Chapter 4.

3. Construction. Construction documentation in the project file needs to include:

Plans.

Revisions.

As-built plans and subsurface borings.

Photographs.

Publication 408, Specifications, Section 100 requirements.

Publication 2, Project Office Manual, Part A, Sections 2 and 3 requirements.

4. Operation and Maintenance. Operation and/or maintenance documentation in the project file needs to

include:
e  Record of operation during flooding events, complaints and resolutions.
e  Plans or descriptions of any repairs or modifications affected by maintenance forces.
e  Periodic reports or reviews. Publication 23, Maintenance Manual, requirements for documentation.
e  The municipal agreement for maintenance of closed stormwater facilities.

5. Post-Construction Documentation. Possibly the most valuable experience of any designer is gained by
observing and analyzing the performance of a facility under field conditions. Hydraulic engineers are in a
unique position in this regard because their designs are often tested by nature and may suffer damage from
relatively small flow rates as well as from larger flows. Unfortunately, documentation rarely is available for
hydraulic engineers to accomplish more than a qualitative analysis of performance.

Hydraulic engineers should take advantage of their unique opportunities to gain experience from tests provided
by nature. The following documentation are examples of the types of information which are of value in
reviewing and analyzing designs to assess the validity of practices, procedures, assumptions and decisions:

e  Highwater elevations and flow rates.

. Ice and drift conditions.

e  Erosion of approach overflow sections, embankments and spur dikes.
e  Stream aggradation or degradation.

Scour location, depth and extent.

Performance of scour and erosion preventive measures.

Meander and bend migration.

Performance of stream bank protection and river training measures.
Costs of maintenance, repair and corrective measures.

While the emphasis in this section is on the knowledge and experience that can be gained from field tests of
designs, the above documentation also are useful in detecting potential or existing problems at the crossing
which can be resolved by providing corrective measures.

4.1 DOCUMENTATION TYPES

A. Documents. Through the design and permitting process, the designer may need to prepare a number of
documents. These documents include:

National pollutant discharge elimination system (NPDES) permit application.
Erosion and sediment pollution control (E&SPC) plan and narrative (Chapter 102).
Roadway drainage report (RDR).

Post-construction stormwater management (PCSM) plan and report.

Preparedness prevention contingency (PPC) plan.

4-4
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e Aids to Navigation (ATON) requirements according to Publication 13M, Design Manual, Part 2,
Highway Design, Section 10.5.C.6.

e  Water obstruction and encroachment permit (Waterway permit).

e  Hydrology and hydraulics (H&H) report.

e  FEMA conditional letter of map revision (CLOMR) and letter of map revision (LOMR).

Appendix 4A, Documentation Quick Reference Guide follows the outline of this section. It provides a concise
summary of the requirements and where to find the application or information on the regulation or requirement.
Superscripts on the required item below correspond to the number on the Quick Reference Guide. The following is
a short discussion on what should be included in the project file documentation, and where to find the requirements
for each.

B. National Pollutant Discharge Elimination System (NPDES) Permit Application. The same NPDES
"Notice of Intent" (NOI) form is required for both the PAG-02 or Individual Permit submission. Links to the form
and its instructions can be found in Appendix 4A, Documentation Quick Reference Guide. A sample NOI
completed for PennDOT projects is found in Appendix 4B, Sample Notice of Intent (NOI) Application Form.
Documentation required for general and individual permits can be found in Chapter 12, Erosion and Sediment
Pollution Control, Section 12.3.H.

The Applicant Checklist is a list of required items for the NPDES permit application that is attached to the
application form. The checklist can be used as a guide when compiling information for a permit application and
must be completed and submitted along with the NOI form. There are separate Applicant Checklists for the General
and Individual permits.

Copies of the Act 167 and/or floodplain letters with return receipts and responses must be included in the permit
application package. The PNDI review receipts must also be included in the NPDES permit application, a sample of
which is found in Appendix 4D, Sample PNDI Project Environmental Review Receipt.

Refer to Appendix 4A, Documentation Quick Reference Guide and Appendix 4B, Sample Notice of Intent (NOI)
Application Form for additional references on NPDES documentation.

C. Erosion and Sediment Pollution Control (E&SPC) Plan and Narrative. The E&SPC Plan is to be prepared
in accordance with Chapter 12, Erosion and Sediment Pollution Control, (particularly Table 12.1), Publication 13M,
Design Manual, Part 2, Highway Design, Chapter 13, and the Publication 72M, Roadway Construction Standards.

An E&SPC Plan consists of a plan and a narrative and contains:

e  Theitems listed in Publication 14M, Design Manual, Part 3, Plans Presentation, Chapter 6, Section 6.2.

e Drawings of standard E&SPC items from Publication 72M, Roadway Construction Standards,
specifically RC-70M to RC-77M or from PA DEP's BMP Manual, if applicable.

e  The narrative according to Chapter 12, Erosion and Sediment Pollution Control, Section 12.3.1, and
Appendix 12C, Recommended Standards for E&SPC Plans.

e  The E&SPC Plan according to PA Code Title 25, Chapter 102 § 102.4. Erosion and Sediment Control
Requirements and Appendix 12C, Recommended Standards for E&SPC Plans.

e  Recommended notes for E&SPC Plans as per Appendix 12B, Recommended Notes for E&SPC Plans.

For a detailed list of E&SPC related regulations that may apply, refer to Appendix 12A, E&S Related Regulations.

D. Roadway Drainage Report (RDR). A roadway drainage report contains a descriptive narrative, the
hydrologic and hydraulic computations, and drainage plan sheets with drainage area delineations for roadway
drainage structures (inlets, storm pipes, pipe culverts, ditches and swales, pavement base drains, curb flow, etc.).

The following general items are to be included in the RDR:

e  Complete drainage area map(s).
e  Design frequencies.
e Information concerning outfalls, existing storm drains and other design considerations.

4-5
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e  Computations for drainage areas, inlets and storm drains, including hydraulic grade lines.
e  Standard computation sheet given in Chapter 13, Storm Drainage Systems, and Publication 13M, Design
Manual, Part 2, Highway Design, Figure 10.3.8.

A recommended outline for the RDR is provided in Publication 13M, Design Manual, Part 2, Highway Design,
Chapter 10, Section 10.3.G.

The RDR, the PCSM, and the E&SPC reports have redundant information, such as project description narrative and
design calculations for rock outlet protection. As a result, coordination of the three reports, specifically if separate
subconsultants are working on the different phases of a project, is necessary.

The RDR is sent to and approved by the District Office with one copy of the submission and approval sent to the
Central Office according to Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Section 10.3.H.

References to aid in development of the RDR can be found in Appendix 4A, Documentation Quick Reference
Guide.

E. Post-Construction Stormwater Management (PCSM) Plan. A PCSM Plan is required for all NPDES
permit applications. The PCSM Plan identifies the proposed stormwater BMPs being used to manage and treat the
stormwater discharges to protect water quality after construction. Preparation and implementation of the PCSM
Plans is to be done in accordance with Chapter 14, Post-Construction Stormwater Management and the NPDES NOI
checklist.

References to aid in development of the PCSM Plan can be found in Appendix 4A, Documentation Quick Reference
Guide.

F. Preparedness, Prevention, & Contingency (PPC) Plan. A PPC Plan is required for any NPDES Application
for Storm Water Discharge General Permits or Water Management Permits. Development of the PPC Plan is to be
done in accordance with 25 PA Code Section 91.33 and 91.34.

For projects where the potential exists for causing accidental pollution of air, land, or water, or for causing
endangerment of public health and safety through accidental release of toxic, hazardous, or other polluting materials,
the NPDES permittee or co-permittee will need to develop a PPC Plan. In PennDOT's NPDES submission, the PPC
Plan box (if it is believed an emergency or accidental spill during construction is possible) is to be checked. In
addition, BMPs must be located on the PPC Plan for each identified area.

The PPC Plan is most often developed by the contractor after the project is let. In these cases, a special provision
must be included in the construction bid documents and a statement needs to be provided in the E&S Plan general
notes that the contractor is responsible for providing a PPC Plan. In rare cases, Districts may determine that for
certain environmentally sensitive projects, the design consultant may prepare the PPC Plan for the project, prior to
letting for inclusion in the bid documents.

No formal PPC Plan submission to an Agency is required, nor is formal approval from an agency required.
However, a copy of the PPC Plan is to be filed in the District Project Files as well as be made available at the job
site.

All members of the installation's organization for developing, implementing, and maintaining the PPC plan are to
review the plan and be thoroughly familiar with its provisions.

References to aid in development of the PPC Plan can be found in Appendix 4A, Documentation Quick Reference
Guide.

G. Water Obstruction and Encroachment Permit (Waterway Permit). Upon identification of the correct
permit type, the JPA, system and PA DEP's requirements describe the documentation required for the identified
permit. References and links for much of this information can be found in Appendix 4A, Documentation Quick
Reference Guide.
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The waterways permit flowchart in Appendix 3A, Waterways Permitting Flow Chart, is a guide to assist in selecting
the appropriate waterways permit for a project. Even though the permit may not require the submission of all of the
environmental data, most of the preliminary environmental research needs to be completed to ensure that the project
site meets the conditions of the general permit. For instance, although the GP-7 (Minor Road Crossing) permit does
not require the submission of FEMA maps, the FEMA maps need to be researched; if a FEMA delineated floodway
exists at the project site, the GP-7 is not applicable.

A full JPA submission is to follow the JPA, system of reporting and includes:

Application Interview.
General Information Form (GIF) - The completed general information form and application properly
signed sealed and witnessed (which includes the following):
0  Application fee.
o  Site information.
=  Name and location.
= Written directions to the site.
=  Location map (copy of USGS quad map).
0  Project Information.
= Name and description.
= Time schedules/project milestones.
0  Act 14/67/68/127 letters (see Appendix 4B, Sample Notice of Intent (NOI) Application Form, for
sample).
Joint Permit Application.
PNDI Search.
Plans.
Engineer Seal & Certification.
Location Map.
Project Description.
Photographs with Map.
Environmental Assessment (EA).
0  EA Introduction.
0 EAFormand signature.
0  Wetlands delineation and survey (where applicable).
0  Threatened & endangered species (T&E).
= A search for threatened and endangered species (T&E) in the project area may be conducted
using the PNDI Search on the Pennsylvania Natural Heritage Program web site.
= Bog turtle screening is also required in the following counties: Adams, Berks, Bucks, Carbon
(Aquashicola Creek Watershed only), Chester, Cumberland, Delaware, Lancaster, Lebanon,
Lehigh, Monroe, Montgomery, Northampton, Schuylkill (Swatara Creek Watershed only), and
York.
High quality (HQ) or exceptional value (EV) watershed designation.
Wild trout stream classification.
Aquatic habitat.
Project impacts.
Resource identification.
ultural Documentation.
Description of historic, cultural, archaeological resources at the site.
Cultural Resource Notices completed and mailed to the Pennsylvania Historical and Museum
Commission (PHMC).
National Registry of Natural Landmarks designation (Chapter 36 in the Code of Federal Regulations
(CFR) Part 62.2).
0  Wild or scenic rivers designation.
E&SPC.
o0 Approval letter from the Conservation District; or
0 NPDES permit.
Hydrologic/Hydraulic (H&H) Report.
0 The H&H report (See Section 4.2.H).

Oo0O(QOOoO0oOo0oOo
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o0 FEMA information (hydrology, profiles, maps).
0 A stormwater and/or floodplain management analysis and / or consistency letter(s).
e  H&H Input/Output Files.
0  HEC-RAS Input Files.
0 HEC-RAS Output files.
e  Mitigation Plan.
e  PA DEP Facility Detail.
e  PennDOT Information and Files.
0  Application Log.

A Stormwater Consistency Letter is only needed when the project is in a watershed with an approved Act 167 Plan.
A Floodplain Management Letter is only needed when the proposed waterway obstruction/encroachment is in a
delineated FEMA floodway. Sample letters are included in Appendix 4C, Sample Stormwater and Floodplain
Management Consistency Letters.

PennDOT requires that Joint Permit Applications be submitted electronically through the JPA, Expert System. The
approved permit and all computations and back-up data are saved and stored electronically within the JPA, system.
The link can be found in Appendix 4A, Documentation Quick Reference Guide.

In addition, reference Publication 15M, Design Manual, Part 4, Structures, Chapter 1, Section 1.9 for documentation
requirements for bridges.

H. Hydrology and Hydraulics (H&H) Report. The location hydraulic studies are to be developed in
conformance with and incorporate the requirements of 23 CFR Part 650.111, Paragraphs (a) through (f) which are
repeated in Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Section 10.1.A.10 and 12.
Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Section 10.7.B provides an abbreviated
H&H Report outline and may be used for structure rehabilitation and replacement projects. Publication 13M,
Design Manual, Part 2, Highway Design, Chapter 10, Section 10.7.C provides an example of a full H&H report that
is required for all new alignments, structure rehabilitation, and replacement projects that do not meet the
requirements of an abbreviated H&H report.

Generally, the H&H report for the design hydraulic study includes a general description of the site, upstream and
downstream structures, watershed, a risk assessment, alternatives analysis, mitigation plan (if necessary),
photographs, hydrologic and hydraulic supporting computations, FEMA FIS information, line and grade and TS&L
drawings, computer (HEC-RAS) files, a summary sheet, (Publication 13M, Design Manual, Part 2, Highway Design,
Chapter 10, Figure 10.7.1, Sample Summary Data Sheet), and QA/QC checklists. More specifically, the abbreviated
and full H&H reports are to contain the information specified in Publication 13M, Design Manual, Part 2, Highway
Design, Chapter 10, Sections 10.7.B and 10.7.C respectively, and Publication 13M, Design Manual, Part 2, Highway
Design, Chapter 10, Appendix C.

For projects that have permits submitted electronically, the Final H&H Report is saved and stored electronically
within the JPA, Expert System. For all other projects, the final H&H report is to be submitted to the District Project
Manager (PM) in accordance with the Districts individual requirements and then be retained with the Bridge Files.
A temporary conditions evaluation may be required where causeway/temporary stream crossings causes' water
surface elevations to be beyond the normal stream lines.

Other references to hydraulic design of encroachments in floodplains can be found in Appendix 4A, Documentation
Quick Reference Guide.

I.  FEMA Conditional Letter of Map Revision (CLOMR) and Letter of Map Revision (LOMR). The
CLOMR describes any eventual revisions to be made to the NFIP maps upon completion of the project. A map of
the existing and proposed floodplain boundaries and elevations and any right-of-way impacts that may occur is to be
included in the CLOMR.

The FEMA MT-2 application forms are applicable for CLOMR and LOMR requests and its web site location can be
found in Appendix 4A, Documentation Quick Reference Guide.

Along with the FEMA MT-2 application forms, the request is to include the following supporting information:
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e  Transmittal letter (see example in Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10,
Figure 10.7.2).

Completed MT-2 application forms.

Project narrative (optional).

Hydrologic computations (if applicable) along with digital files of computer models used.

Hydraulic computations (if applicable) along with digital files of computer models used.

Certified topographic map with floodplain and floodway (if applicable) delineations.

Annotated FEMA FIRM and/or FBFM to reflect changes due to project.

Items required to satisfy any FEMA NFIP regulatory requirements.

Payment information form along with payment.

J. Pump Stations. The following items are to be included in the documentation for pump station design:

e  Drainage area to the pump.
o Inflow design hydrograph from drainage area to pump.

. Inflow mass curve.

e  Maximum allowable headwater elevations and related probable damage.
e Sump dimensions.

. Stage-storage curve.

Stage-pump discharge relation and sequence.

Mass curve routing results.

Pump sizes and operations.

Discharge line and fittings sizing.

Total dynamic head curves.

Selected pump performance curves.

Design report.

4.2 PROCEDURE

A. File Overview. Each District is to maintain the complete hydrologic and hydraulic design and analysis
documentation for each waterway encroachment or crossing, storm drain or stormwater management system, and
erosion and sedimentation control plan.

The documentation for each facility is prepared by a designer, and contains design/analysis data and information that
influenced the facility design that may not appear in other project documentation. Once the design is prepared,
regardless of whether it was developed by a PennDOT or consultant design, the design is to be reviewed and
approved by PennDOT.

For specific documentation procedures for bridge opening selection, refer to the Chapter 10, Hydraulics, Section
10.14.

B. Practices. Following are PennDOT's practices related to documentation of hydrologic and hydraulic designs
and analyses:

e  Hydrologic and hydraulic data, preliminary calculations and analyses and all related information used in
developing conclusions and recommendations related to drainage requirements, including estimates of
structure size and location, are to be compiled in the documentation.

e  The designer is to document all design assumptions and selected criteria including the related decisions.

e  The amount of documentation detail for each design or analysis is to be commensurate with the risk and
the importance of the facility.

e  Organization of the documentation is to be as concise and complete as practicable so that knowledgeable
designers can understand years hence what was done by predecessors.

e  Circumvent incriminating statements wherever possible by stating uncertainties in less than specific terms
(e.g., the culvert may back water rather than the culvert will back water).
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e  Provide all related references in the documentation to include such items as published data and reports,
memos and letters and interviews. Include dates and signatures where appropriate.

e  Documentation is to include data and information from the conceptual stage of project development
through service life to provide successors with all information.

o  Documentation is to be organized to logically lead the reader from past history through the problem
background, into the findings and through the performance.

e An executive summary at the beginning of the documentation will provide an outline of the
documentation file to assist users in finding detailed information.

e A copy of the completed application forms for each documentation file as described in Section 4.2 are to
be kept on file at the District.

The file reviewer needs to be aware that regulations, requirements, and forms are constantly being updated, and the
designer is to ensure that he is following the latest documentation requirements.

C. Filing and Retention. Required permit application documents for GP-11 and full permits are electronically
filed in the JPA, Expert System as specified in Publication 13M, Design Manual, Part 2, Highway Design, Chapter
10, Sections 10.5.A and 10.5.B. All other General Permits and 9999 maintenance permits are to be maintained in
the District files.

There are several types of electronic storage media available, such as scanning of project files and storage on
compact discs, digital cameras where photographs can be stored electronically, computer-generated construction
drawings, digital elevation models (DEMs) and Digital Terrain Models (DTMs), computer input and output files, e-
mails, and other electronic files associated with a project.

Districts are to maintain the project documentation files including microfilm, microfiche, magnetic/electronic media,
etc. where information can be accessed for use during construction, for defense of litigation and future replacement
or extension. Bridge project files and non-bridge hydraulic structures are kept for 100 years or life of structure by
the Districts in which they were built. Original plans, project correspondence files, construction modifications and
inspection reports are the types of documentation usually kept with the bridge project files. Non-bridge hydraulic
structure documentation files are to be retained for a period equal to the projected life span of the structure as
indicated in Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Table 10.3.4.

H&H reports and waterway permits (e.g., Chapter 105, Section 404, General Permits) are retained with the bridge
files. NPDES permits are often not related to bridge projects and, as such, are kept with the project design files.
"Design Project Files" are kept for seven years after the work is complete on the project. An electronic copy of the
"Design Project Files" is scanned into ECMS. Hydrologic/hydraulic documentation is to be retained in the project
plans or other permanent location at least until the drainage facility is totally replaced or modified as a result of a
new drainage study.

Only the documents that received approval need to be retained by the District Office. Draft documents leading up to
the documents that received approvals need not be retained.

D. Scheduling. Documentation does not need to occur at specific times during the design or as the final step in
the process, which could be long after the final design is completed. Documentation is an ongoing process and part
of each step in the hydrologic, hydraulic, drainage, stormwater and erosion and sedimentation pollution control
analysis and design process. This increases the accuracy of the documentation, provide data for future steps in the
plan development process and provide consistency in the design, even when different designers are involved at
different times of the plan development process. Accurate documentation is to be developed and provided during
the following steps or phases of the plan development process:

Surface water environmental (EIS) phase.
Reconnaissance phase.

Route location phase.

Survey phase (drainage surveys).

Preliminary engineering phase.

Final design phase.

Construction phase to include "as-built" plans.
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e  Operational and maintenance phase (continuous documentation is to occur over the structure's life cycle).

E. Responsibility. PennDOT's designer in consultation with the District Project Manager (PM) is responsible for
determining what hydrologic analyses, hydraulic design and related information is documented during the plan
development process. The designer, in conjunction with the charts and information contained in Appendix 4A,
Documentation Quick Reference Guide, is to make a determination that complete documentation has been achieved
as a result of the plan development process through final design.
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CHAPTER 4, APPENDIX A

DOCUMENTATION QUICK REFERENCE GUIDE

4A.0 INTRODUCTION

This guide is intended to provide a reference and web links to the documents, instructions, and applications for the
various drainage related plans and reports required for PennDOT projects. The links were current at the time of
publication, however, web sites oftentimes change URLs. Should the links become broken, enough key words have
been provided in the description to allow the reader to search for the new link. Numbered items refer to the
superscript in Chapter 4, Documentation and Document Retention.

A. NPDES Permit Application.

1. NOI. The PAG-2 Stormwater Discharges Associated with Construction Activities, NOI for Coverage
under General or Individual Permit: http://www.elibrary.dep.state.pa.us/dsweb/View/Collection-9432.

2. Act 14 Letter. Notification must be given to each of the affected municipalities and counties with Act 14
letters. A sample Act 14 letter is included in Appendix 4C, Sample Stormwater and Floodplain Management
Consistency Letters.

3. PNDI Form. Pennsylvania Natural Diversity Index (PNDI) Environmental Review through the
Pennsylvania Natural Heritage Program: www.naturalheritage.state.pa.us/. A sample PNDI Environmental
Review Receipt is included in Appendix 4D, Sample PNDI Project Environmental Review Receipt.

4.  General Information Form (GIF). Department of Environmental Protection - General Information Form
(GIF) — Authorization application: DOCUMENT NUMBER 8000-PM-IT0001 Rev 6/07/2002.
www.dep.state.pa.us/dep/subject/advcoun/oil_gas/2003/03_GIF_Form.pdf

5. Cultural Resource Notices. A basic search for registered historic places can be conducted through the
National Register of Historic Places using their online National Register Information System at:
www.nps.gov/nr/research/.  Application forms can be found at the Pennsylvania Historical and Museum
Commission (PHMC) website:
www.portal.state.pa.us/portal/server.pt/community/pennsylvania_and_national_register_programs/3780

Completed Cultural Resource Notices should be mailed to the Pennsylvania Historical and Museum
Commission (PHMC) at:

Bureau for Historic Preservation
Commonwealth Keystone Building
400 North Street

Harrisburg, PA 17120

6. Stormwater and Floodplain Management Consistency Letters. Samples are included in Appendix 4C,
Sample Stormwater and Floodplain Management Consistency Letters.

7. Phased projects. Permit Guidelines for Phased NPDES Stormwater Discharges Associated with

Construction Activity Permits, Chapter 102, Erosion and Sediment Control Permits, and Chapter 105,

Waterway Restoration Project Permits, DOCUMENT NUMBER: 363-2134-013, March 29, 2003
www.elibrary.dep.state.pa.us/dsweb/Get/Document-48345/363-2134-013.pdf

8. General information on "NPDES Permits for Stormwater Discharges Associated with Construction
Activities": www.elibrary.dep.state.pa.us/dsweb/View/Collection-10687.
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B. Erosion and Sediment Pollution Control (E&SPC) Plan.

1. Chapter 102, Erosion and Sediment Control:
www.pacode.com/secure/data/025/chapter102/chap102toc.html

2. Publication 13M, Design Manual, Part 2, Highway Design, Chapter 13:
ftp.dot.state.pa.us/public/Bureaus/design/Pub13M/Chapters/Chap13.pdf

3. Publication 584, PennDOT Drainage Manual, Chapter 12, particularly Table 12.1:
www.dot.state.pa.us/Internet/Bureaus/pdDesign.nsf/H&HHomepage?OpenFrameset

4. Publication 72M, Roadway Construction Standards. E&SPC controls are Series RC-70M through RC-
77M: ftp.dot.state.pa.us/public/Bureaus/design/pub72m/pub72cov.pdf

5. Publication 14M, Design Manual, Part 3, Plans Presentation, Chapter 6:
ftp.dot.state.pa.us./public/Bureaus/design/PUB14M/Chapters/Chap06.pdf

C. Roadway Drainage Report (RDR).
1.  Publication 584, Chapter 13, Storm Drainage Systems

2. Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Section 10.3.B:
ftp.dot.state.pa.us/public/Bureaus/design/Pub13M/Chapters/Chap10.pdf

D. Post Construction Stormwater Management (PCSM) Plan. Chapter 14, Post-Construction Stormwater
Management

E. Preparedness, Prevention, & Contingency (PPC) Plan.  Guidelines for the Development and
Implementation of Environmental Emergency Response Plans DOCUMENT ID: 400-2200-001:
www.elibrary.dep.state.pa.us/dsweb/Get/Document-48522/400-2200-001.pdf
F.  Water Obstruction and Encroachment Permits.
1. Joint Permit Application (JPA). Joint Permit Application for Pennsylvania Water Obstruction and
Encroachment Permit and U.S. Army Corps of Engineers Section 404 permit:
www.elibrary.dep.state.pa.us/dsweb/View/Collection-9531

2. PA DEP permits search:
www.ahs.dep.pa.gov/eFACT SWeb/default.aspx

3. JPA, Expert System: www.dotdom1.state.pa.us/JPA2/jpahome.nsf
4.  Environmental Assessment form: http://www.elibrary.dep.state.pa.us/dsweb/View/Collection-9534

5. Chapter 105. The Dam Safety and Waterway Management regulation (Title 25 of the PA Code):
www.pacode.com/secure/data/025/chapter105/chap105toc.html

6. Chapter 106. The Floodplain Management regulation (Title 25 of the PA Code):
www.pacode.com/secure/data/025/chapter106/chap106toc.html

7. Sections 401 and 404 (Clean Water Act): water.epa.gov/lawsregs/guidance/wetlands/sec401.cfm
water.epa.gov/lawsregs/guidance/wetlands/sec404.cfm

8.  Section 10 of the Rivers and Harbors Act: www.epa.gov/OWOW)/wetlands/regs/sect10.html

9. H&H Report. Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Section 10.7.B,
Section 10.7.C, and Appendix C: ftp.dot.state.pa.us/public/Bureaus/design/Pub13M/Chapters/Chap10.pdf
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10. Chapter 113. Floodplain Management regulation (Title 12 of PA Code):
www.pacode.com/secure/data/012/chapter113/chap113toc.html

G. FEMA Conditional Letter of Map Revision (CLOMR) and Letter of Map Revision (LOMR).

1. FEMA Flood Hazard Mapping general page: www.fema.gov/national-flood-insurance-program-flood-
hazard-mapping

2. FEMA MT-2 application forms applicable for CLOMR and LOMR requests:
www.fema.gov/national-flood-insurance-program-flood-hazard-mapping/mt-1-application-forms-
instructions.

3. FEMA documentation. FEMA research (Flood Insurance Studies (FIS's) and maps) can be conducted
through the FEMA Map Service Center at:
msc.fema.gov/portal

4.  Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Appendix C:
ftp.dot.state.pa.us/public/Bureaus/design/Pub13M/Chapters/Chap10.pdf

H. Code of Federal Regulations Related to Special Flood Hazard Areas

1. CFR Title 44 — Emergency Management and Assistance, Part 65 — Identification and Mapping of Special
Hazard Areas:

e Section 65.3 - Requirement to submit new technical data.
e Section 65.12 - Revision of flood insurance rate maps to reflect base flood elevations caused by
proposed encroachments.

www.access.gpo.gov/nara/cfr/waisidx_02/44cfrvl_02.html

2. Coordination with FHWA - Location and Hydraulic Design of Encroachments on Flood Plains.
CFR Title 23 — Highways - Federal-Aid Policy Guide, 23 CFR 650A (OPIl: HNG-31) Subchapter G -
Engineering and Traffic Operations, Part 650 - Bridges, Structures, and Hydraulics, Subpart A - Location
and Hydraulic Design of Encroachments on Flood Plains.
ecfr.gpoaccess.gov/cgi/t/text/text-
idx?c=ecfr;sid=6426d25037301467dalf6ae3d98ecOcf;rgn=div5;view=text;node=23%3A1.0.1.7.28;idno=
23;cc=ecfr#23:1.0.1.7.28.1

3. Coast Guard Coordination for Bridges over Navigable Water.
CFR Title 23 — Highways - Federal-Aid Policy Guide, 23 CFR 650A (OPI: HNG-31) Subchapter G -
Engineering and Traffic Operations, Part 650 - Bridges, Structures, and Hydraulics, Subpart H,
Navigational Clearances for Bridges, Sections 805 through 807.
ecfr.gpoaccess.gov/cgi/t/text/text-
idx?c=ecfr;sid=6426d25037301467dalf6ae3d98ecOcf;rgn=div5;view=text;node=23%3A1.0.1.7.28;idno=
23;cc=ecfr#23:1.0.1.7.28.1

4. USC Title 42 — The Public Health and Welfare, Chapter 50 — National Flood Insurance.
frwebgate.access.gpo.gov/cgi-bin/usc.cgi?ACTION=BROWSE&TITLE=42USCC50&PDFS=YES
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I.  Other Environmental Documentation References.

1.  Wetlands. Preliminary wetland research can be conducted using the National Wetland Inventory (NWI)
at: www.fws.gov/wetlands

2. Threatened and Endangered Species (T&E). Search the Pennsylvania Natural Diversity Index (PNDI)
Environmental Review through the Pennsylvania Natural Heritage Program: www.naturalheritage.state.pa.us/.
A sample PNDI Environmental Review Receipt is included in Appendix 4D, Sample PNDI Project
Environmental Review Receipt.

3. High Quality (HQ) or Exceptional Value (EV) watershed designation. PA Code Title 25, Chapter 93.
Chapter 93 also lists the Protected Water Uses, such as Trout Stocked Streams (TSF). This PA DEP
publication can be accessed online at: www.pacode.com/secure/data/025/chapter93/chap93toc.html.
4.  Wild Trout Streams. Class A wild trout streams are listed on the PA Fish and Boat Commission website
at: www.fish.state.pa.us/classa98.htm. In addition, PA streams that support wild trout production are listed at:
www.fish.state.pa.us/trout_repro.pdf.

J.  Other Cultural Documentation References.

1. The National Registry of Natural Landmarks (Chapter 36 (Parks, Forests, and Public Property) in the
Code of Federal Regulations (CFR) Part 62.2) can be accessed online at: www.gpoaccess.gov/cfr/.

2. Wild or Scenic Rivers in PA can be found on the Department of Conservation and Natural Resources
(DCNR) website at: www.dcnr.state.pa.us/brc/conservation/rivers/scenicrivers/index.htm

K. Software:

1.  US Army Corps of Engineers HEC Software downloads (HEC-RAS, HEC-2):
www.hec.usace.army.mil/software

L. PennDOT Roadway Management System and Location Reference System:

1.  Location Reference System Introduction Manual
ftp.dot.state.pa.us/public/Bureaus/BOMO/RM/RITS/LRS%20Introduction%20Manual.pdf

2. PennDOT Straight Line Diagrams
ftp.dot.state.pa.us/public/BureaussBOMO/RM/RITS/Annual%20Electronic%20SLDs%20by%20County
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CHAPTER 4, APPENDIX B

SAMPLE NOTICE OF INTENT (NOI) APPLICATION FORM

4B.0 INTRODUCTION

An NPDES permit applies to earth disturbance activities that disturb five or more acres, or an earth disturbance on
any portion, part, or during any stage of, a larger common plan of development or sale that involves five or more
acres of earth disturbance, AND, earth disturbance activities with a point source discharge to surface waters of this
commonwealth that disturb from one to less than five acres, or an earth disturbance on any portion, part, or during
any stage of, including earth disturbance activities of less than one acre, that are part of a larger common plan of
development or sale that involves one to less than five acres of disturbance with a point source discharge to surface
waters of this Commonwealth.

This permit does not apply to road maintenance activities.

Construction activities which are not eligible for coverage under the General Permit as referenced in 25 PA Code
Chapter 92, must utilize the Individual NPDES Permit Application for Stormwater Discharges Associated with
Construction Activities. These activities include, but are not limited to, earth disturbance activities that are located
in "special protection” watersheds (high quality, exceptional value, and exceptional value wetlands), or may affect
existing water quality standards or threatened or endangered species and habitat, or have the potential for hazardous
or toxic discharges.

The major components of a NPDES Permit Application includes:

Erosion and Sediment (E&S) Control Plan.

Pennsylvania Natural Diversity Inventory (PNDI) Search.
Post Construction Stormwater Management (PCSM) Plan.
Thermal Impact Analysis.

Antidegradation Analysis.

Permit Applicants must fill out the Notice of Intent (NOI) for either the general or individual permit. A sample of
how one should be completed is shown in Section 4B.1.

4B.1 SAMPLE NOTICE OF INTENT (NOI) FORM
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pennsylvanla COMMONWEALTH OF PENNSYLVANIA OFFICIAL USE ONLY
DEPARTMENT OF ENVIRONMENTAL PROTECTION DEPARTMENT OF ENVIRONMENTAL PROTECTION
BUREAU OF WATERSHED MANAGEMENT ID#
Date Received
PERMIT APPLICATION

NOTICE OF INTENT FOR COVERAGE
UNDER THE GENERAL (PAG-02) NPDES PERMIT
OR
APPLICATION FOR AN INDIVIDUAL NPDES
PERMIT FOR STORMWATER DISCHARGES
ASSOCIATED WITH CONSTRUCTION ACTIVITIES

PLEASE READ THE PERMIT SUVMMARY SHEET AND INSTRUCTIONS PROVIDED IN THIS PERMIT APPLICATION PACKAGE BEFORE
CONPLETING THIS FORM COMPLETE THE ATTACHED CHECKLIST AND APPROPRIATE WORKSHEETS ATTACHED AFTER
APPENDIX C OF THIS PERMT APPLICATION. COMPLETE ALL APPLICABLE WORKSHEETS REFERENCED IN THE APPLICATION
CHECKLIST.

PLEASE PRINT OR TYPE INFORMATION IN BLACK OR BLUE INK.

CHECK APPROFRIATE BOX GENERAL [ INDIVIDUAL [ (Specia] Protection Waters)
APPLICATION TYPE NEW [£] RENEWAL [] MAJOR MODIFICATION [] PHASED [
SECTION A. APPLICANT INFORMATION

Applicant's Last Name First Name Ml Phone

(District Executive) FAX

Email Address

Organization Name or Registered Fictitious Name Phone

PennDOT District (#)-0 FAX

Mailing Address City State ZIP + 4

Employer D (EIN)

o-Applicant's Last Name (if applicaVst Nam\ M Phone /
FAX

Email Address™~_

Organization Name o istered Fictitious Name
FAX
Maili ddress w / State 2P + 4\

SECTION B. PROJECT INFORMATION AND SITE ANALYSIS
1. Project Name: SR (####) Section (###): SR (####) over Some Creek; etc.

2. Total Project Site (Acres): (R area between limits of work; includes temporary areas; NPDES permit boundary; round to 0.04 hectare (0.1 acre))

3. Total Disturbed Area (Acres): (@l earth disturbances within the NPDES permit boundary)

4. Project Description
Describe the primary activities: widening, new alignment, bridge replacement etc.

[] Residential Subdivision [[] sewerage/Water System [] Private Road/Residence
[] Commercial/Industrial [X] Public Road [] Government Facility
[] Utility Facility/Transmission [[] Recreational [[] Remediation/Restoration

1-
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5. Project Location or Physical Address (if available):
SR (##H#t) Section (###) near (name of nearest town)

6. County Municipality City  Boro Twp

(list all within project limits) o o o

O O O

7. Latitude: °f f 3 Longitude: °f f i

Collection Methed: [ EMAP [J HGIS [ GISDR [J 1mpMP  [J GPS O waas [0 LORAN

Check the horizontal reference datum (or projection datum) employed in the collection method. EMAP and HGIS (PNDI) have
known datum and do not require checking here. [ NAD27 [0 NAD83 [0 wGsed (GEO84)

Enter the date of collection if the lat and long coordinates were derived from GPS, WAAS or LORAN. mm dd YYYY

8. U.S.G.S. Quad Map Name _(list all guad names covered by the project)

9. Existing and Previous Uses of the Land Proposed for Construction (use separate sheet if necessary):

Existing Land Uses: [ Agriculture [] ForesttWoodland ~ [] Barren [J Urban [ Brownfield [] Other
Description: _(typically highway)
Previous Land Uses: [ Agriculture [] ForesttWoodland  [[] Barren ] Urban [] Brownfield [] Other

Description: _(typically highway)

10. Site Analysis

a. Describe how Matural Resources features on the site (Worksheets 2 and 3 referenced in the Pa. Stormwater EMP Manual)
were considered in: Location and Design of the project, E & S Plan Design, PCSM Plan Design. (attach additional sheet if
necessary) (example) Sensitive natural features, such as waterbodies, floodplains, riparian areas, wetlands, woodlands, natural drainage

ways, and steep slopes, are identified on the E&SPC and PCSM plans. Disturbance of these features has been minimized as
much as practicable.

b. ldentify naturally occurring geologic formations or soil conditions that may have the potential to cause pollution during earth
disturbance activities and include EMPs to avoid or minimize potential pollution and its impacts from the formation.

N/A

11. Potential Toxic or Hazardous Pollutants: (Submit the following data if soil contaminant, geology or past or present land use

provides a potential for contaminated runoff from the project site)  N/A O UUse additional sheets if necessary.
Concentration Date(s) / Number
Pollutant wiUnits Source Sample Type of Samples

(Consult the District enyiron. unit or consultant responsible for gnviron. site assessment.)

12. Fill Material

Based on a cutffill analysis of the project site, will the site need to import fill, export fill or will the site balance? Be sure to
read the instructions before completing this section. Clean Fill can not be placed in or on waters of the Commonwealth.

Check the appropriate box

[0 Import fill - the Operator will, in most situations, be responsible to perform environmental due diligence and determine that all
fill imported to the site meets the department's definition of clean fill. The plan designer must include a note on the drawings to
icentify the operator(s) responsibility and provide the definition of Clean Fill and Environmental Due Diligence.

O Export fill — the Applicant is responsible for performing environmental due diligence at the time this application was submitted to
determine that any fill exported from the site will be certified as clean fill.

[0 Balance all cuts and fills with the amount of rock and soil available on the site.

_.
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13. Estimated Timetable for Phased Projects Build Out (Complete for phased projects only)
Phase No. Disturbed
or Name Proposed Type of Activity Total Area Area Start Date End Date
nfa Full build out - (X) years (copy #2) | (copy #3) molyr mo/yr

14. Stormwater Discharges to nearest receiving stream (during construction). Check all that apply:
Waters of the Commonwealth []  Municipal Separate Storm Sewer [] Private Storm Sewer []  Non Surface Waters []
Impaired Waters According to Category 4 or 5 of PA Integrated Water Quality Monitoring and Assessment Report []  check eMap

If waters are impaired list type of impairment; (£-9- 8qualic life)

Receiving Water/Watershed Name: Chapter 93 Receiving Water Classification: | Existing Use (if different from the
(na me) Creek, UNT to (na me) {Designated use) Designated use)

Creek etc. CFW, WWF, TSF, HQ, EV, etc. | CWF, WWF, TSF, HQ, EV, etc.
Mame of Municipal Storm Sewer Operator: | Mame of Private Storm Sewer Operator: Other: (including off-site discharges)

(if municipal separate storm (if private storm sewer is

sewer is checked above) checked above)

Will you meet CG-17 O Yes ] Mo (CG-1includes a 20% meadow condition; applying PennDOT Policy or Act 167)

If no, you may need to use worksheets 11 through 13.

SECTION C. E & S AND POST CONSTRUCTION STORMWATER MANAGEMENT (PCSM) PLAN

Note: For projects involving multiple watershed boundaries, please submit a complete, separate Section C for each additional
watershed.

1. Provide a brief summary of proposed BMPs and their performance to manage E & S for the project. If E & S BMPs
and their application do not follow the guidelines referenced in the Pa. Erosion and Sediment Pollution Control
Program Manual, provide documentation to demonstrate peformance equivalent to, or better than, the BMPs in the
Manual.

E & S BMPs
(bullet list of all E&S BMPs shown on the E&SPC Plan)

2. PCSM Plan Infermation - The PCSM Plan should be designed to maximize volume reduction technologies, eliminate (where
possible) or minimize point source discharges to surface waters, preserve the integrity of stream channels, and protect the physical,
biclogical and chemical qualities of the receiving surface water. The DEP recommends the use of Control Guideline 1 (CG1)
referenced in the Pa. Stormwater BMP Manual to achieve this goal.

Design standards applied to develop the PCSM Plan. Check those that apply.

[0 Act 167 Plan - The attached PCSM plan is consistent with an applicable approved Act 167 Plan. A letter of consistency from
the Municipal or County Engineer should be provided with the application. Complete and submit all applicable
worksheets referenced in the application checklist as part of the permit application for each approved Act 167 Plan.

Complete the following table for all applicable approved Act 167 Stormwater Management Plans. (use additional sheets if
necessary)

ACT 167 Plan Name Date Adopted Consistency Letter Included []

Consistency Letter Pending [
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The PCSM Plan must satisfy either subparagraph A, B or C below. Check those that apply.

A. [0 Act 167 Plan approved on or after January 2005 — The attached PCSM Plan, in its entirety, is consistent with all
requirements pertaining to rate, volume, and water guality from an Act 167 Stormwater Management Plan approved by

DEP on or after January 2005.
B. [0 The PCSM Plan meets the standard design criteria from the PA Stormwater EMP Manual.
OR

C. O Aternative Design Standard — The attached PCSM plan was developed using approaches other than 102.8(g)(2).
Demonstratefexplain in the space provided how this standard will be either more protective than what is required in
102.8(g)(2) or will maintain and protect existing water quality and existing and designated uses.

(use only the parts that apply) The post-construction stormwater management design for this project is consistent with PennDOT Antidegradation

and Post Construction Stormwater Management Policy. As a PCSM Level (1-4) project, the design targets are as follows: (Level 1 - minimize
disturbance), (Level 2 - capture 5.08 cm (2") of runoff impervious area contributing to existing BMPs/infiltrate 2.54 cm (1") from new impervious
ares), (Level 3 and Level 4 - pre = post peak runoff rate for the 2-100 year events/pre = post runoff volume for the 2-year 24 hour event/
consistency with water quality standards).
Where it is not practicable or feasible to achieve the guantitative targets described above, BMPs have been implemented to maximize qualitative
stormwater benefits (e.g. natural infiltration, shading, riparian, restoration, vegetative slope and channel protection, etc.) The net result is that the
project will not affect existing or designated uses of the receiving waters, nor will it adversely affect water quality. Additionally, the design is
consistent with the (release rate, volume control, water quality) provisions in the approved Act 167 Plan for (name) Creek, which was approved
prior to January 2005

3. Riparian Buffers

A. Wil you be protecting, converting or establishing a riparian buffer or a riparian forest buffer as a part of this project?

Oyes [ONo

B. If the regulations require a riparian buffer or riparian forest buffer and you are not providing one, please list the waiver
provisions in the Chapter 102 regulations, Section 102.14(d)(2)()-(v), that you are requesting and provide
additional documentation to demonstrate reasonable alternatives for compliance with 102.14 requirements.

C. Will you be protecting, converting or establishing a voluntary riparian forest buffer as part of this project? [] Yes [ No
If yes you must include a Riparian Forest Buffer Management Plan as part of the PCSM plans.
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Note: Complete one table per receiving surface water (not necessarily per discharge point from ROW).

4. Summary Table for Supporting Calculation and Measurement Data

Please reference the Stormwater Methodology used (Numbers generated in this table should be consistent
with worksheets 1-5.)
NRCS CN / Rational

Pre-construction | Post Construction Net Change

Design storm frequency __ 2 year
Rainfall amount _24-hr P from PDT - inches

IDF curves in DM2

Impervious area (acres)include gravel shoulders Per waterghed 3+/-0.1ac
Volume of stormwater runoff [] acre-feet or [] cubic 5 6

feet without planned stormwater BMPs (check Per waterghed +/- 0.10 ac-ft
appropriate box) +/- 10ft>
Volume of stormwater runoff [] acre-feet or [] cubic 7 8

feet with planned stormwater BMPs (check +/-0.10 ac-ft
appropriate box) +/-10 ft3

Stormwater peak discharge rate for the design| oAtthe point where the discharge|

; +/-1 cfs

frequency storm (cubic feet per second) reaches the slirface water

Box 1. Pre-construction impervious area: The total acres of impervious area on the project site before construction
activities begin, based on land use for five years preceding the planned project.

Box 2. Post construction impervious area: The fotal acres of impervious area on the project site after construction
activities have been completed.

Box 3. Net change of impervious area: The difference between the acres of impervious area listed in Box 1 and
Box 2. Zero or negative values are acceptable.

Box 4. Pre-construction stormwater runoff volume without planned BMPs: The amount of stormwater runoff

volume from the project site that would result from the design storm occurrence before construction activities
begin, based on land use for five years preceding the project.

Box 5. Post construction stormwater runoff volume without planned BMPs: The amount of stormwater runoff
volume from the project site that would result from the design storm occurrence after construction activities
have finished assuming that no stormwater infiltration or retention BMPs have been installed.

Box 6. Net change in stormwater volume without planned BMPs: The difference between the amounts of
stormwater runoff volume listed in Box 4 and Box 5.

Box 7. Post construction stormwater runoff volume with planned BMPs: The amount of stormwater runoff
volume from the project site that would result from the design storm occurrence after construction activities
have finished and the planned stormwater infiltration or retention BMPs have been installed.

Box 8. Net change in stormwater runoff volume with planned BMPs: The difference between the amounts of
stormwater runoff volume listed in Box 4 and Box 7.

Box 8. Pre-construction stormwater discharge rate: The stormwater runoff discharge rate for the design
frequency storm as determined by the land use for the past five years.

Box 10. Post construction stormwater discharge rate. The stormwater runoff discharge rate for the design
frequency storm event after all planned stormwater BMPs are installed.

Box 11. Net change stormwater discharge rate: The difference between the stormwater runoff discharge rates
listed in Box 9 and Box 10.
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(underlined indicates primary SW henefit)
Key: RC = Rate Control

VC =Volume Control

5. Summary Description of Post Construction Stormwater BMPs (consistent with the design or applicable worksheets)

WaQ = Water Quality

In the lists below, check the BMPs identified in the PCSM Plan, and their function(s) using the above Key. More than one function
may be checked for a EMP. List the stormwater volume and area of runoff to be treated by each BMP type. If any BMP in the
PCEM Plan is not listed below, describe it in the space provided after "Other".

Volume of stormwater

BEMP Function(s) treated Acres treated
[0 Wet ponds Ovc Orc Owa A
[0 Constructed wetlands Ove Orc Owa
[] Retention-basins Ove Orec O wa
O Betention-basin Ovec Orc Owa Mote that the volume
[ Underground detention Ove O RC O waQ | treated by each BMP is
[ Dry Extended detention basin O vc [ORC O wa |simplythe total volume of
O Sediment fore bay Ove O E O wa runoff that is routed to/
O Infiltration trench Ovc ORrRc [ wa |throughtheBMFTOrine 1 ryic it the total area
I Infiltration Berm/Retentive Grading Ove Orc Owa ";‘:r‘;z;zds 50‘;’;:2 Z‘::it(for contributing runoff
[ Suseurtace nfitation-bed Ovc Orc Owa will always be the 2-yeér AR
O Infiltration basin Ovc ORC O WQ | 54nourstorm event).
[ Pemvious pavement (limited application) Ovc OrRC [Owa
L] BrrweliSeepagepit Ovc OrRC O wa
O Bie-irfiltration-areas Ovc Orc O wa
[ Rain gardens/Bio-retention Ovc Orc O wa
[ Vegetated swales Ovc OrRC O waQ
[0 Genstrustedilters Ovc OO rc O wa v
[ Protect Sensitive & Special Value Features Ovc Orc OwQ Use the volume "Credit" | Use the total area
[ Protect/Convert/Establish Riparian buffers O vc [ORc [OJwaq |indicated inthe DEP protected/restored
[0 Restoration: Buffers! Landscape/Floodplain Ovc Orc O wa | EMP Manual for each (yet 2 BMPR) Tox
[] Disconnection from storm sewers Ovc Orc O E} of these&l sl ( othgr iy
: . —— | restoration EMPs. the drainage area
g Reeftop-disconnestion g :g g Eg g xg directed away from
Megetated-rools a storm sewer.
O RureieaptureiRevss Ovc Orc Owa
[ Oiligrit separators (req. special approval) O wa
[ water quality insertsfinlets (req. special approval) O wa
[ Street sweeping (confirm w/District Maint.) 0O wa
[ Other Bioslope / Ecology Embankment Ovc ORC O wa
[ Other Ovc [ORrRC [OJwa

6. Off Site Discharge Analysis

discharge.

Does the project propose any off-site discharges to areas other than surface waters? [] Yes

Note: This should be completed for point-source discharge (i.e., not sheet flow from pavements surface
or embarkment) that are not directed into a swale, ditch, channel, storm sewer, etc.

O No

If yes, the applicant must have appropriate easement that provides the legal authority for this off-site

Applicant must provide a demonstration in both the E&S and PCSM plans that the discharge will not cause
erosion, damage, or nuisance to off-site properties.
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7. Thermal Impacts Analysis

Please explain how thermal impacts associated with this project were avoided, minimized, or mitigated.
The following strategies were used to avoid or mitigate potential thermal impacts:

(List all applicable strategies or BMPs to reduce or limit thermal degradation.)

8. lIdentify the critical stages of implementation of the PCSM plan for which a licensed professional or designee shall be
present on site:

nfa

(Indicate something other than "not applicable” here only when a large amount of new impervious area
discharges directly into a cold water, headwater stream, without first being conveyed through several
hundred feet of either a vegetated swale or a buried storm sewer pip).

SECTION D. ANTIDEGRADATION ANALYSIS MODULE
This Section is to be completed for Special Protection Watershed Only. (HQ/EV and EV Wetlands)

PART 1 NON-DISCHARGE ALTERNATIVES EVALUATION

The applicant must consider and describe any and all non-discharge alternatives for the entire project area which are
environmentally sound and will:

+ Minimize accelerated erosion and sedimentation during the earth disturbance activity
* Achieve no net change from pre-development to post-development volume, rate and concentration of pollutants in

water quality
Official Official
Use Use
E & SPlan Only PCSM Plan Only

Check off the environmentally sound non-discharge Check off the environmentally sound non-discharge
Best Management Practices (BMPs) listed below to Best Management Practices (BMPs) listed below to
be used prior to, during, and after earth disturbance be used after construction that have been
activities that have been incorporated into your E& S incorporated into your PCSM Plan based on your
Plan based on your site analysis. For EMPs not site analysis. For BMPs not checked, provide an
checked, provide an explanation of why they were explanation of why they were not utilized. (attach
not utilized. (afttach additional sheets if necessary) additional sheets if necessary)
Non-discharge BMPs Non-discharge BMPs
[0 Atternative Siting [0 Alternative Siting

[0 Alternative location [0 Alternative location

[ Alternative configuration [0 Alternative configuration

[0 Alternative location of discharge [0 Alternative location of discharge
[ Limited Disturbed Area [0 LowImpact Development (LID / BSD)
[0 Limiting Extent & Duration of Disturbance [0 Riparian Buffers (150 ft min)

(Phasing, Sequencing) O Riparian Forest Buffer (150 ft min)
[0 Riparian Buffers (150 ft min) [0 Infiltration
[0 Riparian Forest Buffer (150 ft min) [0 Water Reuse
[0 Other [0 oOther

!
~
!
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Part2 Antidegradation Best Available Combination of Technologies (ABACT)

ABACT BEMPs include but are not limited to:

If the net change in stormwater discharge from or after construction is not fully managed by non-discharge BMPs, the applicant must
utilize ABACT BMPs to manage the difference. The Applicant must specify whether the discharge will occur during construction, post-
construction or both, and identify the technologies that will be used to ensure that the discharge will be a non-degrading discharge.

E & S Plan

Official
Use
Only

PCSM Plan

Official
Use
Only

O Treatment BMPs:
Sediment basin with skimmer

O
[0 Sediment basin ratio of 4:1 or greater (flow
length to basin width)
O
O

Sediment basin with 4-7 day detention
Flocculants
[0 Land disposal:
[0 Vegetated filters
O Riparian buffers <150ft.
[0 Riparian Forest Buffer <150ft.
O Immediate stabilization
[0 Pollution prevention:
O PPCPlans
O Street sweeping

[0 Channels, collectors and diversions lined with
permanent vegetation, rock, geotextile or other
non-erosive materials

D Stormwater reuse technologles:
[0 Sediment basin water for dust control
D Sediment basin water for irrigation

[0 other

O Treatment BMPs:
[0 Infitration Practices

O Wwetponds

[0 Created wetland treatment systems
[0 Vegetated swales

[0 Manufactured devices

O Bio-retentionfinfiltration

O GreenRoofs

and disposal:

[0 Vegetated filters

[0 Riparian Buffers <150ft.

[J Riparian Forest Buffer <150ft
O
O

O

Disconnection of roof drainage
Bio-retention/bio-infiltration
[0 Pollution prevention:
Street sweeping
Nutrient, pesticide, herbicide or other chemical
application plan atternatives
PPC Plans
Mon-structural Practices
Land Preservation
Restoration BMPs
O Stormwater reuse technologies:
[0 cCisterns
[0 Rainbarrels
[ Dry hydrant with underground storage
[ Spray/Drip Irrigation
O Other

O
O
O
O
O
O

Are the ABACT BMPs selected sufficient to minimize
E & S discharges to the extent that existing or
designated surface water uses are protected?

O Yes [ Ne. If no, and the project is located
in a HQ water, proceed to Part 3.

Are the ABACT BMPs selected sufficient to achieve no
net change to the extent that existing or designated
surface water uses are protected?

OYes [ONo. If no, and the project is located in a
HQ water, proceed to Part 3.

Document ID No. 391-0300-002.

Part 3 Social or Economic Justification (SEJ) (for projects in high quality waters only)
If the applicant cannot demonstrate that the net change in discharge will protect the existing quality of the receiving
surface waters, for projects in HQ waters, the applicant may pursue the SEJ process for demonstrating that lowering
water quality is necessary to accommodate important economic or social development in the area in which the waters are
located, in accordance with Chapter 10 of the Water Quality Antidegradation Implementation Guidance Manual, DEP

4B -9



Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form Publication 584

2015 Edition

3930-PM-WMO0035 Rev. 11/2010

SECTION E. CONSULTANT FOR THIS PROJECT

Last Name First Name M
Doe John C
Title Consulting Firm

Project Engineer XYZ Engineering

Mailing Address

123 Market St.

City State ZIP+4
Somewhere PA T - f
Ernail Phone #4441 Ext
jdoe@xyzengineering.com FAX gttt gttt
SECTION F. COMPLIANCE HISTORY REVIEW
Istwas the applicant(s) in violation of any permits issued by DEP or any regulated activities within the past five years?
O Yes 0 No  Follow the directions below and then answer yes or no.

If yes, list each permit or project that isfwas in viclation and provide compliance status of the activity (use additional sheets to
provide information on all permits).

Permit Program or Activity: Permit Number (if applicable):

Brief description of non-compliance:
Complete the following steps for Section F:
1 - Go to http:/Mww.ahs2 dep.state. pa.us/eFacts\Web/default. aspx
2 - Click on "Inspection Search"
3 - Search for violations using all of PennDOT's Client IDs (see table on next page)
4 - Print violations within the last 5 years and attach to permit

Steps taken to achieve compliance Date(s) Compliance Achieved

Current Compliance Status: [ In-Compliance [ In Non-Compliance

If the applicant is not in compliance with any permit requirement of DEP Regulations or regulated activity, provide a narrative
description of how the applicant will achieve compliance with the permit requirement or activity, including the schedule for achieving
compliance with appropriate milestones.
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SECTION G. PERMIT COORDINATION

1.

Does the applicant (owner and/or operator) have, have pending, or require any other environmental permits for this project and any
additional planning requirements?

O yes [ No If yes, list each permit or approval, permit number, and description.

(List any waterway or other types of permits required for the project.)

Coordination Questions

Does the project involve any of the following: Placement of fill, excavation within or a placement of a structure located in,
along, across, or projecting into a water course, floodway or body of water (including wetlands)?

[Odyes [JNo If yes, identify which authorization under Chapter 105 is applicable.
[ Joint Permit ] General Permit [ Waiver

What is your 537 Plan status? Please note that 537 Plan approval is required prior to initiation of earth
disturbance activity.

n/a

Is your project associated with a Brownfield's Remediation? [J Yes [ No If yes, please indicate any
coordination to date with the Environmental Cleanup Program (Act 2 or Superfund).

Are there any additional permits or approvals that may be required for this project? []Yes [JMNo If yes,

please list them.

= 10:=
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form Publication 584
2015 Edition

3930-PM-WMO0035 Rev. 11/2010

SECTION H. CERTIFICATION

Applicant Certification

| certify under penalty of law that this application and all related attachments were prepared by me or under my direction or
supervision by qualified personnel to properly gather and evaluate the information submitted. Based on my own knowledge and
on inquiry of the person or persons directly responsible for gathering the information, the information submitted is, to the best of
my knowledge and belief, true, accurate and complete. The responsible official’'s signature also verifies that the activity is eligible
to participate in the NPDES permit, and that BMP's, E&S Plan, PPC Plan, PCSM Plan, and other controls are being or will be,
implemented to ensure that water quality standards and effluent limits are attained. | am aware that there are significant penalties
for submitting false information, including the possibility of fine and imprisonment or both for knowing violations pursuant to
Section 309(c)(4) of the Clean Water Act and, 18 Pa. C.S5. §§4903-4904.

Applicant Co-Applicant (if applicable)

(District Executive)

Print Name and Title of Person Signing Print Name and Title of Person Signing

¢ B FEA

Telephone Mumber of Person Signing

Telephone Mumber of Person Signing

Signature of Applicant Signature of Co-Applicant
moldaylyear
Date Signed Date Signed

Please note below the name, address and telephone number of the individual that should be contacted in the event additional information is required.

Name: (this can be either the consultant or someone at the District)

Address:
Telephone: ( ) FAX: ( )

Motarization: Commonwealth of Pennsylvania

County of
Sworn to and Subscribed to Before Me This
NOTARY
Day of 20 SEAL
WITNESS

My Commission Expires:

Notary Public

- 1=
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form Publication 584

2015 Edition
3930-PM-WMO0035 Rewv.11/2010 COMMONWEALTH OF PENNSYLVANIA
Checklist DEPARTMENT OF ENVIRONMENTAL PROTECTION
- BUREAU OF WATERSHED MANAGEMENT
pennsylvania

DEPARTMENT OF ENVIRONMENTAL PROTECTION

APPLICATION CHECKLIST
GENERAL NPDES PERMIT FOR STORMWATER DISCHARGES
ASSOCIATED WITH CONSTRUCTION ACTIVITIES

Please check the following list to make sure that you have included all the required information. Place a check mark in the column
provided for all items completed and/or provided. Failure to provide all of the requested information will delay the processing of the
application and may result in the application being placed ON HOLD with NO ACTION, or being considered withdrawn and the
application file closed.

THIS CHECKLIST MUST BE COMPLETED AND ENCLOSED WITH YOUR GENERAL PERMIT APPLICATION FORM

vCHECKLIST FOR NEw GENERAL NPDES PERMIT APPLICATION Acpsf"ﬂt
ec|
If Official
Included |Use Only
1. |Fully completed, properly signed and notarized MNotice of Intent Form (1 original and | |
2 copies).
2. |Complete Erosion and Sediment Control Plans. (3 copies) O O
Location: Drawings (D), Narrative (N).
a. Written Narrative (Must be labeled "E&S Flan” or| Location N Page |:| |:|
“Erosion & Sediment Control Plan”, be complete &
legible, and be the final plan for construction)
Written Narrative Includes the following:
i. USGS map with outline of project site Location N | Page O O
ii. Soils information (including hydric soils) Types, | Location N Page O O
depth, slope and locations of soils
ili. Physical characteristics and limitations of soils Location N Page O O
iv. Supporting calculations to show anticipated | Location N Page | |
peak flows for the design storms
v. Analysis of the impact that runoff from the| Location N Page O O
project site will have on existing downstream
watercourses resistance to erosion
vi. Provide supporting calculations, standard
worksheet, and narrative description of the
location for all proposed E&S Control BMPs
used before, during and after earth disturbance
including but not limited to the following:
A. Channels Location N | Page O O
B. Sediment Basins Location N | Page O O
C. Sediment Traps Location N | Page ] ]
D. Filter Fabric Fencing Location N | Page O O
E. Outlet Protection Location N | Page O O
F. Other BMPs (Specify) Location N | Page | O
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form Publication 584

2015 Edition
3930-PM-WMO0035 Rev. 11/2010
Checklist
Applicant
Check v
If Official
Included | Use Only
G. Other BMPs (Specify) Location N Page O O
b. |Plan Drawings (Must be labeled "E&S Plan” or|Location D Page O O
‘Erosion & Sediment Control Plan”, be complete &
legible, and be the final plan for construction)
Drawings include the following:
I. Legend for any symbols that may be used on|Location D Page [l [l
the drawing
ii. Topographic Features including existing|Location D Page | O
contours, improvements, streams, wetlands,
watercourses, etc. and sufficient surrounding
area
ii.  Soil types and locations Location D  |Page O O
iv. Construction techniques or special |Location D Page O O
considerations to address soil limitations
v.  Limits of project site, NPDES boundary Location D |Page O O
vi. Limits of earth disturbance Location D Page O O
vii. Proposed alteration including proposed|Location D Page O O
contours and proposed improvements
vili. Maximum during construction drainage areas |Location D Page O O
to hydraulic BMPs
ix. Location of water which may receive runoff |[Location D Page | O
and receiving water classification pursuant to
Chapter 93 and the “statewide existing use
listing”
%.  Standard Construction Details for all proposed |Location D Page O O
E&S Control BMPs used before, during and
after earth disturbance
xi.  Location of BMPs showing final contours are |Location D Page | O
identified
xii. Complete and site specific sequence of BMP |Location D Page O O
installation and removal including activities
planned to limit exposed areas
xiii. Procedures or Note requiring the proper|Location D Page O O
recycling or disposal of waste materials
associated with the project site
xiv. Maintenance Program including inspection|Location D Page O O
schedule, sediment cleanout levels, repair
parameters and time frames, and directions
for sediment removal
xv. MNote explaining responsibilities for fill|Location D Page | O
materials including definition of environmental
due diligence and clean fill

_.
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form Publication 584

2015 Edition
3930-PM-WMO0035 Rev. 11/2010
Checklist
Applicant
Check v
If Official
Included [Use Only
3. |Permit filing fee of $500 payable to the appropriate Clean Water Fund. O O
4. |Disturbed acre fee payable to the Commonwealth of Pennsylvania Clean Water Fund. [ |
5. |MNotifications to the local municipality and county governments that specify Acts 67 and O O
68 Coordination, and that the application is for a general NPDES stormwater permit
authorizing the discharge of stormwater during construction activities. A "sample"
notification letter is provided in Appendices B and C.
6. |Proof of receipt of municipal notifications; copies of certified mail receipts on O
acknowledgment letters from the local municipality and county government. (3 copies)
7. |The PNHP Review receipt for the project area. Include impact clearance letters if proof O
of agency coordination is required. (3 copies)
8. |Complete Post Construction Stormwater Management Plan. (3 copies) 0O 0
Location: Drawings (D), Narrative (N).
a. Written Narrative (Must be separate from E&S Plan | Location N Page O O
and abeled ‘PCSM" or Post-Construction
Stormwater Management™ and be the final pfan for
construction)
Written Narrative Includes the following:
i.  Site Description & Analysis Location N Page O [l
ii. Soll types and descriptions (including hydric | Location N Page | O
s0ils)
iii. Pre-development and post-development | Location N Page O
drainage area runoff calculations for each
drainage area
iv. Routing Analysis to demonstrate peak control | Location N Page O O
for the 2-, 10-, 50-, and 100-year/24-hour storm
events (Routing should consider the benefits of
BMPs)
v. Calculations for permanent stormwater BMPs | Location N Page O O
(including volume of water treated through
BMPs)
vi. Curve Numbers and/or land use coefficients Location N Page O |
vii. Infiltration/Geotechnical repot and  soil | Location N Page | D
infiltration test pit results
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form

3930-PM-WMO0035 Rev. 11/2010
Checklist

Publication 584

2015 Edition

Applicant
Check v
If
Included

Official
Use Only

b. Additional Worksheets

Note: Worksheets 1 through 5 are required.
Complete the following worksheets as
applicable.

i. Worksheet 6 — Small Site/Small Impervious
Area Exception for peak rate Mitigation
Calculations

(If worksheet 6 is not applicable, rate

control is required)

Location

1=

Page

ii. Worksheet 10 — Water Quality Compliance for
Nitrate

Location

1=

Page

ii. Worksheet 11 — BMPs for Pollution Prevention

(Required if applicant is not meeting Nitrate
requirements)

Location

1=

Page

iv. Worksheet 12 — Water Quality Analysis of
Pollutant Loading from all Disturbed Areas

(Required if applicant is not meeting Nitrate
requirements)

Location

1=

Page

v.  Worksheet 13 — Pollutant Reduction Through
BMP Applications

(Required if applicant is not meeting Nitrate
requirements)

Location

=

Page

c. Plans/Drawings (Must be a stand alone separate
plan from the E&S Plan and labeled “PCSM" or
Post-Construction Stormwater Management™ and
be the final plan for construction)

Location

1o

Page

i.  Construction Details for permanent stormwater
BMPs including permanent stabilization

Location

[w)

Page

ii. Location of BMPs showing final contours are
identified

Location

o

Page

iii. Location of soil types are identified (including
hydric soils)

Location

10

Page

iv. Location and depths of test pits / infiltration
testing sites are identified (where applicable)

Location

o

Page

d. Ownership, Operations, and Maintenance
Procedures (Must be included on drawings)

Location

=

Page

Applicant or entity (association, company,
agency, etc.) listed as responsible party

Location

o

Page

ay g O g al 4d

O O O] O O] 4

4B - 16



Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form

Publication 584

2015 Edition
3930-PM-WMO0035 Rev. 11/2010
Checklist
Applicant
Check v
If Official
Included | Use Only
e. Riparian Forest Buffer Management Plan (If Applicable) O 0
Location: Drawings (D), Narrative (N).
A Planting Plan for converted or newly | Location D Page | |
established Riparian Forest Buffers.
ii. A maintenance schedule and measures for | Location N D |Page O O
converted or newly established Riparian Forest
Buffers to ensure growth and survival.
iil.  An inspection schedule and measures to| Location N Page O O
ensure long-term maintenance and proper
functioning of Riparian Forest Buffers.
f. ldentification of critical stages of implementation of | Location: N D |Page | O
PCSM Plan for which a licensed professional or
designee will be present on site.
9. | Consistency letter from Municipal or County Engineer O
(where applicable)
10. | Appendix A Land Use Questions O O
11. | Complete Required Worksheets 1 — 5 (see attached O O
worksheets at the end of the NPDES Permit
Application Package)
12. |Checklist for Subsequent Phases (of permitted projects)
a. Estimated time frame for phased project build-out (update as necessary) | |:]
b. Complete E & S Plans for specific phase (3 copies) O O
¢. New Section C and complete PCSM Plan for specific phase (3 copies) O O
d. Consistency letter from municipal or county engineer (where applicable) | |
Applicant
Check
cHecKLIST FOR GENERAL NPDES PERMIT RENEWALS ONLY If official
Included | Use Only
1. | Administratively complete, signed, and notarized Notice of Intent Form, including items [l O
1-8. (1 signed original and 2 copies of the NOI/application)
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form

3930-PM-WMO0035 Rev. 11/2010

APPLICATION CHECKLIST

nppes INDIVIDUAL PERMIT FOR DISCHARGES OF STORMWATER

ASSOCIATED WITH CONSTRUCTION ACTIVITIES

Publication 584
2015 Edition

Please check the following list to make sure that you have included all the required information. Place a check mark in the column provided
for all items completed and/or provided. Failure to provide all of the requested information will delay the processing of the application and
may result in the application being placed ON HOLD with NO ACTION, or being considered withdrawn and the application file closed.

THIS CHECKLIST MUST BE COMPLETED AND ENCLOSED WITH YOUR INDIVIDUAL PERMIT APPLICATION FORM

CHECKLIST FOR NEW INDIVIDUAL NPDES STORMWATER PERMIT Applicant
APPLICATION Check V' | Official
If Included | Use Only
1. | Fully completed, properly signed and notarized Individual Permit Application (1 original and O 0
2 copies).
2. | Fully completed General Information Form (GIF) (1 original and 2 copies) O O
3. | Complete Erosion and Sediment Control Plan (3 copies)
Location: Drawings (D), Narrative (N). Ol O
a. Written Narrative (Must be labeled "E&S Flan” ol Location N Page O O
“Erosion & Sediment Conirol Plan”, be complete &
legible, and be the final plan for construction)
Written Narrative Includes the following:
i.  USGS map with outline of project site Location N Page O O
ii.  Soils information (including hydric soils) Types)| Location N
depth, slope and locations of soils . R O O
iii.  Physical characteristics and limitations of soils Location N Page O O
iv.  Supporting calculations to show anticipated peald Location N Page O O
flows for the design storms
v.  Analysis of the impact that runoff from the projec
site  will have on existing downstream| Location N Page | |
watercourses resistance to erosion
vi. Provide supporting calculations, standar
worksheets, and description of the location for all
proposed E&S Control BMPs used before, durin
and after earth disturbance including but no
limited to the following:
A. Channels Location N Page | |
B. Sediment Basins Location N Page O O
C. Sediment Traps Location N Page | |
D. Filter Fabric Fencing Location N Page | O
E. Qutlet Protection Location N Page O O
F. Other BMPs (Specify) Locaton N Page | O
G. Other BMPs (Specify) Location N Page O O
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form

Publication 584

2015 Edition
3930-PM-WM0035 Rev. 11/2010
Applicant
Check v Official
If Included | Use Only
b. Plan Drawings (Must be labeled "E&S Plan” or "Erosior| Location D Page O O
& Sediment Control Plan”, be complete & legible, and
be the final plan for construction)
Drawings include the following:
i Legend for any symbols that may be used on theg Location D Page O O
drawing
ii.  Topographic Features including existing contours| Location D Page O O
improvements, streams, wetlands, watercourses,
etc. and sufficient surrounding area
ii. Soil types and locations Location D Page O O
iv.  Construction techniques or special considerations Location D Page O O
to address soil limitations
v.  Limits of project site, NPDES boundary Location D Page O O
vi.  Limits of earth disturbance Location D Page O O
vil. Proposed alteration including proposed contourg Location D Page O O
and proposed improvements
viii. Maximum during construction drainage areas tq Location D Page 1 M
hydraulic BMPs
ix. Location of water which may receive runoff and Location D Page O |
receiving water classification pursuant to Chapter
93 and the “statewide existing use listing”
x. Standard Construction Details for all proposed Location D Page (| [l
E&S Control BMPs used before, during and after
earth disturbance
xi. Location of BMPs showing final contours arg Location D Page O O
identified
xii. Complete and site specific sequence of BMF Location D Page 1 |
installation and removal including activities
planned to limit exposed areas
xiii. Procedures or Note requiring the proper recycling| Location D Page O O
or disposal of waste materials associated with thej
project site
xiv. Maintenance Program including inspection| Location D Page O O
schedule, sediment cleanout levels, repain
parameters and time frames, and directions for
sediment removal
xv. Note explaining responsibilities for fill materialg Location D Page O (|
including definition of environmental due diligence
and clean fill
4. | Permit filing fee of $1,500 payable to the appropriate Clean Water Fund. O O
5. | Disturbed acre fee payable to the Commonwealth of Pennsylvania Clean Water Fund. O O
6. | Notifications to the local municipality and county governments that specify Acts 67 and 68 O O
Coordination, and that the application is for an individual NPDES stormwater permit
authorizing the discharge of stormwater during construction activities. A "sample"
notification letter is provided in Appendices Band C.

_7-
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Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form Publication 584
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3930-PM-WMO0035 Rev. 11/2010

Applicant
Check v | Official
If Included | Use Only

7. | Proof of receipt of municipal notifications; copies of certified mail receipts or O O
acknowledgment letters from the local municipality and county government. (3 copies)

8. | Copy of Cultural Resource Notice including PHMC reply or certified mail receipt (for
projects disturbing ten acres or more). (3 copies)

9. | The PNHP Review receipt for the project area. Include impact clearance letters if proof of
agency coordination is required. (3 copies)

O O
O O
10. | Complete Post Construction Stormwater Management Plan. (3 copies) O O
O O

Location: Drawings (D), Narrative (N).

a. Written Narrative (Must be a stand alone, separate Location N Page
plan from the E&S Flan and labeled "PCSM” or Post-
Construction Stormwater Management™ and be the
final plan for construction)

Written Narrative Includes the following:

O

.  Site Description & Analysis Location

1=

Page

af O

i. Soil types and descriptions (including hydric | Location
s0ils)

1=

Page

iii. Pre-development and post-development | Location Page O O
drainage area runoff calculations for each

drainage area

(=4

iv. Routing Analysis to demonstrate peak control for | Location Page O |
the 2-, 10-, 50-, and 100-year/24-hour storm
events (Routing should consider the benefits of

BMPs)

v. Calculations for permanent stormwater BMPs | Location
(including volume of water treated through
BMPs)

vi. Curve Numbers and/or land use coefficients Location

Page O O

1=

1=

Page O O
Page

vii.  Infiltration/Geotechnical report and soil infiltration | Location
test pit results

b. Additional Worksheets Note: Worksheets 1 through | Location
5 are required. Complete and attach the following
worksheets where applicable

1=

(=4

Page O O

Page O O

. Worksheet 6 — Small Site/Small Impervious Area | Location
Exception for peak rate Mitigation Calculations

1=

(If worksheet 6 is not applicable, rate control
is required)

i. Worksheet 10 — Water Quality Compliance for Location Page O O

Nitrate

lii.  Worksheet 11 — BMPs for Pollution Prevention Location

Page O a

(Required if applicant is not meeting Nitrate
requirements)

4B - 20



Chapter 4, Appendix B - Sample Notice of Intent (NOI) Application Form
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2015 Edition
3930-PM-WMO0035 Rev. 11/2010
Applicant
Check v | Official
If Use
Included Only
iv. Worksheet 12 — Water Quality Analysis of | Location N Page O O
Pollutant Loading from all Disturbed Areas
{Required if applicant is not meeting Nitrate
requirements)
v. Worksheet 13 — Pollutant Reduction Through | Location N Page O O
BMP Applications
(Required if applicant is not meeting Nitrate
requirements)
Plans/Drawings (Must be separate from E&S Plan | Location D Page O O
and labeled "PCSM" or Post-Construction Stormwater
Management™ and be the final plan for construction)
i Standard Details for permanent stormwater | Location D Page | |
BMPs including permanent stabilization
ii. Location of BMPs showing final contours are | Location D Page O O
identified
ii. Location of soil types are identified (including | Location D Page | O
hydric soils)
iv. Location and depths of test pits/infiltration testing | Location D Page O O
sites are identified
Ownership, Operations, and Maintenance Procedures | Location D Page O O
{(Must be included on drawings)
I Applicant or entity (association, company, | Location D Page O O
agency, etc.) listed as responsible party
Riparian Forest Buffer Management Plan (If Applicable) O O
Location: Drawings (D), Narrative (N).
i. A Planting Plan for converted or newly | Location D Page | O
established Riparian Forest Buffers.
. A maintenance schedule and measures for | Location N Page O O
converted or newly established Riparian Forest
Buffers to ensure growth and survival.
lii.  An inspection schedule and measures to ensure | Location N Page O O
long-term maintenance and proper functioning of
Riparian Forest Buffers.
Identification of critical stages of implementation off Location: N D |Page O O
PCSM Plan for which a licensed professional or
designee will be present on site.
11 Consistency letter from Municipal or County Engineer 1 |
{where applicable)
12. Completed Required Worksheets 1 —5 (attached at O O
the end of the NPDES Permit Application Package)
13. Checklist for Subsequent Phases (of permitted
projects)
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Applicant
Check v | Official
If Use
Included Only
a. Estimated time frame for phased project build-out O O
(upclate as necessary)
b. Complete E & S Plans for specific phase (3 copies) | O
¢. New Section C and complete PCSM Plan for specific O O

phase (3 copies)

d. Consistency letter from municipal or county engineer O O
(were applicable)

Applicant
e

Use
If Included
nclu Only

cHecKLIST FOor INDIVIDUAL NPDES PERMIT RENEWALS ONLY

1. | Resubmit iterms 1 through 7, and 9 through 12. MNote: Only one copy of the Erosion and O m
Sediment Control Plan and Post Construction Stormwater Management Plan is required.

= 10:=
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APPENDIX A

Land Use Information Questions

Responses to the following questions are required to determine applicability of DEF's Land Use Policy for Permitting of
Infrastructure and Facilities.

Note: Applicants are encouraged to submit copies of local zoning approvals with their authorization application.

LAND USE INFORMATION

1. Is there an adopted county or multi-county comprehensive plan? Yes [] No []

2. Is there an adopted municipal or multi-municipal comprehensive plan? Yes[] No []

3. ls there an adopted county-wide zoning ordinance, municipal zoning ordinance or joint | Yes [] Ne []
municipal zoning ordinance?

If the applicant answers NO fo either Question 1, 2, or 3, the provisions of the PA MPC are not applicable and the
applicant does not need to respond to questions 4 and 5 below.

If the applicant answers YES to questions 1, 2 and 3, the applicant should respond to questions 4 and 5 below.

4. Does the proposed project meet the provisions of the zoning ordinance or does the | Yes [] No []
proposed project have zoning approval?

If zoning approval has been received, attach documentation.

B Have you attached Municipal and County Land Use Letters for the project? Yes [] No [
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APPENDIX B
SAMPLE COUNTY LAND USE LETTER*
*This sample letter and form is provided for the convenience of the applicant and the County. It does not prohibit the
applicant from using a different template nor does it prohibit the County from submitting a different form of response.)

Date:
Dear County Planning Director:

Acts 67, 68 and 127, which amended the Municipalities Planning Code, direct state agencies to consider comprehensive
plans and zoning ordinances when reviewing applications for permitting of facilities and infrastructure, and specify that
state agencies may rely upon comprehensive plans and zoning ordinances under certain conditions as described in
Sections 619.2 and 1105 of the Municipalities Planning Code. The Pennsylvania Department of Environmental
Protection’s Policy for Consideration of Local Comprehensive Plans and Zoning Ordinances in DEP Review of Permits for
Facilities and Infrastructure (DEP's Land Use Policy) provides direction and guidance to DEP staff, permit applicants, and
local and county governments for the implementation of Acts 67, 68 and 127 of 2000. This pelicy can be found at
www.depweb state pa.us; keyword: Land Use.

In accordance with DEP's Land Use Policy, enclosed please find a County Land Use Letter that is to be submitted with
our permit application to DEP for an NPDES Permit for Stormwater Discharges Associated with Construction Activities.
Please complete the attached form and return within 30 days to:

Name of Applicant:

Address of Applicant:

Project Location:

Project Description:

Please do not send this form to DEP, as we must include the County Land Use Letter with our permit application. If we
do not receive a response from you within 30 days, we shall proceed to submit our permit application to DEP without the
County Land Use Letter. If the County Land Use Letter is not submitted with our permit application, and we provide proof
to DEP that we attempted to obtain it, DEP will assume there are no substantive land use conflicts and proceed with the
normal application review process.

If you have any questions, please do not hesitate to contact me at (phone number and/or email).

Sincerely,

Attachment — Sample County Land Use Letter

cc: /county commissioners
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APPENDIX B
SAMPLE COUNTY LAND USE LETTER
Date:
To: (Name of Applicant)
From: County Planning Agency/Commission
Re: (Name of DEP Permittee)
The County of states that it:

has adopted a county or multi-county comprehensive plan.
If yes, please provide date of adoption:

has not adopted a county or multi-county comprehensive plan.
If applicable:
The above referenced project:

____is consistent with the adopted county or multi-county comprehensive plan.
____is not consistent with the adopted county or multi-county comprehensive plan.

Additional Comments (attach additional sheets if necessary):

Publication 584
2015 Edition

Submitted By:

Name

Title

Contact Information
(Address & Phone)

Signature

Date
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APPENDIX C
SAMPLE MUNICIPAL LAND USE LETTER*
*(This sample letter and form is provided for the convenience of the applicant and the Municipality. It does not prohibit the
applicant from using a different template nor does it prohibit the Municipality from submiiting a different form of response.)

Date:
Dear Municipal Secretary:

Acts 67, 68 and 127, which amended the Municipalities Planning Code, direct state agencies to consider comprehensive
plans and zoning ordinances when reviewing applications for permitting of facilities and infrastructure, and specify that
state agencies may rely upon comprehensive plans and zoning ordinances under certain conditions as described in
Sections 619.2 and 1105 of the Municipalities Planning Code. The Pennsylvania Department of Environmental
Protection’'s Policy for Consideration of Local Comprehensive Plans and Zoning Ordinances in DEP Review of Permits for
Facilities and Infrastructure (DEP's Land Use Policy) provides direction and guidance to DEP staff, permit applicants, and
local and county governments for the implementation of Acts 67, 68 and 127 of 2000. This policy can be found at
www.depweb state.pa.us; keyword: Land Use.

In accordance with DEP's Land Use Policy, enclosed please find a Municipal Land Use Letter that is to be submitted with
our permit application to DEP for an NPDES Permit for Stormwater Discharges Associated with Construction Activities.
Please complete the attached form and return within 30 days to.

Name of Applicant:

Address of Applicant:

Project Location:

Project Description:

Please do not send this form to DEP, as we must include the Municipal Land Use Letter with our permit application. If
we do not receive a response from you within 30 days, we shall proceed to submit our permit application to DEP without
the Municipal Land Use Letter. If the Municipal Land Use Letter is not submitted with our permit application, and we
provide proof to DEP that we attempted to obtain it, DEP will assume there are no substantive land use conflicts and
proceed with the normal application review process.

If you have any questions, please do not hesitate to contact me at (phone number and/or email).

Sincerely,

Attachment — Sample County Land Use Letter

cc: /township supervisor chair
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APPENDIX C
SAMPLE MUNICIPAL LAND USE LETTER

Date:

To: (Name of Applicant)

From: Township/Borough/City

Re: (Name of DEP Permittee)

The municipality of states that it:
has adopted a municipal or multi-municipal comprehensive plan.
If yes, please provide date of adoption:

has not adopted a municipal or multi-municipal comprehensive plan.

The municipality of states that it:
has adopted a county zoning ordinance, or a municipal or joint-municipal zoning ordinance.
has not adopted a county zoning ordinance, or a municipal or joint-municipal zoning ordinance.

If applicable:

The municipality of states that its zoning ordinance is generally consistent with its municipal
comprehensive plan and the county comprehensive plan.

The above referenced proposed project
meets the provisions of the local zoning ordinance

If zoning approval is required for the project to proceed, the above referenced project:
has received zoning approval.
has not received zoning approval.

If the proposed project has not received zoning approval:

What is the status of the zoning request for the proposed project? (e.g., Special Exception Approval from the Zoning
Hearing Board reguired, Conditional Use approval from the Governing Body required)
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Is there a legal challenge by the applicant with regard to zoning for the proposed project?

Name and Contact Information for Municipal Zoning Officer:

Additional Comments (attach additional sheets if necessary):

Submitted By:

Name

Title

Contact Information
(Address & Phone)

Signature

Date
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Worksheet 1. General Site Information
INSTRUCTIONS: Fill out Worksheet 1 for each watershed

Date:

Project Name:
Municipality:
County:

Total Area (acres):

Major River Basin:
http://iwww pawaterplan.dep. state pa us/StateVWaterPlan/docroot/default aspx

Watershed:
Sub-Basin:
Nearest Surface Water(s) to Receive Runoff:

Chapter 93 — Designated Water Use:
http://iwww. pacode.com/secure/data/025/chapter93/chap93toc. html

Impaired according to Category 4 or § of the Integrated Water Quality Monitoring and Yes [] No []
Assessment Report?

http://www. portal. state. pa.us/portal/server. pt/community/water_quality _standards/10556/integrated_water_guality_report
- 2010/682562

List Causes of Impairment:

Is there an established TMDL that applies: Yes [] No [
Total Maximum Daily Loads (TMDLS)

http:/iwww dep state. pa. us/watermanagement apps/tmdl/.

http:/Awww.epa.gov/reg3wapd/tmdl/pa_tmdlfindex. htm

Is project subject to, or part of:

Municipal Separate Storm Sewer System (MS4) Requirements? Yes [] No []

http://iwww. portal. state. pa.us/portal/server. pt/community/stormwater management/10628/npdes ms4%C2%A0informatio
n/669119

Existing or planned drinking water supply? Yes [] No []

If yes, distance from proposed discharge (miles):

Approved Act 167 Plan? Yes [] No[]
http:/fwww. portal state. pa.us/portal/server. pt?open=5148&0bjlD=554325&mode=2

Existing River Conservation Plan? Yes [] No []

http:/iwww denr state pa us/bre/rivers/riversconservation/reqistry/

_7-
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Worksheet 2. Sensitive Natural Resources
INSTRUCTIONS
1. Provide Sensitive Resources Map according to non-structural BMP 5.4.1 in Chapter 5. This map

should identify wetlands, woodlands, natural drainage ways, steep slopes, and other sensitive
natural areas.

2. Summarize the existing extent of each sensitive resource in the Existing Sensitive Resources Table
{below, using Acres). If none present, insert 0.

[ 3. Summarize Total Protected Area as defined under BMPs in Chapter 5.

4. Do not count any area twice. For example, an area that is both a floodplain and a wetland may
only be considered once.

EXISTING NATURAL MAPPED? TOTAL AREA PROTECTED

SENSITIVE RESOURCE Yes/no/n/a (Ac.) AREA (Ac.)
Waterbodies
Floodplains
Riparian Areas
Wetlands
Woodlands
Natural Drainage Ways
Steep Slopes, 15% - 25%
Steep Slopes, over 25%
Other:
Other:
TOTAL EXISTING:
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Worksheet 3. Nonstructural EMP Credits

PROTECTED AREA

1.1 Area of Protected Sensitive/Special Value Features (see WS 2) Ac.
1.2 Area of Riparian Forest Buffer Protection Ac.

3.1 Area of Minimum Disturbance/Reduced Grading Ac

TOTAL Ac

Protected
Site Area Minus Area = Stormwater Management Area

This is the area that requires /
stormwater management

VOLUME CREDITS

3.1 Minimum Soil Compaction (See Chapter 8, page 22 — SW BMP Manual)

1]
=]
w

Lawn fit? X 1/4" x 1/12

Il
=]
w

Meadow ft2 X 1/3"x 112
3.3 Protect Existing Trees (See Chapter 8, page 23 — SW BMP Manual)

For Trees within 100 feet of impervious area:

Tree Canopy ft® X /2" x 1/12 ft*

5.1 Disconnect Roof Leaders to Vegetated Areas (See Chapter 8 page 25 — SW BMP Manual)

For runoff directed to areas protected under £.8.1 and 5.8.2
Roof Area ft? x 143" x 112
For all other disconnected roof areas

Roof Area ft? x 1/4" x 1/12 = i

ft?

5.2 Disconnect Non-Roof impervious to Vegetated Areas (See Chapter 8, page 26 — SW BMP Manual)
For Runoff directed to areas protected under 5.8.1 and 5.8.2
ft®

Impervious Area ft? X 1/3" % 112
For all other disconnected roof areas
Impervious Area ft? X 1/4" % 1/12 = ft®

TOTAL NON-STRUCTURAL VOLUME CREDIT* ft I
*For use on Worksheet 5
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Worksheet 4. Change in Runoff Volume for 2-YR Storm Event
PROJECT:
Drainage Area:
2-Year Rainfall: in
Total Site Area: acres
Protected Site Area: acres
Managed Area: acres
Existing Conditions:
Q Runoff_
Soil Area Area la Runoff' Volume®
Cover Type/Condition Type (sf) (ac) CN S (0.2*S) (in) (ft")
Woodland
Meadow
Impervious
TOTAL:
Developed Conditions
Q Runoff
Soil Area Area la Runoff' Volume®
Cover Type/Condition Type (sf) (ac) CN S (0.2*8) (in) #")

TOTAL:

| 2-Year Volume Increase (ft3): |

2-Year Volume Increase = Developed Conditions Runoff Volume — Existing Conditions Runoff Volume

1. Runoff (in) = Q = (P-0.25)%/ {P+0.88) where
P = 2-Year Rainfall (in)

S = (1000/ CN)-10
2. Runoff Volume (CF) = Q x Area x 1/12
Q = Runoff (in)

Area = Land use area (sq. ft)
Note: Runoff Volume must be calculated for EACH land use type/condition and HSGI.

The use of a weighted CN value for volume calculations is not acceptable.

-10-
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Worksheet 6. Structural BMP Volume Credits

Publication 584
2015 Edition

PROJECT:
SUB-BASIN:
Required Control Volume (ft’) — from Worksheet 4:
Non-structural Volume Credit (ft’) — from Worksheet 3;
(maximum is 25% of required volume)
Structural Volume Reqmt (ft*)
(Required Control Volume minus Non-structural Credit)
Volume Reduction
Permanently
Area Removed
Proposed BMP (ft) (fth
6.4.1 Porous Pavement
6.42 Infiltration Basin
£6.4.3 Infiltration Bed
644 Infiltration Trench
6.45 Rain Garden/Bioretention
6.4.6 Dry Well / Seepage Pit
647 Constructed Filter
6.4.8 Vegetated Swale
6.4.9 Vegetated Filter Strip
6.4.10 Berm
6.5.1 Vegetated Roof
6.5.2 Capture and Re-use
6.6.1 Constructed Wetlands
6.6.2 Wet Pond / Retention Basin
6.71 Riparian Buffer/Riparian Forest Buffer Restoration
6.7.2 Landscape Restoration / Reforestation
6.7.3 Soil Amendment
6.8.1 Level Spreader
6.8.2 Special Storage Areas
Other

Total Structural Volume (ft®):

Structural Volume Requirement (ft’):

DIFFERENCE

- 1=
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3930-PM-WMO0035 Rev. 11/2010

Worksheet 6 — Small Site/Small Impervious Area
Exception For Peak Rate Mitigation Calculations

under CG-1:

O

Oo0O00a0n

The following conditions must be met for exemption from peak rate analysis for small sites

The 2-Year/24-Hour Runoff Volume increase must be met in BMPs designed
in accordance with Manual Standards

Total Site Impervious Area may not exceed 1 acre

Maximum Development Area is 5 Acres

Maximum site impervious cover is 50%

No more than 25% Volume Control can be in Non-structural BMPs

Infiltration BMPs must have an infiltration of at least 0.5 in/hr.

Percent
Site Area Impervious Total Impervious
Sacre 20% 1 acre
2 acre 50% 1 acre
1 acre 50% 0.5 acre
0.5 acre 50% 0.25 acre
-12-
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Worksheet 10 — Water Quality Compliance for Nitrate
Does the site design incorporate the following BMPs to address nitrate pollution? A summary “yes” rating is achieved if at
least 2 Primary BMPs for nitrate are provided across the site or 4 secondary BMPs for nitrate are provided across the site
(or the equivalent) “provided across the site” is taken to mean the specifications for that BMP set forward in Sections 5
and 6 are satisfied.
Yes No
Primary BMPs for Nitrate: O O
NS BMP 5.4.2 — Protect/Conserve/Enhance Riparian Buffers O O
NS BMP 5.5.4 — Cluster Uses at Each Site O O
NS BMP 5.6.1 — Minimize Total Disturbed Area O O
NS BMP 5.6.3 — Re-Vegetate/Re-Forest Disturbed Areas (MNative Species) O O
NS BMP 5.9.1 — Street Sweeping/Vacuuming O |
Structural BMP 8.7.1 — Riparian Buffer Restoration O O
Structural BMP 6.7.2 — Landscape Restoration O O
O O
Secondary BMPs for Nitrate: O O
NS BMP 5.4.1 — Protect Sensitive/Special Value Features O [l
NS BMP 5.4.3 — Protect/Utilize Natural Drainage Features O O
NS BMP 5.6.2 — Minimize Soil Compaction O [l
Structural BMP 6.4.5 — Rain Garden/Bioretention O O
Structural BMP 6.4.8 — Vegetated Swale O O
Structural BMP 6.4.9 — Vegetated Filter Strip O O
Structural BMP 6.6.1 — Constructed Wetland [l Il
Structural BMP 6.7.1 — Riparian Buffer Restoration O O
Structural BMP 6.7.2 — Landscape Restoration O O
Structural BMP 6.7.3 — Soils Amendment/Restaoration O O

-13-
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Publication 584
2015 Edition

Worksheet 11 — BMPs for Pollution Prevention

that BMP set forward in Chapters 5 and 6 are satisfied.

Does the site design incorporate the following BMPs to address nitrate pollution? A summary “yes” rating is achieved if at
least 2 Primary BMPs are provided across the site. “Provided across the site” is taken to mean that the specifications for

5
@

BMPs for Pollution Prevention:

NS BMP 5.4.1 — Protect Sensitive/Special Value Features

NS BMP 5.4.2 — Protect/Conserve/Enhance Riparian Buffers

Design

NS BMP 5.4.3 — Protect/Utilize Natural Flow Pathways in Overall Stormwater Planning and

NS BMP 5.5.1 — Cluster Uses at Each Site; Build on the Smallest Area Possible

NS BMP 5.6.1 — Minimize Total Disturbed Area - Grading

NS BMP 5.6.2 — Minimize Soil Compaction in Disturbed Areas

NS BMP 5.6.3 — Re-Vegetate/Re-Forest Disturbed Areas (Native Species)

NS BMP 5.7.1 — Reduce Street Imperviousness

NS BMP 5.7.2 — Reduce Parking Imperviousness

NS BMP 5.8.1 — Rooftop Disconnection

NS BMP 5.8.2 — Disconnection from Storm Sewers

NS BMP 5.9.15 — Street Sweeping

Structural BMP 6.7.1 — Riparian Buffer Restoration

Structural BMP 6.7.2 — Landscape Restoration

Structural BMP 6.7.3 — Soils Amendment and Restoration

Oo|go|io|jo|ojojg|ajo|ja|jojo; ojood

Oo|oioooo|joio|ooio] oio|jo|lno|#
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Worksheet 12 — Water Quality Analysis of Pollutant Loading from All Disturbed Areas

Total Site Area (AC)
Total Disturbed Area (AC)
Disturbed Area Controlled by BMPs (AC)

Total Disturbed Areas:

Pollutant Pellutant Load
TSS TP Nitrate- Runoff
EMC | EMC | Nitrite EMC | Cover | Volume [ TSS™ | TP*™ NOs
Land Cover Classification (mg/l) | (mg/l) | {mg/l as N) | {Acres) (AF) (LBS) | {LBS) | (LBS)

Forest 39 0.15 0.17
Meadow 47 0.19 0.3
7 i Fertilized Planting Area 55 1.34 0.73
3 § Native Planting Area 55 0.40 0.33
E E Lawn, Low-Input 180 0.40 0.44
Lawn, High-Input 180 222 1.46
Golf Course Fairway/Green 305 1.07 1.84
Grassed Athletic Field 200 1.07 1.01
Rooftop 21 0.13 0.32
@ High Traffic Street/Highway 261 0.40 0.83
E g Medium Traffic Street 113 0.33 0.58
Elg Low Traffic/Residential Street 86 0.36 0.47
EY Res. Driveway, Play Courts, etc. 60 0.46 0.47
High Traffic Parking Lot 120 0.39 0.60
Low Traffic Parking Lot o8 0.15 0.39

TOTAL LOAD

REQUIRED REUCTION (%) | 85% 85% 50%
REQUIRED REDUCTION (LBS)

*Pollutant Load = [EMC, mg/l] X [Volume, AF] X [2.7, Unit Conversion]

**T8S and TP calculations only required for projects not meeting CG1/CG2 or not controlling less than 90% of the
disturbed area

-15-
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Worksheet 13 - Pollutant Reduction Through BMP Applications*

*Fill this worksheet out for each BMP type with different pollutant removal efficiencies. Sum pollutant reduction
achieved for all BMP types on final sheet.

BMP Type:

| Disturbed Area Controlled by this BMPs (AC)

Disturbed Area Controlled by this BMPs:

Pollutant Pollutant Load™
TSS TP Nitrate- Runoff
EMC | EMC | Nitrite EMC | Cover | Volume | TSS*™ | TP* NO3
Land Cover Classification {(mgfl) | (mg/l) | (mg/l as N) | {Acres) (AF) (LBS) | (LBS) | (LBS)

Forest 39 0.15 017
Meadow 47 0.19 0.3
il Fertilized Planting Area a5 1.34 073
g E Mative Planting Area 55 0.40 0.33
o2 Lawn, Low-Input 180 0.40 0.44
Lawn, High-lnput 180 222 1.46
Golf Course Fairway/Green 305 1.07 1.84
Grassed Athletic Field 200 1.07 1.01
Rooftop 21 013 0.32
i High Traffic Street/Highway 261 0.40 0.83
_3 E Medium Traffic Street 113 0.33 0.58
g;_ g Low Traffic/Residential Street 86 0.36 0.47
E @ Res. Driveway, Play Courts, etc. 60 0.46 0.47
High Traffic Parking Lot 120 0.39 0.60
Low Traffic Parking Lot 58 0.15 0.39

TOTAL LOAD TO THIS BMP TYPE

POLLUTANT REMOVAL EFFICIENCIES FROM APPENDIX A. STORMWATER MANUAL (%) | 85% 85% 50%

POLLUTANT REDUCITON ACHIEVED BY THIS BMP TYPE (LBS)

POLLUTANT REDUCTION ACHIEVED BY ALL BMP TYPES (LBS)

REQUIRED REDUCTION from WS12 (LBS)

*Pollutant Load = [EMC, mg/l] X [Volume, AF] X [2.7, Unit Conversion]

**T8S and TP calculations only required for projects not meeting CG1/CG2 or not controlling less than 90% of the
disturbed area

-16 -
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CHAPTER 4, APPENDIX C

SAMPLE STORMWATER AND FLOODPLAIN MANAGEMENT CONSISTENCY
LETTERS

4C.0INTRODUCTION

Water obstructions and encroachments requiring PA DEP permits are often additionally regulated under a
watershed-based or county-wide Stormwater Management Plan adopted under the Stormwater Management Act (32
P.S. 88 680.1-680.17). If such a plan exists, an analysis of the proposed project's impact on the Stormwater
Management Plan must be undertaken and reviewed by either the local municipality or the county in which the
project is located. The analysis and a letter of review from the municipality or county must be included in the
application package.

If the proposed water obstruction or encroachment is located within a floodway delineated on a FEMA map, an
analysis of the project's impact on the floodway delineation and water surface profiles may be required. The
analysis and a letter of review from the municipality must be included in the application package.

4C.1STORMWATER CONSISTENCY LETTER

LETTER FROM MUNICIPALITY OR COUNTY TO APPLICANT
FOR STORMWATER PLAN CONSISTENCY

Date

{Name of Project Manager}
PennDQOT District
{Address}

Dear {Name of Project Manager}:
This letter is to support PennDOT's project to {describe project activities} on Section {insert section number} of
State Route {insert route number}. All or a portion of the proposed project discharges into a watershed that contains

a PA DEP approved Act 167 Stormwater Management Plan.

We concur that the proposed project is consistent with the standards in the {insert name of watershed} Act 167
Stormwater Management Plan, as it was approved by PA DEP in {insert year of approval}.

Sincerely,
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4C.2 FLOODPLAIN CONSISTENCY LETTER

LETTER FROM MUNICIPALITY OR COUNTY TO APPLICANT
FOR FLOODPLAIN CONSISTENCY

Date

{Name of Project Manager}
PennDOT District
{Address}

Dear {Name of Project Manager}:
This letter is to support PennDOT's project to {describe project activities} on Section {insert section number} of
State Route {insert route number}. A portion of the project encroaches on the floodway of a detailed FEMA flood

study.

We concur that the proposed project is consistent with FEMA floodplain regulations related to projects encroaching
on a delineated floodway.

Sincerely,
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CHAPTER 4, APPENDIX D

SAMPLE PNDI PROJECT ENVIRONMENTAL REVIEW RECEIPT
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CHAPTER 6

DATA COLLECTION

6.0 OVERVIEW

A. Introduction. It is necessary to identify the types of data required prior to conducting the hydrologic and
hydraulic, stormwater management, highway drainage, or erosion and sediment pollution control engineering
analysis. The effort necessary for data collection and compilation is to be tailored to the importance of the project.
Not all data discussed in this chapter is needed for every project. Appendix 6A, Sources of Data and Data Access
Quick Reference Guide, provides a quick reference guide to types of data required for PennDOT projects and the
web source to find them.

Data collection for a specific project is to be commensurate with the project scope and tailored to:

e  Site conditions.

Scope of the engineering analysis.

Social, economic, environmental and archaeological requirements.
Unique project requirements.

Regulatory requirements.

Uniform or standardized survey requirements for all projects may prove uneconomical or data deficient for a
specific project. Special instructions outlining data requirements may have to be provided to the survey party by the
designer for unique sites.

B. Data Requirements. This chapter outlines the types of data that are normally required for drainage analysis
and design, possible sources and other aspects of data collection. The following subjects are presented in this
chapter:

Types of data and data collection.
Site investigation.

Survey information.

Data evaluation.

Sources of data in the appendices.

6.1 TYPES OF DATA REQUIRED AND DATA COLLECTION

A. General. The designer is to compile data that is specific to the subject site. The major types of data that may
be required are:

e  Permit and environmental regulation requirements.

e  Watershed characteristics.

e  Stream-reach data (especially in the vicinity of the facility).

e  Existing facility data.

e  Other physical data in the general vicinity of the facility (e.g., utilities, easements).

e  Hydrologic and meteorologic data (stream-flow and rainfall data related to maximum or historical peak
and low-flow discharges and hydrographs applicable to the site).

e  Existing land-cover data in the subject drainage area and in the general vicinity of the facility.

e  Floodplain, environmental and archaeological data.

e  Channel meander data.

e  Aerial photographs.

e  Photographs as described in Section 6.1.E and Publication 13M, Design Manual, Part 2, Highway Design,

Chapter 10, Sections 10.7.B. and 10.7.C.
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Watershed, stream-reach and site characteristic data, and data on other physical characteristics can be obtained from
a site investigation (field reconnaissance) of the site. Examination of available maps and aerial photographs of the
watershed is also an excellent means of defining physical characteristics of the watershed.

Prior to initiating data collection, the designer should review the following data collection references, as they relate
to the project:

Preliminary data collection requirements for roadway drainage facilities per Publication 13M, Design
Manual, Part 2, Highway Design, Chapter 10, Section 10.2.B.

Site investigation per Chapter 7, Hydrology, Section 7.0.E.

Site-specific characteristics per Chapter 7, Hydrology, Section 7.1.K.

Site flood history per Chapter 7, Hydrology, Section 7.3.D and Publication 13M, Design Manual, Part 2,
Highway Design, Chapter 10, Section 10.6.C.1.

FEMA studies per Publication 13M, Desigh Manual, Part 2, Highway Design, Chapter 10, Section
10.6.C.2.

Data requirements for the slope conveyance method per Chapter 8, Open Channels, Section 8.4.C.

Data requirements for the standard step-backwater method per Chapter 8, Open Channels, Section 8.5.C.
Culvert site data collection per Chapter 9, Culverts, Section 9.1.C.

Bridge site data collection per Chapter 10, Bridge Hydraulics, Section 10.3.

Storm drain systems per Chapter 13, Storm Drainage Systems, Section 13.2.C.

Stormwater best management practice (BMP) data needs per Chapter 14, Post-Construction Stormwater
Management, Section 14.9.

B. Watershed Characteristics. Following is a brief description of the major data topics that relate to drainage
facility analysis and design. Additional discussion is contained in Chapter 13, Storm Drainage Systems.

1.

Watershed Characteristics.

a. Contributing Size. The size of the contributing drainage area expressed in hectares, square
kilometers or square meters (acres or square miles) is determined from some or all of the following:

e  Direct field surveys with conventional surveying instruments.

e  Use of State highway planning or survey maps or construction drawings; Use of aerial maps or
aerial photographs that have been produced by United States Geological Survey (USGS),
Pennsylvania Department of Conservation and Natural Resources (DCNR), Delaware Valley
Regional Planning Commission (DVRPC) or other Federal, State or Local Agency.

. Light Detection And Ranging (LiDAR) data.

e  Use of USGS topographic maps, aerial photographs, and digital elevation models.

e  Other topographic maps of the drainage area may also be obtained from municipal and county
entities and local developers.

In determining the size of the contributing drainage area, any subterranean flow or any areas outside the
physical boundaries of the drainage area that have runoff diverted into the drainage area being analyzed
are to be included in the total contributing drainage area. In addition, a determination needs to be made if
flood waters are diverted out of the basin before reaching the site.

Field checks may be required to determine any changes in the contributing drainage area that does not
show up on the mapped data such as:

Terraces.

Storage areas (lakes, reservoirs, sinks or wetlands).
Debris barrier.

Reclamation/flood-control structures.

Irrigation or other diversions.

Storm drainage systems.
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b. Slopes. The slope of the stream and the average slope of the watershed (basin slope) are to be
determined. Hydrologic and hydraulic procedures in other chapters of this manual are dependent on
watershed slopes and other factors. Watershed slopes can be determined in the Watershed Modeling
System, Geographic Information System (GIS) software, or USGS StreamStats. Results determined from
digital or electronic means have sometimes produced erroneous results; therefore, all results have to be
reviewed to determine if they are reasonable.

2. Watershed Land Use / Land Cover. Within the watershed, the designer is to define and document the
current land use and land cover. In particular, the location and degree of urbanization occurring within the
watershed needs to be defined and documented, as well as the information source. Information on existing
land cover or urbanization trends may be obtained from:

e  Field review.

e  Aerial photographs (conventional and infrared).

Zoning maps and master plans.

USGS national land cover dataset (NLCD) and other maps.
Municipal, county and regional planning agencies.

Tax assessors.

LiDAR orthophotographs.

Landsat (satellite) images.

Specific information about particular tracts of land can often be obtained from owners, developers, realtors and
local residents. Exercise care in using data from these sources because their reliability may be questionable,
and these sources may not be aware of future development within the watershed that might affect specific land
uses.

Land-cover (what actually shows as covering the ground as from aerial photographs) is typically the layer used
for hydrologic modeling. Land use, on the other hand, is sometimes classified by tax parcel, and although a tax
parcel may be classified as "Industrial”, a large percentage of the tract may actually have a forest or meadow
land cover. Existing land-cover data for small watersheds can sometimes best be determined or verified from a
field survey.

3. Ponds, Lakes, Reservoirs, Wetlands and Detention Basins. For the streams, rivers, ponds, lakes,
reservoirs, wetlands and detention basins that affect or may be affected by the proposed structure or
construction, the following list of data is to be secured. The designer is to determine if there is enough storage
above normal pool in the pond, lake or reservoir to attenuate flood flows. If the inflow is essentially the same
as the outflow, the following information need not be obtained. For those ponds, lakes or reservoirs that
reduce the outflow, a hydrologic model such as HEC-1 or HEC-HMS may be required to model inflow versus
outflow (see Chapter 7, Hydrology). For those structures that may influence the design of the PennDOT
structure, the following data are essential in determining the expected hydrology and may be needed for
regulatory permits:

e  The boundary (perimeter) of the water body for the normal pool elevation.

e  Elevations of normal and highwater for various frequencies.

e  Detailed description of any natural or manmade spillway or outlet works including dimensions,
elevations, coefficients, capacities and operational characteristics.

e  Detailed descriptions of any emergency spillway works including dimensions, elevations,
coefficients and capacities.

e  Document descriptions of adjustable gates and water-control devices.

e  Stage/storage/discharge (S/S/D) curves.

e  Use of the water resource (stock water, fish, recreation, power, irrigation, municipal or industrial
water supply).

e  Existing conditions of the stream, river, pond, lake or wetlands as to turbidity and silt.

e  Classification of waters in the Commonwealth.

e  Riparian ownership(s) and riparian requirements according to 25 PA Code §102, Erosion and
Sediment Control.
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PA DEP Division of Dam Safety has data on regulated high hazard dams in the State. The high hazard dams,
meaning that in the unlikely event of a structural failure, the loss of life or property in downstream
communities would be possible, may influence the hydrology of a watershed.

4.  Environmental Considerations. The need for environmental data in the engineering analysis and design
stems from the need to investigate and mitigate possible impacts due to specific design configurations.
Environmental data needs may be summarized as follows:

o Identify information necessary to define the environmental sensitivity of the facility's site relative to
impacted surface waters (e.g., water use, water quality and standards, aquatic and riparian wildlife,
biology, and wetlands information). Some of this information is available in the water-quality
standards and criteria published by PA DEP (e.g., 25 PA Code §93, Water Quality Standards).

e  Physical, chemical and biological data for many streams are also available from Federal water
pollution control agencies such as Environmental Protection Agency (EPA), USGS and
municipalities, conservation districts, county planning commissions, and industries that use surface
waters as a source of water supply. In unique instances, a data collection program possibly lasting
several years and tailored to the site may be required.

e  The designer is to gather information necessary to determine the most environmentally compatible
design (e.g., circulation patterns, sediment transport data, low flow fish passage). Data on
circulation, water velocity, water quality and wetlands are available from the USGS, USACE,
United States Fish and Wildlife Service (USFWS), universities, marine institutes and other State,
Federal and local agencies and organizations.

. Information necessary to define the need for and design of mitigation measures is to be obtained,
including fish characteristics (type, size, migratory habits), fish habitat (depth, cover, pool-riffle
relationship), sediment analysis and water-use and quality standards. Fish and fish habitat
information is available from PA DEP, PA Fish and Boat Commission, and other State and Federal
fish and game agencies.

e  Wetlands are unique in that they provide unique habitat and contain unique species and data needs
can be identified through coordination with PA DEP, US Fish and Boat Commission, USACE, and
USFWS, etc.

C. Geographic Information Systems (GIS) Data. GIS data may be used as a source of georeferenced watershed
data required in hydrologic and hydraulic design decision making. For example, a GIS can be used to develop and
store a database containing the land cover, soil type and digital elevation models (DEMs) or topography for a
watershed. This database may then be used to produce the design hydrographs and an array of maps, graphs and
tables needed to complete the hydrologic analysis.

The current state-of-the-art understanding of GIS data gathering in hydrologic models is available from numerous
textbooks, including Watersheds: Processes, Assessment and Management (DeBarry, 2004) and GIS Modules and
Distributed Models of the Watershed (DeBarry and Quimpo, et.al ASCE, 1999). Most of the digital data required
for hydrologic and hydraulic modeling can be found on the Pennsylvania Spatial Data Access (PASDA) website or
other website as listed in Appendix 6A, Sources of Data and Data Access Quick Reference Guide.

Several methods to use electronic data for hydraulic and hydrologic studies are available. Design of drainage
systems can be accomplished using CADD software and electronic surface data. Hydrologic and hydraulic models
can be developed using this data.

The types of data normally used by digital models are:

Elevation data;

Features (e.g., streams and roadways);
Land use; and

Soils and infiltration.

Some of the electronic data is readily available, though not always with the desired resolution. Elevation data is
available from the USGS in DEM format. The data is normally available in Universal Transverse Mercator (UTM)
coordinates and in 5 m to 90 m (15 ft to 300 ft) resolution, depending on the location. Natural Resources

6-4
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Conservation Service (NRCS) also maintains soil and land-use data basis in GIS formats in certain areas. Detailed
hydraulic and hydrologic studies may require higher resolution elevation data than is normally available through
USGS and NRCS. Higher resolution (LiDAR) elevation, orthoimagery and land cover data is available through
PASDA for most of the State, and its availability can be determined from the PASDA website as shown in
Appendix 6A, Sources of Data and Data Access Quick Reference Guide.

D. National Flood Insurance Program. Many streams have been analyzed for local flood insurance studies
(FIS). In some cases, the discharges and hydraulic models are available from FEMA. Even though these studies are
a good source of data, their technical content is to be reviewed prior to using the data. Many of the studies are
outdated and/or may not reflect changes that may have occurred in the study reach since its initial publication.

Procedures and where to obtain FEMA publications may be found in Publication 13M, Design Manual, Part 2,
Highway Design, Chapter 10, Sections 10.1.A.4, 10.6.C.2, 10.7.C.8.h, 10.7.C.9 and in Publication 13M, Design
Manual, Part 2, Highway Design, Chapter 10, Appendices A, C and F. Appendix 6A, Sources of Data and Data
Access Quick Reference Guide, lists addresses and the FEMA website to access Flood Insurance Studies and maps.

E. Field Investigation - Site Characteristics. Site investigations made by the designer will enable them to
become familiar with the site. The most complete survey data cannot adequately depict all site conditions or
substitute for personal inspection by someone experienced in drainage design.

Several criteria are to be established before making the field visit. Any needed information that can be obtained
from maps, from aerial photos or by telephone calls should be obtained before the site visit. The research prior to
the field visit will aid in identifying the critical features to be investigated at the site. Known the critical features to
research will also identify the equipment to take to the site to enable an effective field visit.

Stream classifications for Pennsylvania are shown in Table 6.1.

Table 6.1. Pennsylvania Stream Classifications.

Stream Classification Code Agency

Special Protection (High Quality or Exceptional Value) HQorEV PADEP

High Quality, Cold Water Fishery HQ-CWF  PA DEP

Warm Water Fishery WWF PA DEP

Migratory Fishery Waters MFW PA DEP

Trout Stocked Fishery TSF PA DEP

Approved Trout Waters PA F&B Commission
Class A Wild Trout Waters PA F&B Commission
Special Regulation Areas PA F&B Commission
Stream Sections that Support Natural Reproduction of Trout PA F&B Commission
Wilderness Trout Streams PA F&B Commission
Wild or Scenic River PA DCNR

Perennial or Intermittent USGS

Navigable Waters USCG, USACE

Website references with more detail on each stream classification are found in Appendix 6A, Sources of Data and
Data Access Quick Reference Guide. The designer is to determine how the stream is classified before going to the
site, so the appropriate characteristics can be observed.

The actual visit to the project site is to be made before or in combination with the field survey and before the
preliminary hydraulic design is started. This may be combined with the visit by others (e.g., the surveyor, roadway
and structural designers, wetland scientists, environmental reviewers, PennDOT maintenance personnel, local
officials). The designer may visit the site separately, due to interests that are different from the others and the time
required to obtain the data as warranted below.
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The designer is to inspect the site and its contributing watershed (if necessary) to determine the required field and/or
aerial drainage survey data required for the hydraulic analysis and design. Factors that most often need to be
confirmed by field inspection are:

Selection of roughness coefficients (see below).

Estimation of Dx,.

Evaluation of apparent flow direction and diversions.

Flow concentration.

Observation of land use and related flood hazards.

High-water marks or profiles including the date of occurrence and related frequencies.
Existing structure size and type.

Existence of wetlands.

Drift/debris characteristics.

General ecological information on the drainage area and adjacent lands.
Scour.

Streambank erosion.

A complete understanding of the physical nature of the natural channel or stream reach is of prime importance to a
good hydraulic design, particularly at the site of interest. Any work being performed, proposed or completed that
changes the hydraulic efficiency of a stream reach must be studied to determine its effect on the stream flow. The
designer needs to be aware of plans for channel modifications and any other changes that might affect the facility
design.

Geomorphological data are important in the analysis of channel stability and scour. Types of needed data are:

Sediment transport and related data.

Stability of form over time (braided and meandering).
Scour history/evidence of scour.

Median bed-sediment size Dx.

Bed and bank material identification.

All required information to apply for the environmental and waterway encroachment permits is to be compiled by
the designer. Appendix 10A, Field Checklist for the Preliminary Design Permit Coordination, provides a field
checklist for preliminary design permit coordination that is to be completed as part of the site inspection. At a
minimum, photos looking upstream and downstream from the site and along the contemplated highway centerline in
both directions are to be taken. Details of the streambed and banks as well as the structures in the vicinity both
upstream and downstream are to also be photographed. Close-up photographs complete with a surveyors rod are
beneficial to facilitate estimates of structure and parapet dimensions and the streambed gradation.

Other data to be obtained from the site investigation includes:

1.  Roughness Coefficients. Estimate roughness coefficients, ordinarily in the form of Manning's n values,
for the entire flood limits of the study area. A tabulation of Manning's n values with descriptions of their
applications can be found in Chapter 8, Open Channels.

2. Acceptable Flood Levels. Acceptable flood levels are based upon Publication 13M, Design Manual, Part
2, Highway Design, Chapter 10, Table 10.6.1. Development and property use adjacent to the proposed site,
both upstream and downstream, may require consideration of different flood levels. Note the floor elevations
of structures or fixtures. In the absence of upstream development, acceptable flood levels may be based on
tailwater and freeboard requirements of the highway itself. In these instances, the presence of downstream
development may determine appropriate overflow points when an overtopping design of the highway is
considered.

3. Flood History. The history of past floods and their effect on existing structures are of exceptional value
in making flood hazard evaluation studies, and they provide needed information for sizing structures.
Information may be obtained from newspaper accounts, local residents, flood marks, consideration of local
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studies conducted for approved Act 167 plans, or other positive evidence of the height of historical floods.
Changes in channel and watershed conditions since the occurrence of the flood needs to be evaluated in
relating historical floods to present conditions.

Recorded flood data are available from agencies such as:

e USACE.
o USGS.
e NRCS.
e FEMA.
e PEMA.
e PADEP.

. PennDOT Maintenance.
e  Local agencies.

4. Debris and Ice. To assist with the design of a structure, investigate the quantity and size of debris and ice
carried or available for transport by a stream during flood events. In addition, determine the times of
occurrence of debris and ice in relation to the occurrence of flood peaks, and consider the effect of backwater
from debris and ice jams on recorded flood heights when using stream flow records.

5. Scour Potential. Scour potential is an important consideration relative to the stability of the structure over
time. Determine the scour potential by a combination of the stability of the natural materials at the facility site,
tractive shear force exerted by the stream and sediment transport characteristics of the stream. Data on natural
materials can be obtained from tests at the site and is to follow Publication 15M, Design Manual, Part 4,
Structures, Chapter 7.

Bed and bank material samples sufficient for classifying channel type, stability and gradations, and a
geotechnical study to determine the substrata if scour studies are needed, are required.

6. Controls Affecting Design Criteria. Many controls affect the criteria applied to the final design of
drainage structures including allowable headwater level, allowable flood level, allowable velocities and
resulting scour and other site-specific considerations. Data and information related to such controls can be
obtained from Federal, state, and local regulatory agencies and site investigations to determine what natural or
man-made controls to be considered during design. In addition, there may be downstream and upstream
controls to be documented.

7. Downstream Control. Any lakes, ponds, or reservoirs, inline weirs or low-head dams, including their
spillway elevations and design levels of operation, or other obstructions need to be noted because their effect
on backwater and/or streambed aggradation may directly influence the proposed structure. In addition, any
downstream confluence of two or more streams needs to be studied to determine the effects of backwater or
streambed change resulting from that confluence.

8. Upstream Control. Note the upstream control of runoff in the watershed. Conservation and/or flood
control reservoirs in the watershed may effectively reduce peak discharges at the site and may also retain some
of the watershed runoff. Obtain capacities and operational designs for these features from the dam owner or
PA DEP Dam Safety. NRCS, USACE, consulting engineers and other reservoir sponsors, such as water
companies, often have complete reports concerning the operational and design of proposed or existing
conservation and/or flood control reservoirs.

The redirection of flood waters can significantly affect the hydraulic performance of a site. Some actions that
redirect flows are irrigation facilities, debris jams, mud flows and highways or railroads.

For further information on accumulation of preliminary data refer to Publication 13M, Design Manual, Part 2,
Highway Design, Chapter 10, Section 10.2.B. and Publication 10C, Design Manual, Part 1C, Transportation
Engineering Procedures, Chapter 3. The Hydrologic and Hydraulic Site Investigation Data Collection Form is
located in Appendix 6B, Hydraulic Site Investigation Forms. For stream meander and instability data collection
forms, refer to FHWA HEC-20, Stream Stability at Highway Structure, Appendix C.
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F.  Survey Information.

1. General. Complete and accurate survey information is necessary to develop a design that best serves the
requirements of a site. The project manager in charge of the drainage survey is to have a general knowledge of
drainage design and, as such, coordinate the data collection with the designer. The amount of survey data
gathered is to be commensurate with the importance and cost of the proposed structure and the expected flood
hazard as discussed in Section 6.2.B and Appendix 6C, Hydraulic Survey Instructions.

The data that can be obtained or verified are:

e  Stream-reach data (e.g., channel and floodplain cross sections, thalweg profile, top of banks).

e  Existing structures.

. Location and survey for development, existing structures, etc., that may affect the determination of
allowable flood levels, capacity of proposed drainage facilities or acceptable outlet velocities.

Much of these data can only be obtained from an on-site survey. It is often much easier to interpret published
sources of data after an on-site inspection. Final design of the hydraulic facility can only occur after a
thorough study of the area and a complete collection of all required information. All pertinent data and facts
gathered through the survey are to be documented as discussed in Chapter 4, Documentation and Document
Retention.

At many sites, photogrammetry is an excellent method of securing the topographical components of drainage
surveys. Planimetric and topographic data covering a wide area are easily and cost effectively obtained in
many geographic areas. A supplemental field survey is required to provide data in areas obscured on the aerial
photos (e.g., underwater and heavy vegetation).

To avoid repeat visits, complete as much data collection as possible during the initial survey. Thus, identify
and tailor data needs to satisfy the requirements of the specific location and size of the project early in the
project design phase. Coordination by the project manager with all subconsultants requiring drainage-related
survey data before the initial field work is started to ensure the acquisition of sufficient, but not excessive,
survey data.

2. Drainage Surveys. Survey requirements for small drainage facilities (e.g., small culverts) are less
extensive than those for major facilities (e.g., bridges). However, the purpose of each survey is to provide an
accurate picture of the conditions within the zone of hydraulic influence of the facility. The surveyor is to
obtain storm drains, inlets and inlet types, curbs, invert elevations, top of grate elevations and types, slopes,
pipe sizes and materials. In addition, reference the following publications:

e  Publication 70M, Guidelines for the Design of Local Roads and Streets.
e  Publication 72M, Roadway Construction Standards.
e  Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10.

3. Surveys for Hydraulic Studies. PennDOT's general guide for H&H field survey data required to be
obtained by surveyors for proper HEC-RAS analyses is found in Appendix 6C, Hydraulic Survey Instructions.
Data typically collected during the site investigation may also be found in:

e  Chapter 7, Hydrology, Section 7.0.E.
e  Publication 122M, Surveying and Mapping Manual, Part A, Section 6.2.
e  Publication 73, Drainage Condition Survey Field Manual.

Generally, the information required includes:

a. Stream Profile. Obtain streambed profile data in accordance with Publication 13M, Design Manual,
Part 2, Highway Design, Chapter 10, Section 10.7.B.6.a.(5). Extend these data a minimum of 150 m (500
ft) upstream and 150 m (500 ft) downstream from the existing and proposed crossings. In some
instances, profile information may be needed beyond the 150 m (500 ft) to determine the average slope
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and to encompass any proposed construction or aberrations. For instance, where the stream slope is
extremely flat, or the channel very wide, additional downstream profile and cross section data may be
required to properly model the subcritical backwater. In some instances, identification of "headcuts" that
could migrate to the site under consideration is particularly important. Where there is a stream gage
relatively close, obtain the gage height, discharge, date and hour of the reading. See Appendix 6C,
Hydraulic Survey Instructions, and the HEC-RAS Hydraulic Reference Manual for suggested modeling
limits.

b. Stream Cross Sections. Obtain stream cross section data that represents the conditions at the
structure site. In addition, obtain stream cross section data at other locations where stage - discharge and
related calculations are necessary e.g., the proposed crossing, location of temporary measures, etc. See
Appendix 6C, Hydraulic Survey Instructions, and the HEC-RAS Hydraulic Reference Manual for specific
cross section location suggestions and requirements for bounding structure sections.

c.  Existing Structures. Obtain the location, size, description, condition, observed flood stages and
channel section relative to existing structures on the stream reach and near the site to determine their
capacity and effect on the stream flow. Investigate any structures, downstream or upstream, that may
cause backwater or retard stream flow. In addition, note the manner in which existing structures have
been functioning with regard to such items as scour, overtopping, debris and ice passage, fish passage,
etc. For bridges, this data includes span lengths, type of piers and substructure orientation, which usually
can be obtained from existing structure plans but needs to be verified with field survey. The necessary
culvert data includes size, inlet and outlet geometry, slope, end treatment, culvert material and flow-line
profile.

"As-built" highway construction plans may be available to obtain required bridge and/or culvert data.
Photographs and high-water profiles or marks of flood events at the structure and past flood scour data can be
valuable in assessing the hydraulic performance of the existing facility.

Additional information may be required depending on the nature of the activity and the extent of regulatory
involvement.

Other required data may be obtained as described in Publication 10C, Design Manual, Part 1C, Transportation
Engineering Procedures, Chapter 4.

4. LiDAR Data. The Pennsylvania Department of Conservation and Natural Resources (DCNR) through
the PAMAP program, collected high-resolution light detection and ranging (LIiDAR) elevation data for the
entire state. LiDAR data is used to produce various elevation data products including point based digital
terrain models (DTM); grid-based digital elevation models (DEM), and contours. In addition to these "end
user" products, LIDAR processing generates other data resources, including the raw point cloud, processed
points, and breaklines.

LiDAR topographic data can be utilized for floodplain elevations for cross sections, and the data can be
combined with detailed culvert or bridge and channel data to create a good base for hydraulic modeling.

The terrain data products include:

o Digital Elevation Model —a 1 m (3.2 ft) pixel equivalent raster GeoTIFF Digital Elevation Model
(DEM). Each pixel in the DEM has an interpolated elevation value. Each DEM is approximately
37.5 MB in size. The data has a 1.4 m (4.6 ft) average point spacing (2 m (6.56 ft) maximum) with
a bare earth surface vertical accuracy of 0.185 m (0.61 ft) RMSE. All data is in units of feet,
NADS83 horizontal datum, Ellipsoid GRS80, NAVD88 vertical datum, and Geoid03. The data is
used to produce 0.6 m (2 ft) contour data set.

e  Contours — a three-dimensional (3D) shapefile of 0.6 m (2 ft) contours is provided for each tile.
Each contour is attributed with its elevation value and whether it is an intermediate (0.6 m (2 ft)
interval) or index (3 m (10 ft) interval) contour. The size of each shapefile varies.

e  Breaklines — a 3D shapefile of breakline is provided for each tile. The breaklines are interpreted
from the PAMAP orthophotos and the LiDAR data is used to provide elevation (z-values) to each
line. The breaklines are used in the creation of the DEM and contours. Each breakline is attributed
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for feature type (e.g., edge of road); the feature types are documented in metadata. The size of each

shapefile varies.

PAMAP data are organized into tiles, which do not have gaps or overlaps. Each tile represents 3048 m by
3048 m (10,000 ft by 10,000 ft) on the ground. The coordinate system for tiles in the northern half of the state
(6679 tiles) is Pennsylvania State Plane North (datum: NAD83, units: feet); tiles in the southern half of the
state (6736 tiles) are in Pennsylvania State Plane South as shown in Figure 6.1. A tile name is formed by
concatenating the first four digits of the state plane northing and easting defining the block’s northwest corner,

the State identifier "PA", and the state plane zone designator "N" or "S" (e.g. 45001210PAS).

The PAMAP tile structure can be viewed and queried using PASDA's Pennsylvania Imagery Navigator
application and the tile shapefiles can be downloaded from PASDA as indicated in Appendix 6A, Sources of

Data and Data Access Quick Reference Guide.

Figure 6.1. PAMAP Tile Structure.
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The DEM s are not designed specifically for large map scale hydrologic modeling. For instance, stream channels do
not continue under roads in the DEMs (i.e., features such as culverts are not factored into the creation of the DEM).
Therefore, the DEM data may need to be manipulated before use with hydrologic models. The LiDAR data,
although accurate for overbank floodplain use, does not provide the accuracy around bridges or within streambanks.
The normal approach is to develop topographic surveys for a project in these areas.

The LiDAR also produce orthoimagery. All imagery with the exception of the 2003 data is 1:2400 scale, 0.3 m
(1 ft) pixel resolution, color data. The 2003 data is 0.6 m (2 ft) pixel resolution. The PAMAP imagery can be
viewed using the prototype PAMAP Viewer found in Appendix 6A, Sources of Data and Data Access Quick
Reference Guide.

In addition to actual field survey and LiDAR data, there are two basic methods to develop topographic surveys:

e  Global Positioning System (GPS); and,
e Aerial photogrammetry.

Both basic methods to develop topographic surveys are discussed in more detail below.

G. Global Positioning System (GPS). Field data collection is normally accomplished using electronic survey

equipment such as Total Station and GPS.
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Using Total Station as a data collection tool, the engineer can develop topographic mapping directly from the field
work, with little additional processing. This information can be directly used in certain highway or hydraulics
software, saving time and resources in the tedious process of survey decoding and data entry. Digital Elevation
Models (DEMs) or Digital Surface Models can be developed using the data collected using this method. Other
feature data (e.g., flood limits, bank full indicators, vegetation markers, point bars, flow boundaries) can also be
located by a surveyor and automatically decoded along with the elevation data. The accuracy of this method can be
very high and is dependent on the experience of the field personnel.

Hand-held GPS units that have sub-meter horizontal precision are available. Hand-held GPS based surveying is still
less accurate because it depends on many factors such as accuracy of the unit, location of the survey reach and time
of day. Vertical precision to collect elevation data is not sufficiently accurate around bridges for many design
functions. However, this method makes a one-person survey crew possible with minimal training. GPS data can be
obtained by a hydraulics engineer during a site visit. This facilitates rapid development of field data, especially
location data, and quick office evaluations. For further information, reference Publication 122M, Surveying and
Mapping Manual, Part A, Chapter 8.

H. Aerial Photogrammetry. Under this method, topographic mapping is developed using pictures of the ground
taken from an aircraft or satellite. Ground controls are established using field survey methods and contours are
developed.

Aircraft used for taking photographs can be fixed wing (airplane) or helicopter. Fixed wing still is the most
economical method; however, helicopter based surveys offer low altitude flights, resulting in much higher accuracy.
The pictures taken can also be used as data for hydraulic investigations and studies.

High-resolution satellite and multi-spectral imagery is available and may be substituted for other methods if
necessary. Satellite imagery can be used to determine land uses. Because satellite data is stored for a period of
time, multi-spectral satellite imagery can also be used to investigate flooding, actually after an event has occurred.
Potentially, the technology can be used to develop "before-and-after” images and topography to investigate a flood
event or other significant change in an area of interest and can be obtained through FEMA or USGS.

A new method of aerial topographic generation is using laser or radar beams from an aircraft carrying differential
GPS. The laser-based method is called Light Detection and Ranging (LiDAR). LiDAR or radar generated data
have the advantage of being inexpensive when compared to traditional photogrammetry. However, the accuracy is
highly dependent on the technology available to the vendor in aerial equipment and available software to filter trees
and other covered land areas. The LiDAR dataset also provides aerial imagery from which land use can be
determined. The specifications for the LiDAR orthoimagery are:

e  Dataset name: PAMAP Program High Resolution Color Orthophotography.

e  Data currentness: Maintained on a 3 year cycle.

e  Accuracy/Scale: For 2004-2006 images, 0.3 m (1 ft) pixel resolution, 1:2400 scale + 1.5 m (5 ft)
horizontally at the 95% confidence level for true 0.3 m (1 ft) resolution). The horizontal accuracy
standard follows the NSSDA-1998 standard. For 2003 images, 0.6 m (2 ft) pixel resolution, 1:2400 scale.

e  Ground sample resolution: 0.3 m (1 ft).

. Horizontal datum: NAD 83.

For further information, reference Publication 122M, Surveying and Mapping Manual, Part B.

I.  Channel Meander and Instability Data. Oftentimes, practicing engineers need to evaluate and determine
bridge and other highway facility locations and sizes and ascertain the need for countermeasures considering the
potential impacts of channel meander migration over the life of a bridge or highway river crossing. Rivers prone to
channel migration may be spanned by static structures and paralleled by fixed highway alignments and
appurtenances. Channel migration (alluvial river meander, platform deformation) is a major consideration in
designing bridge crossings and other transportation facilities in affected areas; it causes the channel alignment and
approach conditions present during construction to deteriorate as the upstream channel location changes. Channel
migration can result in the following:

e  Excess bridge pier and abutment scour,
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e Threats to bridge approaches and other highway infrastructure,
e Worsened debris problems, and
e  Obstructed conveyance through bridge openings.

Channel migration is typically an incremental process. On meandering streams, the problem at a bridge site may
become apparent two or three decades after the bridge is constructed. Channel migration is often evident throughout
large sections of a drainage basin; it is not localized in the vicinity of a bridge. It is a natural phenomenon that
occurs in the absence of specific disturbances, but may be exacerbated by such basin-wide factors as land use
changes, gravel mining, dam construction, and removal of vegetation. Remedial action such as constructing guide
banks or installing bank protection becomes increasingly expensive or difficult as the channel migrates. A
methodology was developed to evaluate the potential for channel movement and predict future channel migration
with and without the installation of appropriate countermeasures.

The Transportation Research Board's (TRB's) National Cooperative Highway Research Program (NCHRP) Web
Document 67, Methodology for Predicting Channel Migration, documents and presents the results of a study to
develop a practical methodology to predict the rate and extent of channel migration in proximity to transportation
facilities. The principal product of this research was NCHRP Report 533, Handbook for Predicting Stream
Meander Migration, a stand-alone handbook for predicting stream meander migration using aerial photographs and
maps. Use of historic aerial photos to identify and predict the direction and rate of lateral channel migration, can be
an effective component of a channel stability analysis. A companion product to NCHRP Web Document 67 is
NCHRP CD 49: Archived River Meander Bend Database, a four-CD-ROM set that contains a database of 141
meander sites containing 1,503 meander bends on 89 rivers in the United States.

Identifying stream instability problems at highway-stream crossings is an important consideration at many bridges
and culverts. Guidelines for techniques for stream channel classification and reconnaissance, as well as rapid
assessment methods for channel instability are summarized in FHWA, Stream Stability at Highway Structures,
Latest Edition, Hydraulic Engineering Circular No. 20 (HEC-20). Qualitative and quantitative geomorphic and
engineering techniques useful in stream channel stability analysis are presented in this publication. Specifically,
HEC-20, Chapter 4 and HEC-20, Appendix C explain field reconnaissance and provides data collection forms
respectively, in the case that stream stability data is required for a specific project.

6.2 SOURCES OF DATA
A. Objectives. These are:

e ldentify possible sources of data.

e  Relyon PennDOT experience as to which sources yield likely desired data.

e  Use the guides in this chapter for data sources. Acquaint the designer with available data and PennDOT
procedures for acquiring it.

B. Sources. Much of the data and information necessary for the design of highway drainage facilities may be
obtained from some combination of the sources listed in Appendix 6A, Sources of Data and Data Access Quick
Reference Guide. The following information is given for each data source on the list:

Type of data;

Agency;

Address of source; and,
Web site.

Appendix 6A, Sources of Data and Data Access Quick Reference Guide, provides a quick reference guide with
internet links to quickly obtain data required.
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6.3 DATA EVALUATION

A. Objective. Once the needed data have been collected, the next step is to compile it into a usable format. The
designer determines whether the data contains inconsistencies or other unexplained anomalies that might lead to
erroneous calculations or results. The main reason for analyzing the data is to draw all of the various pieces of
collected information together and to fit them into a comprehensive and accurate representation of the hydrologic
and hydraulic characteristics of a particular site.

B. Evaluation. The designer is to carefully study the data for accuracy and reliability. Experience, knowledge
and judgment are important parts of data evaluation. It is in this phase that reliable data such as historical data and
that data obtained from measurements is separated from that which is less reliable. The data is to be evaluated by
the designer for consistency and to identify any changes from perceived final data or as-built drawings.

In reviewing previous studies and old plans for types and sources of data, determine how the data were used and any
indications of accuracy and reliability. Determine whether significant changes have occurred in the watershed and
whether the historical data can be used. Data acquired from the publications of established sources such as USGS
can usually be considered as valid and accurate. Evaluate and summarize basic data (e.g., streamflow data derived
from non-published sources) before use. In addition, compare and resolve any inconsistencies found of maps, aerial
photographs, Landsat images and land-use studies with one another and the results of the field survey. Consult
general references to help define the hydrologic character of the site or region under study and to aid in the analysis
and evaluation of data.

C. Sensitivity. Sensitivity studies may be used to evaluate data and establish the relative importance of specific
data items to the final design. Sensitivity studies consist of conducting a design with a range of values for specific
data items. The effect on the final design can then be established. This is useful in determining what specific data
items have major effects on the final design and the importance of possible data errors. For the more sensitive data
items, more time and effort is justified to be spent on making sure these data are as accurate as possible. This does
not mean that inaccurate data are accepted for less sensitive data items, but it allows prioritization of the data
collection process given a limited budget and time allocation. The effort of data collection and evaluation is to be
commensurate with the importance and extent of the project and/or facility.

D. Accuracy of Data. In any engineering computations, it is important to understand the limitations of accuracy
of the computations based on the accuracy of the input data. In step-backwater computations utilizing HEC-RAS,
there are several factors that have significant effects on the accuracy of the results: accuracy of the survey data,
correct layout of the cross-sections, spacing between cross sections, correct establishment of upstream and
downstream study limits, and selection of roughness coefficients.

Most field surveys of channel and floodplain cross sections are recorded to an accuracy of 30 mm (0.1 ft). If the
survey truly represents the cross sections of the reach of the stream being studied to a 30 mm (0.1 ft) accuracy, the
greatest accuracy that would result from a step-backwater computation could be no more than 30 mm (0.1 ft). Any
results expressed more precisely than 30 mm (0.1 ft) are simply due to the mathematics.

The accuracy of aerial survey technology for generating cross sectional coordinate data is governed by mapping
industry standards. Cross sections obtained from contours of topographic maps developed by photogrammetric
methods are generally not as accurate as those generated from field data collection methods. Aerial photography
can supplement field survey cross sections. The use of aerial elevation survey technology permits additional
coordinate points and cross sections to be obtained at small incremental cost, and the coordinate points may be
formatted for direct input into commonly used water surface profile computer programs such as HEC-RAS.

For further information on determining the relationships between (1) survey technology and accuracy employed for
determining stream cross sectional geometry, (2) degree of confidence in selecting Manning's roughness
coefficients, and (3) the resulting accuracy of hydraulic computations, refer to the USACE Publication Technical
Paper No. 114 (USACE, 1986). This publication also presents methods of determining the upstream and
downstream limits of data collection for a hydraulic study requiring a specified degree of accuracy. Computer
software has been developed to perform the calculations for the various routines presented in these publications.

E. Data Merging. Merging of electronic surface data is common during highway design. Better data is usually
collected within the highway area, while the data for the area outside the expected cut/fill lines is less precise.
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Because watershed and flood limits fall well outside the highway cut/fill lines, hydraulics engineers need to
collaborate the data that has multiple resolutions.

Electronic data is available in various forms differentiated by software products, type of data structure (DEMs and
TINS), coordinate systems (UTM, State Plane, Latitude-Longitude), units (ft or m), resolution and datums. While
merging data in different forms, take care to ensure proper conversion prior to merging. Standardizing all data to the
most current and most accurate format is the best way to ensure compatibility. There are tools available to
accomplish the data "translation."

A more serious issue in data merging is caused by differences in data resolution. For example, a digital surface
model developed using a photogrammetric method is typically of a lower resolution compared to a surface model
developed using a field data collection survey. When merging the data, elevation differences at the boundaries of
the different data areas need to be carefully reconciled.

There is often a problem with artificial pits (sinks) and peaks due to the creation of DEMs and TINs. Evaluation of
the data by the engineer is necessary to correct these inconsistencies. The designer is to reference Publication
122M, Surveying and Mapping Manual, Part A, Chapter 5.
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CHAPTER 6, APPENDIX A

SOURCES OF DATA AND DATA ACCESS QUICK REFERENCE GUIDE

This appendix includes references, data source and web links to the data most commonly used in development of
drainage, hydrologic and hydraulic, stormwater management and erosion and sediment pollution control analyses.
As with all web links, they may be updated from time to time, but were active at the time of this publication. If the
link is no longer active, the designer may search for the link, or begin with the agency web site.

6A.0 PRINCIPLE HYDROLOGIC DATA SOURCES
e METEOROLOGICAL DATA

National Oceanic and Atmospheric Agency (NOAA)
National Climatic Data Center

37 Battery Park Avenue

Federal Building

Asheville, North Carolina 28801

(704) 271-4800

Fax: (704) 271-4876

e REGIONAL AND LOCAL FLOOD STUDIES

FEMA

500 "C" Street, SW

State and Local Programs, Room 418

Washington, D.C. 20472

(Also refer to Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10, Appendix A for
procedures)

Or

Federal Insurance and Mitigation Division Director
FEMA Region IlI

615 Chestnut Street, 6™ Floor

Philadelphia, PA 19106-4404

PEMA

Pennsylvania Office of Homeland Security
2605 Interstate Drive, Suite 380
Harrisburg PA 17110

(717) 651-2715

Or

Chief, Floodplain Management Division

Department of Community and Economic Development
Keystone Building, 4™ Floor

Harrisburg, PA 17120

Surveyed high-water marks and site visits by PennDOT or the designer.
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6A.1 PRINCIPLE WATERSHED DATA SOURCES

e  USGS maps ("Quad" sheets)
U.S. Geological Survey
Rocky Mountain Mapping Center
Mail Stop 504
Denver Federal Center
Denver, Colorado 80225
(303) 236-5829

Or
Pennsylvania Spatial Data Access (PASDA), www.pasda.psu.edu/
e EROS AERIAL PHOTOGRAPHS
U.S. Geological Survey
EROS Data Center
Sioux Falls, South Dakota 57198
(605) 594-6151
e NRCS Soils Maps, websoilsurvey.nrcs.usda.gov/app/HomePage.htm
e  Site visits by PennDOT.
e  USGS StreamStats Data Site, water.usgs.gov/osw/streamstats/pennsylvania.html

e  USGS Stream Gage Data, waterdata.usgs.gov/pa/nwis/sw

e  State and local maps, geologic maps and aerial photos: Pennsylvania Spatial Data Access (PASDA),
www.pasda.psu.edu/

e  Approved county-wide or watershed stormwater management plans (Act 167 plans) and associated
studies.

6A.2 PRINCIPLE REGULATORY DATA SOURCES
e FEDERAL FLOODPLAIN DELINEATIONS AND STUDIES

Federal Emergency Management Agency
Flood Map Distribution Center

6930 (A-F) San Tomas Road

Baltimore, Maryland 21227-6227

(800) 358-9616

e FHWA DESIGN CRITERIA AND PRACTICES
Federal Highway Administration
U.S. Department of Transportation

400 Seventh Street SW
Washington, D.C. 20590
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FEDERAL REGISTERS

Superintendent of Documents

U.S. Printing Office

Washington, D.C. 20402

(202) 783-3238

USACE Section 404 Permit Program (see Section 6A.4, Principle Environmental Data Sources).

U.S. Coast Guard (USCG) (see Publication 13M, Design Manual, Part 2, Highway Design, Chapter 10,
Section 10.8).

U.S. Environmental Protection Agency (USEPA) (see Section 6A.3, Principle Environmental Data
Sources).

State Department of Environmental Protection (DEP) (see Section 6A.3, Principle Environmental Data
sources).

State Floodplain Delineation and Studies: Bureau of Waterways Engineering/PA DEP, (717) 783-1754.

6A.3 PRINCIPLE ENVIRONMENTAL DATA SOURCES

USEPA data and studies, www.epa.gov/

USACE data and studies (see Publication 13M, Design Manual Part 2, Highway Design, Chapter 10,
Section 10.9.G).

USGS water quality data, waterdata.usgs.gov/nwis
State water quality data, www.depweb.state.pa.us — Go to "Water Topics."
Environmental statements prepared by other Federal, State and local agencies and private parties.

Environmental data from others.

6A.4 OTHER DATA SOURCES

Regional U.S. Environmental Protection Agency (USEPA)
EPA Region 3 Regional Office

1650 Arch Street

Philadelphia, PA 19103-2029

(800) 438-2474

Regional U.S. Federal Emergency Management Agency (FEMA)
Federal Emergency Management Agency

615 Chestnut Street

Office Independence Mall, Sixth Floor

Philadelphia, PA 19106-4404

(215) 931-5608
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e  Regional and State U.S. Fish and Wildlife Service (USFWS)
Ecological Services Field Office
Northeast Region (5)
315 South Allen Street, Suite 322
State College, PA 16801-4850
(814) 234-4090
Fax: (814) 234-0748

e  Regional and State U.S. Forest Service (USFS)
USDA Forest Service
Northeastern Area
Office of the Director
11 Campus Blvd., Suite 200
Newtown Square, PA 19073
(610) 557-4103

e  Regional and State U.S. Natural Resources Conservation Service (NRCS)
Pennsylvania State Office
Office Credit Union Place, Suite 340
Harrisburg, PA 17110-2993
(717) 237-2100
Fax: (717) 237-2238

. Regional and State U.S. Army Corps of Engineers (USACE). See Publication 13M, Design Manual Part
2, Highway Design, Chapter 10, Section 10.9.G.

e  Regional U.S. Coast Guard (USCG). See Publication 13M, Design Manual Part 2, Highway Design,
Chapter 10, Section 10.8.B.

e  Regional and State U.S. Geological Survey (USGS)
Pennsylvania Water Science Center
215 Limekiln Road
New Cumberland, PA 17070
(717) 730-6900
Fax: (717) 730-6997

e National Spatial Data Infrastructure Partnership Office (Liaison for: PA)
U.S. Geological Survey (USGS)
Pennsylvania Geological Survey
3240 Schoolhouse Road
Middletown, PA 17057-3534
(717) 702-2027

e  Federal Highway Administration (FHWA)
Pennsylvania Division Office
228 Walnut Street, Room 508
Harrisburg, PA 17101-1720
e  Municipal governments, local ordinances and Master Plans.
e  Any river basin compacts, commissions, committees and authorities.

° Private citizens.

e  Private industry.
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Table 6A.1. Data Access Quick Reference Guide.

GIS, Map or | Originating | Web Source Product
Data Source or Layer Other data Agency Agency / Site | Organized by Website®

Elevation Data
e USGS topographic quadrangles - G USGS PASDA Quadrangle | www.pasda.psu.edu/

Digital Raster Graphic (DRG's)
e Digital Elevation Models (DEMs) G USGS PASDA Quadrangle | www.pasda.psu.edu/

-10m
e Digital Elevation Models (DEMs) G USGS PASDA Quadrangle nationalmap.gov/viewer.html

-30m
LiDAR Data
e Tile index G PADCNR PASDA Tiles www.pasda.psu.edu/
e Tile shapefiles G PADCNR PASDA Tiles www.pasda.psu.edu/
e TINs G PADCNR PASDA Tiles www.pasda.psu.edu/
e Contours G PADCNR PASDA Tiles www.pasda.psu.edu/
Imagery
o Aerial photographs G PADCNR PASDA Tiles www.pasda.psu.edu/
e PA MAP Imagery Viewer G PADCNR PASDA Tiles maps.psiee.psu.edu/ImageryNavigator/
¢ Digital Orthophoto Quarter- G USGS PASDA Quadrangle | www.pasda.psu.edu/

Quadrangle (DOQQ)
Land Use/Land Cover/Geology
e USGS Land Use / Land Cover G USGS WebGIS Seamless www.webgis.com

(LULC)
e USGS Land Use / Land Cover G USGS USGS Seamless nationalmap.gov/landcover.html

(LULC), 1992
e PAMAP Land Cover for G PADCNR PASDA Seamless www.pasda.psu.edu/

Pennsylvania, 2005
e Pennsylvania karst G PSU PASDA Seamless www.pasda.psu.edu/pub/pasda/compendium/
Soils
e NRCS Soils G USDA NRCS County www.nrcs.usda.gov/wps/portal/nrcs/site/soils/home/
e NRCS Soils G USDA PSU County mcdc.cas.psu.edu/status.htm
e NRCS Soils G USDA PASDA County www.pasda.psu.edu/pub/pasda/soils/

! Note: Web sites are continually changing. If the link is no longer active, the designer may search for the link, or begin with the agency web site.
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Table 6A.1. Data Access Quick Reference Guide (continued).

GIS, Map or | Originating | Web Source Product
Data Source or Layer Other data Agency Agency / Site | Organized by Website!
Flood data
e FEMA Flood Insurance Studies M FEMA FEMA Municipality/ | www.fema.gov/floodplain-management/flood-insurance-study
County
. DFIRZI\/I (Flood Insurance Rate G FEMA PASDA County www.pasda.psu.edu/default.asp
Map)
¢ DFIRM (Flood Insurance Rate G FEMA FEMA County www.fema.gov/floodplain-management/flood-insurance-rate-map-
Map)? firm
Stream data
e Stream gage data @) USGS USGS Gage waterdata.usgs.gov/pa/nwis/sw
¢ Stream designated water uses and 0] PADEP DEP Stream www.pacode.com/secure/data/025/chapter93/chap93toc.html
water quality criteria
¢ Stream designated water uses and 0] PADEP PADEP Stream www.depweb.state.pa.us/watersupply/cwp/view.asp?a=1261&q=4491
water quality criteria - updated list 72
¢ Stream designated water uses and G PADEP PADEP Stream www.pasda.psu.edu
water quality criteria
e Trout water classifications 0] PAF&B PAF&B State www.fish.state.pa.us/waters_trout.htm
o Wild or scenic river M PADCNR PADCNR State www.dcnr.state.pa.us/brc/conservation/rivers/scenicrivers/index.htm

2 Not available for all Counties.
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GIS, Map or | Originating | Web Source Product
Data Source or Layer Other data Agency Agency / Site | Organized by Website!

Environmental/Cultural
e PA Natural Diversity Index 0] PNHP PNHP State www.naturalheritage.state.pa.us/

(PNDI)
e Threatened and endangered 0] PAGC PAGC State www.portal.state.pa.us/portal/server.pt?open=514&objlD=621014&

species mode=2
 National Wetland Inventory G.M USF&WS USF&WS Quadrangle | www.fws.gov/wetlands/data/index.html

(NWI)
o Cultural Resources Notices O NPS NPS State www.nps.gov/nr/research/
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CHAPTER 6, APPENDIX B

HYDRAULIC SITE INVESTIGATION FORM

6B.0 HYDRAULIC SITE INVESTIGATION FORM

.  GENERAL PROJECT DATA

Project Number:

1

2. County(ies): 3. Municipality(ies):
4. Road Name: 5. SR/Section, Seg./Off.
6
7

Stream Name:

Project Description: [ ] Superstructure replacement [ ] Total replacement [ ] Stream realignment
[ ] Other:

8.  Survey Source: [ ]Field [ ] Aerial [ ] LIiDAR [ ] Others:

9. Date Survey Received: from:

10. Site Inspected By: and on
(name) (name) (date)

Il.  FIELD INVESTIGATION

Complete all relevant information below.

Bridge
1.  Type: [ ]Conc Spread Box [ ] Conc Adjacent Box [ ] Conc Bulb-Tee [ ] Conc Other
[ ]Steel I-beam [ ] Steel Other [ ] Steel Truss [ ] Stone Arch [ ] Other

2. No.ofSpans: [ 11[ 12][ ] Other 3. Abutment Type: [ ] Vertical [ ] Sloping [ ] n/a

4.  Abutments Aligned w/ Flow: [ JYes[ JNo[ ]n/a

5. No.ofPiers: [ ]0[ 11[]12[ ]Other___ 6. Alignedw/Flow: [ ]Yes[ INo[ ]n/a

7. PierWidth[s]: [ In/a[ ] Tapered [ ] Variable Width (top and bottom) [ ] (ft)

8.  Pier Nose Shape: [ ] Triangular, Angle __ [ ] Semi-circular [ ] Elliptical [ ] Other [ 1n/a
Culvert

9. Type: [ ]ConcBox[ ]Conc Slab [ ] Conc Arch [ ] Conc Pipe [ ] Metal Arch [ ] Metal Elliptical
[ 1 Metal Pipe [ ] Other

10. Span, Bottom Width, or Diameter: [ ] Could not measure [ ] (ft), measured [ JUS[ 1 DS
11. Headwall to Headwall Length: [ ] Could not measure [ ] (ft)
12. Open Bottom: [ ]Yes[ ] No[ ] Could not determine

13. Special Features: (check all that apply) [ ] Depressed [ ] Fish Baffles [ ] Energy Dissipator

General
14. Historical High Water Marks Obtained: [ ] No [ ] Yes, (description)

15. Evidence of Recent High Water Event: [ ] No [ ] Trash/Debris Line [ ] Erosion [ ] Overbank Ponding
[ ] Other
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16. Observed Debris Accumulation: [ ] No [ ] Pier [ ] Superstructure
17. Potential for Debris Accumulation: [ ] Yes[ ] No
18. Potential for Ice Jam: [ ] Yes[ ] No
19. Minimum Underclearance: (see figure below) [ ] Could not measure [ ] (ft), measured [ JUS[ 1 DS
20. Parapet or Guide Rail Type: [ ] Conc Barrier [ ] Conc Pigeon Hole [ ] Conc Other [ ] Curb w/Guide Rail
[ ] Guide Rail [ ] Stone Masonry [ ] Other
21. Curb/Sidewalk: [ TNo [ ] Yes, height (ft)
22. Parapet/Guide Rail Height: [ ] Could not measure [ ] (ft)
23. Parapet/Guide Rail a Significant Obstruction to Overtopping Flow: [ ] Yes[ ] No
24. Superstructure Depth: (see figure below) [ ] Could not measure [ ] (ft)
Guiderail /
T Y A
supersrucnee —§,
Minimum Depth
Underclearance
Scour Hole
25. Out-to-Out Structure Width: [ ] Could not measure [ ] (ft), measured on [ ] Center [ ] Perpendicular
26. Normal Clear Span Length(s): [ ] Could not measure [ ] (ft)
27. Clear Span Length(s) on Skew: [ ] Could not measure [ ] (ft)
28. Structure Skewed to Roadway: [ ] Yes[ ] No 29. Estimated Skew: degrees
Hormal Clear Span \ T Bed Matenal Particle Diameter
Clay and silt <0.0021n
Out-to-Out Width Sand 0.002-0.08in
Skew 1;1 Gravel 0.08-2.51n
‘ Cohhles 2.5-10in
Clear Span
on Skew
30. Stream Bed Material: (check all that apply) [ ] Bedrock [ ] Cobbles [ ] Gravel [ ] Sand [ ] Silt[ ] Clay
[ 1 Could not see
31. Estimated Dsg: (in) 32. Method: [ ] Visual [ ] Gravelometer
33. Estimated Manning n Value — Upstream: LOB Channel ROB
34. Estimated Manning n Value — Downstream:; LOB Channel ROB
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35.
37.
38.
39.
40.
41.
42.
43.
44,

45,
46,
47.
48,

2015 Edition
_ CHannicls Floodplains

DE!SCI’lptlDI-I _ b Description n Description n

Clean, straight, no rifts or 0040 - -

deep pools : Grass field 0.030-0.035|Light brush/trees 0.050-0.080
Same as above, butmore | ., Cultivated —no crop|0.030 Medium/dense brush|0.070-0.100
SEs e ds ' i 0.035-0.040|H 0.100-0.120
Cledn, wibding somie Cultivated — crops | -0. Bavy trees ; -0.

0.040

pools and shoals

Same as above, but some 0045

weeds and stones Top Width

Same as above, hutmore [

0.050 -

stones |

Sluggish reaches, weedy, 0.070

deep pools * v

Floodways with heavy 0.100 Flow Depth N J

stands of imberbrush ' f H

Bottom
Width

Observed Flow Depth: (ft) 36. Average Channel Depth: (ft)
Channel Side Slope: Left Right (H:V)
Average Channel Top Width: [ ] Could not measure [ ] (ft), measured [ JUS[ 1 DS
Average Channel Bottom Width: [ ] Could not measure [ ] (ft), measured [ JUS[ 1 DS
Upstream Channel Bottom Widths (for baffle design): [ 1n/a[ ] (ft), (ft), (ft)
Downstream Channel Bottom Widths (for baffle design): [ 1n/a[ ] (1), (1), (ft)

Downstream Flow Control: [ JNo [ ] Yes, Type: [ ] Dam [ ] Bridge [ ] Other
Upstream Flow Control: [ TNo[ ] Yes, Type: [ ] Dam [ ] Bridge [ ] Other

Evidence of Channel Instability: [ 1 No [ ] Yes, because of observed [ ] Undercutting [ ] Bank Sloughing
[ 1Braiding [ ] Meandering [ ] Other

Evidence of Structure Scour: [ ] No[ ] Yes, approximately (ft) deep at

Evidence of Sediment Accumulation? [ ] No[ ] Yes, at

Permanent Structures in the 100-Year Floodplain: [ ] No[ ] Yes, at

Survey Appears Correct: [ ] Do not have survey yet [ ] Yes [ ] No, apparent errors are:

LOCAL TESTIMONY

Obtained During Site Investigation: [ ]No[ ] Yes

Name: Phone #:
Address:
Notes:

Name: Phone #:
Address:
Notes:
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IV. PHOTO DOCUMENTATION

Number(s)
[ 1 Upstream channel (from structure)
[ 1 Upstream LOB (and all property or structures in the floodplain)
[ 1 Upstream ROB (and all property or structures in the floodplain)
[ 1 Downstream ROB (and all property or structures in the floodplain)
[ 1 Downstream LOB (and all property or structures in the floodplain)
[ 1 Downstream channel (from structure)
[ 1 Downstream face of structure (looking upstream)
[ 1 Upstream face of structure (looking downstream)
[ ] Parapets or guide rails (with surveyors rod or tape measure for scale)
[ ] Left roadway approach
[ 1Right roadway approach
[ 1 Channel bed material with scale
[ 1 Evidence of channel instability
[ 1 Evidence of scour
[ 1 Existing structure inlet/outlet
[ 1 Upstream structure (looking from downstream)
[ 1 Upstream structure (looking from upstream)
[ 1 Downstream structure (looking from downstream)
[ 1 Downstream structure (looking from upstream)

[ 1 Other

[ 1 Other

[ ] Other

[ 1 Other

[ 1 Other

[ ] Other

[ ] Other
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V. SKETCHES

Plan View

Elevation View
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VII. NOTES
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[ HYDRAULIC SURVEY FORM |
Project:
Stream Narne: Date:
County: Job Number:

Obtaining complete and accurate stream and structure survey data is a critical step in the development of a
hydraulic model. It is important for the engineer tasked with the hydraulic modeling to be involved in the
selection of hydraulic cross section locations. This form is to be used by the engineer to communicate survey
needs to the surveyor.

PART 1- BASIC STREAM AND FLOODPLAIN SURVEY

The figure below depicts a typical hydraulic survey scenario. The survey must extend a minimum of 500 feet
upstream and downstream of the structure, as required by DM2, Chapter 10, Section 10.7.B.6.a.5.

For most culvert and small bridge projects, a topographic survey sufficient to create a surface within the limits
of the study is recommended.
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i : : Ll | 1 1 - - L]
v i I e ‘ ] . S
' 1 ™ (R el ol ! & .‘ * ,
\ T : o | e Ll ' . ' '
e 1 ' \ - : | ai'e! ! v . ]
v ! 1 i P i B el ' ' ' ]
/" " : Voo d Gbibde] BT 1w g :
\ »' : : I R I K A R . '.
\ i \ . i b ar o e i\ e ! @
100-YVear \ L H . ,————1"——_:__:_4'_.: m il . i 7-__—:»_-_7__:\__
B \I Il o —— @' T —t] S i S : i
Floodplain - R - e N T e e
. L e ! i A e el T '-
g _seekipr Wy MUPHT BT« W e
— 4 . 7-{"—/ | ' {71 e ’ 1 ¥ ; L] ' [
) — ' ' H i |- - ' ]
=t EEE 1>
' v | B s i ] '
\ ol P e 8 Do ded (¥l ;
- ' 1 : o A Pl 3 e
k A 1 T 4 i
Nl e e R Bt
' e |l
~ 500 ft. ~ 500 ft.

In general, elevations should be obtained at the top and bottom of stream banks, edge of water, the thalweg,
and breaks in slope in the overbanks (floodplain) area. A typical stream cross section is shown below.

| Floodplain H‘

Top ofBank

Legend | Structure or Chaass
Grouna Obstruction i Sl 2 Thalwes < Edgeof
Bank Sta lops alwe, Water
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I HYDRAULIC SURVEY FORM |
Project:
Stream Name: Date:
County: Job Number:

In addition to the stream channel and floodplain, the survey should include all of the applicable items listed
in Parts 1A and 1B.

1A - STRUCTURE AND ROADWAY FEATURES
» Approach roads (centerline, edge of pavement or shoulder)
* Bridge centerline and edge of deck (if superelevated) elevations
* Low chord elevations of superstructure (US and DS, L and R)
* Low beam elevations (if applicable) (US and DS, L and R)
* Top of railing and parapet
* Abutments (top and bottom corners, clear distance between abutments, US and DS, L and R)
* Piers (footings, shape, width)
* Scour holes (location, approximate width and depth)
* Gravel bars, beaver dams, etc. (location, approximate width and height)

* Other

Top of Railing/Parapet
High Chord (Deck) \\

Approach Road

\Top of Abutment

Bottom of Abutment

M Scour Holes

Approach Road
‘\________,—f—""_

Low Chord
Low Beam

Top Width
Bottom Width
Footing

Gravel Bar

1B - OTHER FEATURES

» Other structures/obstructions (within survey limits) * High water marks

* Changes in terrain/channel shape * Stream gage locations

* Gravel bars » Culverts (size, type, invert elevation)
» Meanders (sharp bends) * Bank protection

» Tributaries (section US/DS of intersection) * Levees, walls

» Dams, spillways (top and bottom elevations) + Other
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I HYDRAULIC SURVEY FORM |
Project:
Stream Name: Date:
County: Job Number:

PART 2 - SPECIAL REQUIREMENTS
Some projects require more than the minimum 500 feet of channel/floodplain data upstream and downstream
of the site. Examples of scenarios that may require more than outlined in Part 1 include:
* Most "rivers"
*» Streams with very mild longitudinal grades
* Projects located in a detailed FEMA study area (Zone AE)
*» Sites where a significant flow control is at or near the 500-foot mark
Check the items below that apply to the project.

O Additional cross sections (outside of the area in Part 1) are needed.
— See the instructions in Part 3.

O LiDAR data is available in this area to complement floodplain data.
— Note that the survey must be tied to the State Plane Coordinate System.
LiDAR data can downloaded from the PASDA website (http://www.pasda.psu.edu/).

2A - EXTENDED CROSS SECTION SURVEY
Sketch or insert a figure below depicting the locations of all hydraulic cross sections required that are located

outside of the 500-foot offsets from the site. An annotated aerial photograph, USGS map, or FEMA FIRM
(if applicable) is preferred.
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HYDRAULIC SURVEY FORM

Project:
Streain Name: Date:
County: Job Number:

2B - GENERAL GUIDELINES FOR OBTAINING EXTENDED SURVEY

* The surveyed area should extend just beyond the 100-year floodplain, unless LiD AR is available.

» Cross sections should be perpendicular to the direction of flow. The direction of flow in the

channel may be different than the direction of flow in the overbanks.

» Cross sections should not overlap.

* Cross zections should be perpendicular to the low flow channel and the direction of flow in the
floodplain. Where the channel meanders through the fl oodplain, broken or dog-legged sections

may be necessary. See the following sketch.

= Survey all of the applicable features listed in Parts 1A and 1B.
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CHAPTER 7

HYDROLOGY

7.0 INTRODUCTION TO HYDROLOGY

A. General - Hydrology. Hydrology is generally defined as a science dealing with the interrelationship between
water on and under the earth and in the atmosphere. For the purpose of this manual, hydrology will deal with
estimating flood magnitudes as the result of precipitation. In the design of highway drainage structures, floods
usually are considered in terms of peak runoff or discharge in cubic feet or meters per second and hydrographs as
discharge per time. Peak discharge is used to design facilities such as storm drain systems, culverts and bridges.
For systems that are designed to control the volume of runoff, like detention storage facilities, or where flood
routing through culverts is used, the entire discharge hydrograph will be of interest.

The analysis of the peak rate of runoff, volume of runoff and time distribution of flow is fundamental to the design
of drainage facilities. Errors in the estimates will result in structures that either are undersized and cause more
drainage problems or oversized and cost more than necessary. On the other hand, one must realize that any
hydrologic analysis is only an approximation. Although some hydrologic analysis is necessary for all highway
drainage facilities, the extent of such studies should be commensurate with the hazards associated with the facilities
and with other concerns, including economic, engineering, social, and environmental factors.

Since hydrologic science is not exact, it is possible that different hydrologic methods developed for determining
flood runoff may produce different results for a particular situation. Sound engineering judgment must be exercised
to select the proper method or methods to be applied. In some instances, certain federal, state, or local agencies may
require that specific hydrologic methods be used for computing the runoff.

While performing the hydrologic analysis and hydraulic design of highway drainage facilities, the hydraulic
engineer should recognize potential environmental problems that would impact the specific design of a structure.
This area of concern should be evaluated early in the design process.

Considerations for hydrologic analysis and several of the most widely used hydrologic methods are outlined in this
chapter. The omission of other hydrologic methods from this manual does not preclude their use; however, the
designer should ensure the method chosen is appropriate for local conditions and acceptable to PennDOT.

B. Peak Discharge versus Frequency Relations. Highway drainage facilities are designed to convey specific
predetermined discharges in order to avoid significant flood hazards. Provisions also are made to convey floods in
excess of these discharges in a manner that minimizes the damage and hazard. These discharges are often referred
to as peak discharges because they occur at the peak of the stream's flood hydrograph. These flood discharge
magnitudes are a function of their expected frequency of occurrence, which in turn relates to the magnitude of the
potential damage and hazard.

The highway designer's chief interest in hydrology rests in estimating runoff and peak discharges for application in
the design of highway drainage facilities. The highway drainage designer is particularly interested in the
development of a flood magnitude versus frequency relationship. A flood frequency relation is a tabulation of peak
discharges versus their probability of occurrence or exceedance. Peak discharges and probabilities of flooding will
be discussed in this chapter.

A typical flood frequency curve is illustrated in Figure 7.1. In this figure the discharge is plotted on the ordinate (y-
axis) on a logarithmic scale and the probability of occurrence or exceedance is expressed in terms of return interval
and plotted on a probability scale on the abscissa (x-axis).

Also of interest is the performance of highway drainage facilities during the frequently occurring low flood flow
periods. Because low flood flows do occur frequently, the potential exists for lesser amounts of flood damage to
occur more frequently. It is entirely possible but not desirable to design a drainage facility to convey a large,
infrequently occurring flood with an acceptable amount of flood plain damage only to find that the accumulation of
damage from frequently occurring floods is intolerable.
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Figure 7.1 Typical Flood Frequency Curve
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C. Flood Hydrographs. Besides the peak discharges, the hydraulic engineer may be interested in the flood
volume and time distribution of runoff. A flood hydrograph is a plot or tabulation of discharge with respect to time.
Flood hydrographs can be used to route floods through culverts, flood storage structures, and other highway
facilities. By accounting for the stored flood volume, the hydraulic engineer often can expect lower flood peak
discharges and smaller required drainage facilities than would be expected without considering storage volume.
Flood hydrographs are also useful for estimating design values of inundation times of flow over roadways as well as
pollutant and sediment transport analysis.

D. Unit Hydrograph. Sherman, Snyder, and Clark developed the theory of unit hydrographs as a tool to estimate
a flood hydrograph for any rainfall event. A unit hydrograph represents the response of a watershed to a unit rainfall
excess having a specific duration. Excess rainfall is defined as the total rainfall minus the hydrologic abstractions
(losses) and is equal to the direct runoff. For PennDOT practice, the unit is 1 mm (1 in). That is, the volume
associated with an excess rainfall of 1 mm (1 in) distributed over the entire contributing area. Therefore, a unit
hydrograph is a hydrograph of the runoff resulting from a hypothetical storm that has a specified duration, e.g., 1 hr,
and that produces a response runoff hydrograph, resulting from the unit depth of excess rainfall over the drainage
area. For example, when a unit hydrograph is shown with units of cubic meters per second, it is implied that the
ordinates are cubic meters per second per millimeter of direct runoff.

The response of a watershed to rainfall is considered to be a linear process. This has two implications that are useful
to the designer; the concepts of proportionality and superposition apply. For example, the runoff hydrograph
resulting from a two-unit pulse of rainfall of specific duration would have ordinates that are twice as large as those
resulting from one-unit pulse of rainfall of the same duration. Also, the hydrograph resulting from the sequence of
two one-unit pulses or rainfall can be found by the superposition of two one-unit hydrographs. Thus, if a unit
hydrograph for a watershed is known or can be determined, the flood hydrograph resulting from any measured or
design rainfall can be determined using these two principles. Unit hydrograph applications are discussed later in this
chapter.
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E. Site Investigation. Every problem is unique, and reliance upon strict application of a standardized procedure
is risky without due appreciation of the characteristics of the particular site. A field survey or site investigation
always should be conducted except for the most preliminary analysis.

The need for a field survey to collect and appraise site-specific physical characteristics, as well as hydrologic and
hydraulic data, cannot be overstated. Most complaints relating to highway drainage facilities result from changes to
existing hydrologic and hydraulic characteristics. In order to minimize the potential for valid complaints, complete
data reflecting existing drainage characteristics should be gathered and considered during design.

Typical data which should be collected during field surveys include the following:

o  Highwater marks.

o  Performance assessments of existing and nearby drainage structures.

e Assessment of stream stability and scour potential.

e  Location and nature of important physical and cultural features which could affect or be affected by the
proposed structure.

e  Significant differences in land use from those indicated on available topographic maps.

e  Other equally important and necessary items of information which could not be obtained from other
sources, such as man-made features that affect the hydrology and hydraulics.

e  Local residents, local landowners, and local or PennDOT highway maintenance personnel should be
consulted.

The individual responsible for the drainage aspects of a field survey should have a general knowledge of drainage
design. Field surveys should be well planned and a systematic approach should be employed to maximize efficiency
and reduce wasted effort. Data collected should be well documented with written reports and photographs.

F. Interagency Coordination. Since many levels of government plan, design, and construct highway and water
resource projects and because these projects often affect each other, interagency coordination is desirable and
necessary. In addition, agencies can share data and experiences within project areas to assist in the completion of
accurate well-coordinated hydrologic analyses.

7.1 FACTORS AFFECTING FLOODS

A. Rainfall versus Runoff Quantity/Volume. Runoff Quantity or Volume from a watershed is influenced by
two main factors: precipitation and hydrologic abstractions (losses). A discussion of these factors follows.

1. Precipitation. Precipitation in Pennsylvania is represented by rainfall, snow, sleet, and hail. Rainfall
occurring within a watershed can vary both temporally and spatially; however, for determinations using the
Rational Method, EFH-2, and TR-55, rainfall rates are assumed spatially constant within the watershed.

2. Hydrologic Abstractions. Generally, the entire volume of rainfall occurring on a watershed does not
appear as runoff. Losses, known as hydrologic abstractions, tend to reduce the volume of water entering into
the stream system. Numerous losses have been accounted for in the runoff process. However, for the typical
highway drainage problem, only six abstractions are commonly considered. They are:

a. Depression storage. The precipitation which is stored permanently in inescapable depressions
within the watershed. It is a function of land use, ground cover and general topography.

b. Detention storage. The precipitation which is stored temporarily in the flow of streams, channels,
and even reservoirs in the watershed. It is a function of the general drainage network of streams,
channels, ponds, etc., in the watershed.

c. Interception. The precipitation which serves to first "wet" the physical features of the watershed
(e.g., leaves, rooftops, pavements). It is mostly a function of watershed characteristics.
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d. Evaporation. The precipitation which returns to the atmosphere as water vapor by the process of
evaporation from water concentrations. It is mostly a function of climatological factors, but it is
associated with exposed areas of water surfaces.

e. Transpiration. The precipitation which returns to the atmosphere as water vapor and which is
generated by a natural process of vegetation foliage. It is a function of ground cover and vegetation.

f.  Infiltration. Quantitatively, the most significant abstraction from rainfall before it becomes runoff is
infiltration. The term infiltration has been used with diverse meanings, sometimes as a synonym of
"percolation.” However, for the purpose of highway hydrology, it may be termed as the phenomenon of
water penetration from the surface of the ground into the subsurface soil. Actual infiltration (the passage
of water through the soil surface into the soil) and percolation (the movement of water within the soil) are
closely related, with the lesser of the two governing the abstraction of rainfall through infiltration.

Infiltration often begins at a high rate and decreases, often exponentially, to a much lower and more or less constant
rate as the rain continues. The maximum rate at which a soil, in a given condition, can absorb water is called its
"infiltration capacity."

Relative minimum infiltration capacities for three broad soil groups are provided for illustration purposes only:

Soil Group Infiltration Capacity mm/hr (in/hr)
Sandy, Open-Structured 13 (0.51) - 25 (0.98)

Loam 2.5(0.098) - 13 (0.51)

Clay, Dense-Structured 0.25 (0.0098) - 2.5 (0.098)

By definition, the surface runoff produced by a given storm is equal to that portion of the rainfall which is not
removed through depression storage, detention storage, interception, evaporation, transpiration and infiltration. For
most practical rainfall situations, evaporation and transpiration are negligible and therefore are usually neglected. If
an estimate (i.e., initial abstraction) can be made for the depression and detention storage and the interception, only
the rainfall, infiltration and runoff need to be determined. If the rainfall intensity is greater than the infiltration
capacity for the duration of the rainfall, then surface runoff can be computed.

Infiltration capacity is influenced by many factors including soil type, moisture content, organic matter, vegetative
cover, and the time of the year. Antecedent precipitation, such as high-intensity rains of short duration coming after
a dry period, significantly affects soil infiltration capacity; the soil may be water repellent and, therefore, produce
more runoff. It is noteworthy that for most soils, the infiltration capacity curve ultimately reaches a substantially
constant infiltration capacity rate after a relatively short period, ordinarily 30-45 minutes.

Methods and procedures to estimate infiltration can be grouped into two categories: (1) when coincident data for
rainfall and streamflow are available for the watershed of interest, and (2) where no data for streamflows are
available for the watershed of interest. A detailed description given for the first case includes "the Phi-Index
Method," "Horton's Equation,” "Green and Ampt Equation,” and other infiltration capacity formulae such as
Kostiakov's formula, Philip's corresponding formulae and Holtan's formula. For the second case, the U.S. National
Resource Conservation Service (NRCS) Method is cited exclusively. At times it may be necessary to actually
measure the infiltration capacity of the soil(s) in the field. Basically, two major types of infiltrometers are used:
"Flooding-Type Infiltrometers™ and "Rainfall Simulation Infiltrometers."

The infiltration concept frequently has been used in mathematical models for predicting flood runoff from a
relatively small drainage area, especially in a developed watershed.

The specific consideration of each of these abstractions is not usually explicit in the many hydrologic methods that
are available. Usually, consideration of some or all of them is implicit in the methods.

B. Drainage Area. A drainage basin commonly is surrounded by a readily discernible topographic divide, which

is a line of separation that divides the precipitation that falls on two adjoining basins so that the ensuing runoff is
directed into one or the other channel system. The size or area of the drainage basin is considered to be the area that
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contributes to the surface runoff and is bounded by all or portions of the topographic divide. The size of a drainage
basin is an important parameter with respect to the response of the basin to rainfall.

Determining the size of the drainage area that contributes to flow at the drainage structure site is a basic step in a
hydrologic analysis. The drainage area, usually expressed in hectares, or km?, (acres or square miles) is determined
from field surveys, topographic maps, aerial photographs, digital elevation maps, or a combination of these items.

Topographic maps are valuable aids in obtaining the size of drainage areas. The most commonly used topographic
maps are those of the U.S. Geological Survey (USGS), www.usgs.gov. Information concerning these can be
obtained from the Earth Science Information Center, USGS, 507 National Center, Reston, Virginia 20192.

Field inspection of the drainage area, especially for small basins, is very desirable since topographic maps are not
always current. Although the contour maps may show many areas as contributing to the runoff, a field inspection
may show natural or man-made depressions such as gravel pits, or natural sinks which may intercept a portion of the
runoff from the drainage area. There also may be subtle topographic features that divert runoff from one watershed
into another or indistinct divides not apparent on topographic maps. Once the boundaries of the contributing areas
have been established, they should be delineated on a base map and the areas determined. For urban areas, a local
agency's sewer and storm water maps may be a valuable source of drainage boundary information.

Diversions and area changes due to urbanization and other development inevitably occur. The designer should try to
identify or otherwise anticipate such circumstances. This is often difficult but the effort should be made.

Watershed area information often can be found in the following resources:

Topographic maps.

County and other local maps.
Drainage boundary surveys.
Reference to prior plans.

Master drainage plans.

Local drainage district plans.

Plans for surrounding development.

C. Shape Factor. The shape, or outline form, of a drainage basin affects the rate at which water is supplied to the
main stream as it proceeds along its course from the runoff source to the site of interest. Long, narrow watersheds
generally have lower peaks than fan- or pear-shaped watersheds, other characteristics being equal. It has been
observed that while long, narrow watersheds may have lower runoff rates when storm direction is across the
watershed, rates would be higher if a storm moves longitudinally down the basin axis. Some hydrologic methods
either explicitly or implicitly accommodate watershed shape; others may not. If a drainage area is unusually
bulbous in shape or extremely narrow, the designer should consider using a hydrologic method that explicitly
accommodates watershed shape. The Snyder synthetic unit hydrograph initially was developed to account for shape.

D. Slope. The slope of a drainage basin has an important but rather complex relation to infiltration, surface
runoff, soil moisture, and groundwater contribution to stream flow. It is one of the major factors controlling the time
of overland flow and concentration of rainfall in stream channels. It is of direct importance in relation to flood
magnitude. Basin slopes usually are estimated from contours on topographic maps or may be determined by a field
survey. This parameter is important in that steeper basins yield a quicker response time, whereas flat basins reflect a
slower response time. Long response time will lower flood peaks, while a short response time will increase the peak
discharges.

E. Land Use. Since human activities can change basin runoff characteristics, land use studies are necessary to
define present and future conditions, particularly with regard to the degree of urbanization or other changes that
might affect runoff that may take place within the drainage basin during the expected service life of a project.
Information concerning land use trends may be obtained from local, state and federal agencies and planning studies.

There are several interrelated but separable effects of land use changes on the hydrology of an area. Among these
are changes in peak discharge characteristics, changes in volume of runoff, changes in quality of water, and changes
in other hydrologic characteristics. Of land use changes affecting the hydrology of an area, urbanization appears to
be a dominant factor.
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The effect of urbanization on peak discharges depends upon such factors as the amount of the area made impervious,
the changes made in the drainage pattern through the installation of storm drains, the modification of surface
channels, and, with frequently occurring storms, depression storage. Alteration of the land use of a watershed
changes its response to precipitation. The most common effects are reduced infiltration and decreased travel time,
which can result in higher peak discharges. Infiltration and depression effects normally are most apparent on the
more frequent storms — up to the 15- to 20-year recurrence interval. Above this threshold the amount of infiltration
is generally small compared to the total amount of precipitation. The volume of runoff is likewise increased
primarily by reduced infiltration. Although urbanization tends to increase peak discharges and volume of runoff,
there are some instances where these may be reduced by the application of storm water management technigues such
as the installation of impoundment facilities. However, such techniques, applied at various sites within a watershed,
may not achieve the intended reduction in runoff without a coordinated basin-wide management plan. The potential
and actual effects of storm water management must be considered.

Urbanization and rural watershed practices have a significant effect on the hydrology of small watersheds, but they
generally do not have a great effect on large watersheds because the percentage of the total watershed that is
changed is likely to be small; this is particularly important in showing that the relative effect of highways is likely to
be small.

To obtain a true picture of the relative effects of urbanization at a particular location, the peak discharge should be
calculated and compared for the drainage area in its natural state and after urbanization has taken place. Such
measurements are seldom practical and require several years of investigation. It often becomes necessary to estimate
the magnitude and frequency of peak discharges through modeling of runoff using measurable watershed
characteristics.

Factors subject to change with general variations in land use include:

Permeable and impermeable areas.
Vegetation.

Minor topographic features.
Drainage systems.

All of these factors usually are influential to the rate and volume of runoff which may be expected from a watershed.
Therefore, current land use and future potential land use should be considered carefully in the development of the
parameters of any runoff hydrograph.

F. Soil and Geology. Soil type generally has an important effect on flood runoff, principally in its effect on
infiltration. The effect of soil type often varies with the magnitude and intensity of rainfall. As with effects of
urbanization, the effect of soil type decreases as flood recurrence interval increases. The condition of soil at the time
of precipitation can change the amount of runoff, especially the flood peaks. If the ground is frozen or saturated with
moisture, most of the precipitation will result in runoff.

The basic make-up of underlying rock formations and other geophysical factors such as glacial and river deposits,
faults, limestone sinks, and playa lakes can be quite significant in affecting runoff in some areas. Stream flow
records are an integrated effect of many factors and the study of such records often indicates the effect of surface
soils and geology of the area on floods.

Regions underlain by soluble rock formations, especially limestone, often have characteristics of "karst" topography,
which produce little surface runoff. In these areas, the runoff usually enters the ground through sinkholes and
pursues its course to an outlet through a system of underground passages. In determining the runoff from basins
containing karst topography, it may be appropriate to exclude all karst areas, for they may not contribute toward
flood runoff. Another approach to reduce the runoff in karst topography would be to apply a reduction factor such
as the procedure outlined in PSU-IV.

The Natural Resource Conservation Service (NRCS) is an excellent repository for information about soils in the

state of Pennsylvania. Information for the NRCS is available at www.nrcs.usda.gov. Several hydrologic procedures
described herein may require specific data concerning the soil type.
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G. Storage Area — Volume. Storage within a drainage basin may be interception storage, which is the rainfall
intercepted by vegetation that consequently never becomes runoff; depression storage, which is the rainfall lost in
filling small depressions in the ground surface; storage in transit in overland or channel flow; or storage in ponds,
lakes, or swamps. Storage may also occur in flood-control or other reservoirs, and in surface mining areas. The
effect of storage on the quantity and rate of flood runoff can be quite significant in some instances.

In some areas, interception and depression storage may not be important in highway engineering and may
conservatively be ignored in rural design. However, depression storage can be important in urban drainage design.
Because of the complex parameters involved in the determination of the storage for overland or channel flow and its
limited applicability, this type of storage usually is not considered as a reduction factor in the flood runoff
computations relative to highway drainage structures unless its impact would significantly affect the magnitude of
the design flow. It is more commonly considered in the design of urban storm drains.

The effect of flood-control reservoirs in changing downstream conditions should be considered in evaluating flood
peaks and river stages for design of highway structures. Often, helpful data can be obtained from the operator or the
owner of the reservoir project.

H. Slope and Orientation of the Basin. Although slope affects the rainfall-runoff relationship principally
because of an increase in the velocity of overland flow, thereby shortening the period of infiltration and producing a
greater concentration of surface runoff in the stream channels, a secondary influence resulting from the general
direction of the resultant slope, or orientation of basin, should be recognized. This factor affects the transpiration
and evaporation losses because of its influence on the amount of heat received from the sun. Also, the direction of
the resultant slope to the north or the south affects the time of melting of accumulated snows. If the general slope is
to the south, each successive snowfall may soon melt and either infiltrate into the ground or produce surface runoff.
On the other hand, if the slope is to the north, these snows may accumulate throughout the winter and remain on the
ground until late spring when they may be removed by a heavy rain, thus producing a potential for a high flood
peak.

The amount of flood runoff can be affected by the orientation of the basin with respect to the direction of storm
movement. A storm traversing a drainage basin in the direction of stream flow would produce a higher flood peak
and a shorter period of surface runoff than would otherwise occur. On the other hand, a storm traversing the outlet
first and traveling upstream would have the opposite effect.

. Influence of Channel and Floodplain Geometry. Surface and subsurface runoff are collected and conveyed
by stream channels. The natural or altered condition of these channels and floodplains can materially affect the
volume and rate of runoff; therefore, these conditions sometimes are considered in the hydrologic analysis.

Some streams have well-defined channels; others have relatively small, low flow channels and wide floodplains.
Some streams have numerous tributaries, while others have one main watercourse receiving runoff from overland
flow. The sinuosity of channels affects channel storage and the progression of peak discharges. The effect of the
stream network often varies with flood magnitude.

Channel cross section can affect flood discharges. Channel storage, especially in channels with extremely wide
vegetated floodplains, can be very significant and can reduce discharges considerably. This effect is an integral
although transparent component in some flood forecasting methods that have a statistical base such as the various
practices of the USGS. Where floodplain storage is not integral with a flood forecasting method, it would be
necessary to use a flood routing model such as the U.S. Army Corps of Engineers' HEC-1 Flood Hydrograph
Package and HEC-RAS (River Analysis System) Computer Programs. The flood would be predicted at a point
where floodplain storage was not significant, and then routed to the point of interest.

J. Stream and Drainage Densities. The stream density or stream frequency of a drainage basin may be
expressed by relating the number of streams to the area drained. The stream density may be expressed as the
number of streams per unit area of the drainage area. The inverse form, namely the area per stream, might also be
used as a measure of stream density. In some cases, the stream density does not provide a true measure of drainage
efficiency. However, it usually does reflect the potential of the magnitude of flood runoff. Generally, the larger the
value of the stream density, the higher the peak and total volume of runoff will be.
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Drainage density is expressed as the length of stream per unit of the drainage area. Drainage density varies
inversely as the length of overland flow and therefore provides at least an indication of the drainage efficiency of the
basin, which in turn affects the quantity of flood runoff.

K. Site-Specific Characteristics. Site-specific characteristics include both natural and artificial controls which
determine the relation of stage to discharge and regulate the flow. Natural control of stream flow may occur due to
channel constrictions, gravel bars, rock outcrops, aggradation and degradation, and ice and debris jams. Tidal
fluctuation also determines the relation of stage to discharge. Sometimes channel roughness is a control. Artificial
controls include dams, floodwater retarding structures, diversion dams, grade-control structures, irrigation
distribution systems, and recreational and water-use facilities. Channel modification may also affect the stage-
discharge relationship. Usually information concerning these structures or facilities can be obtained from the
agency responsible for their operation and maintenance. The hydrologic analysis should determine the degree or
effect of such controls upon flood flow.

L. Aggradation and Degradation. The water surface profile of a stream or river will be affected through a reach
where deposition or erosion (aggradation or degradation) occurs. This also affects the validity of using historical
highwater marks to define present conditions. Aggradation (the deposition of sediment) may lessen the channel
capacity, increase flood heights, and cause overflow at a lower discharge, while degradation (the erosion of stream
bed material) may increase channel capacity, thereby reducing the effect of floodplain attenuation and resulting in a
higher flood peak downstream. Although difficult to determine quantitatively, the effect of present and future
aggradation or degradation may be assessed when designing a highway at or near a stream, so that a design can be
provided to accommodate these phenomena.

Although channel aggradation or degradation may occur naturally in the river system, this phenomenon happens
frequently as a result of man-made activities. Activities which will induce the aggradation or degradation may
include, for example, water diversions from the river system, water diversions to the river system, construction of
reservoirs, flood control works, cutoffs, levees, channelization, navigation works, the mining of sand and gravel, and
changes in land use.

M. Ice and Debris. The quantity and size of ice and debris carried by a stream should be considered in the design
of drainage structures. The times of occurrence of ice or debris in relation to the occurrence of flood peaks should
be determined. The effect of backwater from ice or debris jams on recorded flood heights should be considered in
using streamflow records. The location of the constriction or other obstacle-causing jams, whether at the site of the
structure under study or downstream, should be investigated and the feasibility of correcting the problem considered.
Ice or debris jams may form below the control, backing up the water, shifting the control, and completely or
partially destroying the stage-discharge relationship. Ice also may form at the control, entirely changing the
relationship between gage height and discharge. A false measurement may be obtained in these cases for rating a
highwater mark to estimate a historical flood discharge.

N. Seasonal and Progressive Changes in Vegetation. A realistic evaluation of the conveyance or carrying
capacity of a floodplain requires consideration of both seasonal and progressive changes in vegetation. A reach of
floodplain may have an appreciably lower stage for a given discharge in late winter or early spring than for the same
discharge during the height of a growing season. The difference between a row crop such as corn being planted
normal or parallel with the flood flow direction can, during the latter part of the growing season, cause a nearly 50%
difference in the floodplain conveyance. Such differences must be considered in selecting the friction or roughness
factor in the conveyance equation.

Aside from a marked effect on conveyance, summer vegetation including weeds, leaves on trees and crops increases
temporary floodplain storage and infiltration, which tends to change the basin response time, and, as a result, alter
the quantity of flood runoff.

References for estimating friction or roughness factors are Open Channel Hydraulics (Chow, 1970), Roughness
Characteristics of Natural Channels (Barnes, 1967), and Guide for Selecting Manning's Roughness Coefficients for
Natural Channels and Flood Plains (Arcement & Schneider, 1989).

O. Channel Modifications. Channel modifications may range from small alterations, such as localized dredging
or minor channel-straightening, to large-scale channel improvements or major installation of flood control levees.
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Channel improvements include any type of work designed to improve the carrying capacity of the stream, for
example: changes in alignment, dredging, cutoffs, overbank clearing, and removal of obstructions.

By lowering the stage corresponding to a given flow, channel improvements will modify the storage relationship
downward in the reach adjacent to and upstream from the improvements. This reduces the natural attenuation and
thus increases flood peaks downstream. Likewise, one effect of a levee system is to impede normal attenuation and
thus make flood peaks downstream from the levee system higher than they were before its construction.

It is to be noted that short channel modifications such as those commonly caused by highway constrictions usually
are not considered to affect flood flows. Storm drainage systems generally reduce infiltration and decrease travel
time, which results in significantly higher peak rates of runoff.

P. Future Conditions. Changes in watershed characteristics directly affect runoff. A reasonable service life of a
designed facility is expected. Therefore, the estimate of design flooding should be based upon runoff influences
within the time of the anticipated service life of the facility.

In general, estimates for future land use and watershed characteristics within some future range should be
considered. It is difficult to predict the future but the designer should try to make an effort at such a prediction,
especially with regard to watershed characteristics. Information on potential future characteristics of the watershed
can often be provided by the following groups:

Land owners.

Developers.

Realtors.

Local, state, and federal officials.
Planners.

The designer should consider items such as changes in vegetative cover, surface permeability, and constructed
drainage systems in estimating future characteristics of the watershed.

Q. Climate. Climate changes usually occur over extremely long periods of time such that it is not usually
reasonable to consider potential climatic changes during the anticipated life span of the facility.

7.2 DESIGN FREQUENCY

A. The Concept of Frequency. As with other natural phenomena, occurrence of flooding is governed by chance.
Chance of flooding is described by a statistical analysis of flooding history in the particular watershed of interest.
Since it is not economically feasible to design a structure for the maximum possible runoff from a watershed, the
designer must choose a return interval appropriate for the structure. The expected return interval for a given flood is
defined as the reciprocal of the probability or chance that the flood will be equaled or exceeded in a given year. For
example, if a flood has a 20% chance of being equaled or exceeded each year, over a long period of time, the flood
will be equaled or exceeded on an average of once every five years. This is called the return period or recurrence
interval (RI). Thus exceedance probability equals 100/Rl. Table 7.1 lists the probability of occurrence for the
standard design return.
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Table 7.1 Return Interval Terms

Return Interval (years) Probability (%0)

2 50
5 20
10 10
25 4

50 2

100 1

500 2

The designer should note that the 5-year flood is not one that will necessarily be equaled or exceeded every five
years. There is a 20% chance that the flood will be equaled or exceeded in any one year; therefore, the 5-year flood
could conceivably occur in several consecutive years. The same reasoning applies to floods with other return
periods.

The establishment of a design return interval implies that the facility is at risk of failure or loss, causing damage
under the circumstances of larger floods. For this reason, it is important that the assignment of a design return
interval be supported by consideration and assessment of those possible risks.

The designer ultimately must establish physical design criteria with respect to the selected design return interval.
Lesser floods should not violate those design criteria. On the other hand, larger floods probably will exceed the
established design criteria. This is the "risk" taken by the designer and PennDOT.

The designer should first develop alternative solutions which satisfy design considerations to varying degrees. After
evaluating each alternative, the designer should select the design which best satisfies the requirements of the
structure. It may be beneficial to consider the design return intervals of other structures along the same highway
corridor to ensure that the new structure is compatible with the rest of the roadway and also to consider the
probability of any part or link of roadway being cut off due to flooding.

B. Design Storms. A traditional approach to establishing a return interval for design of a drainage facility is by
use of reference tables in which specific ranges of design frequencies are established for different facility types.
Table 7.2 presents suggested return intervals for PennDOT bridges, culverts and cross pipes. Inundation of the
travel way dictates the level of traffic service provided by a waterway facility. The travel way overtopping flood
level identifies the upper limit of serviceability, and it provides one of the important definitions of the term “design
flood."
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Table 7.2 Suggested Design Return Intervals (years)
Design Flood Selection Guidelines
Maximum Minimum
Functional Classification Exceedance Probability Return Period
(%) (years)

Interstate and Limited Access Highways 2 50
Principal Arterial System 2 50
Minor Arterial System 4 25
Rural Collector System, Major 4 25
Other Collector System 10 10
Local Road and Street 10 10

Use of a return period smaller than listed in Table 7.2 must be justified in the hydraulic design analysis for the
project and kept with the project's files. Such justification must be based on consideration of the following kinds of

factors:

Comparison to adjacent roadway sections.

Class of the highway.

Potential flood hazard to property.

Magnitude of damage and risk associated with larger flood events.

Considerations involving right-of-way limitations and constraints imposed by adjacent land use or
development.

Limitations based on the project's scope and budget.

Existing and future level of service.

Future development.

The design flood is assumed to result from the storm with the same return period; therefore, the terms "design flood"
and "design storm" have the same meaning.

For most highway design projects, it is important to extend the hydrologic and hydraulic analysis to include
consideration of floods of magnitudes other than the design floods listed in Table 7.2. These additional floods are
referred to collectively as "check floods" and they may include the following kinds of floods:

The regulatory environmental design flood as specified in 25 PA Code §105.161 (c), §105.191, §105.201,
and elsewhere.

Storms and floods which may be required according to Stormwater Management Plans adopted according
to 1978 Act 167 (the Stormwater Management Act).

The 100-year flood for evaluation of impacts on FEMA's floodplain mapping.

The overtopping flood or greatest flood which must be passed, as discussed in the Federal Aid Policy
Guide, Subchapter G, 23 CFR Parts 650.115 and 650.117.

The specific superflood discussed in Publication 15M, Design Manual, Part 4, Structures, PP Section
7.2.3 for evaluation of the potential effects of scour and evaluation of foundation stability.

The Probable Maximum Precipitation, Probable Maximum Storm, or the Probable Maximum Flood for
projects involving a high risk factor resulting from such considerations as the volume of the impounded
water and potential risk of life.

In establishing a design frequency for a drainage facility, the designer (and the Department) takes a risk. The risk is
that a flood may occur which is too large for the structure to accommodate. The risk results from the fact that only
limited public funding is available for the drainage facility. If funds were unlimited, no risk would be necessary.
Use of Table 7.2 only implies but does not quantify the level of risk. For many projects, the potential risks

7-11



Chapter 7 - Hydrology Publication 584
2015 Edition

associated with design by frequency selection may be determined to be small such that no further appraisal of risk is
necessary. However, if deviation from the suggested design frequencies is contemplated or the potential risks could
be significant, the designer should perform a risk assessment. The extent of the assessment should be consistent
with the value and importance of the facility (e.g., the consequences). HEC-17, The Design of Encroachments on
Flood Plains Using Risk Analysis (FHWA, 1980) and Hydraulic Design of Bridges with Risk Analysis (FHWA,
1980) are suggested references.

C. Design by Cost Optimization Using Risk Assessment. The objective of cost optimization is to choose a
design return interval which results in a facility that satisfies all the design requirements with the lowest total cost.
Structures with lower design return intervals generally have lower construction costs but higher maintenance, repair
and replacement costs. A large structure with a high design return interval may have a much larger construction cost
yet require less maintenance or repair than a smaller low design return interval structure. The larger structure may
last through several lifetimes of the smaller structure. In addition, potential costs of interruption to traffic and other
damage may be higher for the smaller structure. The optimal design is one that balances capital costs with
operational costs and claims to produce the lowest total cost.

Capital costs are those associated with the direct construction of a facility and can be readily estimated. Generally,
the higher the design return interval, the higher the capital cost. Operational costs are those associated with
maintenance and repair to the facility and costs of any damage incurred by the facility. For the hydraulic design of
drainage structures, the primary concern is the potential for flood damage.

Risk is defined as the consequences associated with the probability of flooding. For low return interval designs, the
probability of flood-related damages and losses may be higher than that associated with higher return interval
designs. A risk assessment involves qualitatively evaluating the levels of risk for selected design alternatives.

The publication, HEC-17, Design of Encroachments on Flood Plains Using Risk Analysis (FHWA, 1980), provides
more extensive detail on this subject. The fact that the example included in HEC-17 refers to a bridge does not
imply that risk analysis should be limited to bridges; the same approach is valid for the design of most drainage
facilities.

Design by cost optimization using risk analysis can be largely subjective and data requirements often are much more
extensive than design by return interval selection. The following list provides some examples of situations in which
cost optimization may be appropriate:

e  Off-system bridge replacements where the existing facility has lower capacity than the suggested design
return interval for given hydrologic conditions. Usually, off-system bridges are replaced for reasons
other than hydraulic. A risk analysis would help to justify whether a structure larger than the existing
structure is needed.

e Where there is a need to determine whether cost of exceeding the 50-year design return interval for a
flood plain crossing is justifiable. This may be particularly relevant if 100-year FEMA mapping is
involved.

e  Justify any design which does fall within the design frequencies suggested in Table 7.2.

o  Drainage facility for a type that is not addressed in Table 7.2.

e  Roadway improvements required; existing drainage facilities in good condition but do not meet suggested
design frequency.

e Any situation in which the potential risks of damage are high or questionable.

D. Check-Flood Frequencies. Most flood events are of smaller magnitude than the design flood while a few are
of greater magnitude. From the standpoint of facility utilization, the designer should strive toward a facility which
will operate efficiently for lesser floods, adequately for the design flood, and acceptably for greater floods. For
these reasons, it often is important to consider floods of other magnitudes. To define the peak flows for frequencies
other than the design frequency, the designer can use the approach of developing a general flood-return interval
relation for the subject site.

For some drainage facilities, including storm drain systems, the impact of the 100-year flood event should be
evaluated depending upon the risk. In some cases, the designer should evaluate a flood event larger than the 100-
year flood (super-flood) to ensure the safety of the drainage structure and downstream development. A 500-year
flood analysis is required for checking the design of bridge foundations against potential scour failure.
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There may be instances when the potential for loss of life, disruption of essential services, or excessive economic
damages justify a design discharge equal to the Probable Maximum Flood (PMF). The development of the PMF is
based upon these steps of estimation:

1.  Probable Maximum Precipitation (PMP) from National Weather Service data and generalized charts.

2. Probable Maximum Storm based upon a spatial distribution of the PMP as governed by the following:
e Shape.
e  Orientation.
e Movement.
e Stormarea.
o Atemporal distribution of precipitation during the storm.

3. PMF based upon hydrograph methods - FHWA Federal Aid Policy 23 CFR 650.

E. Frequencies of Coincidental Occurrence. Where the outfall of a system enters as a tributary of a larger
drainage basin, the stage-discharge characteristics of the outfall may depend on the state of the main drainage basin
and the probability of flooding events in the two systems may be independent. This is especially common in storm
drain systems. For example, a small storm drain system designed for a 5-year return interval discharge may outfall
into a major channel associated with a much larger watershed. The two independent events affecting the design are
the storm occurring on the small storm drain system and the storm contributing to discharge in the larger watershed.

The simultaneous occurrence of two independent events is defined as the product of the probability of the
occurrence of each of the individual events. In other words, if the events are independent, the probability of 5-year
events occurring on the storm drain and the larger watershed simultaneously is 0.2 * 2 = 0.04 or 4%. This is
equivalent to a 25-year frequency.

In ordinary hydrologic circumstances, particularly with adjacent watersheds, flood events are not entirely
independent. Table 7.3 presents suggested return interval combinations for coincidental occurrence. Each design
contains two combinations of frequencies; for instance, a 5-year design with watersheds of one square kilometer
(1,000,000 m?), or 0.386 square miles (10,800,000 ft*) and one hectare (10,000 m?, i.e., 100:1), or 2.47 acres (1580
ft, i.e., 100:1) can employ either of the following:

e A 2-year design on the main stream and a 5-year design on the tributary.
e A b5-year design on the main stream and a 2-year design on the tributary.

A structure required that satisfies both return interval combinations is assumed to meet the 5-year design objective.
Example:
Determine the 25-year design discharge to be used for a bridge located immediately downstream of the

confluence of two streams. Stream A has a contributing drainage area of 100 acres. Stream B has a
drainage area of 1,000 acres. The discharges are as follows:

Return Period Stream A Stream B
10 yr 300 cfs 2700 cfs
25yr 450 cfs 3600 cfs

Using the drainage area ratio of 10:1, the table indicates that the 10-, and 25-year event should be
combined to determine the combination that governs.

10 yr (A) + 25 yr (B) = 3,900 cfs when routed to structure
10 yr (B) + 25 yr (A) = 3,150 cfs when routed to structure

Use the greater of the two calculated numbers to satisfy the design. Note that this number is smaller than
that predicted if 25 yr (A) + 25 yr (B) = 4,050 cfs.
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F. Rainfall versus Flood Frequency. Drainage structures are designed based on some flood frequency.
However, certain hydrologic procedures use rainfall and rainfall return interval as the basic input, with the basic
assumption that the flood return interval and the rainfall return interval are the same. Depending on antecedent soil
moisture conditions and other hydrologic parameters, this may or may not be true. However, for the design of
hydraulic structures this is a reasonable assumption.

Table 7.3 Frequencies for Coincidental Occurrence

2-year design 5-year design
Area Ratio [ main stream tributary main stream tributary
1 2 1 5
10,000:1 2 1 5 1
1 2 2 5
1,000:1 2 1 5 2
2 2 2 5
100:1 2 2 5 2
2 2 5 5
10:1 2 2 5 5
2 2 5 5
1:1 2 2 5 5
10-year design 25-year design
main stream tributary main stream tributary
1 10 2 25
10,000:1 10 1 25 2
2 10 5 25
1,000:1 10 2 25 5
5 10 10 25
100:1 10 5 25 10
10 10 10 25
10:1 10 10 25 10
10 10 25 25
1:1 10 10 25 25
50-year design 100-year design
main stream tributary main stream tributary
2 50 2 100
10,000:1 50 2 100 2
5 50 10 100
1,000:1 50 5 100 10
10 50 25 100
100:1 50 10 100 25
25 50 50 100
10:1 50 25 100 50
50 50 100 100
1:1 50 50 100 100
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7.3 HYDROLOGIC METHOD SELECTION

A. Overview of Hydrologic Method Selection. Estimating peak discharges of various intervals is one of the
most common engineering challenges faced by facility designers. The problem can be divided into two general
categories:

e  Gaged sites - Limitations on the use of gaged sites is discussed in Section 7.10.C.
e  Ungaged sites - The site is not near a gaging station and no stream flow record is available. This situation
is very common.

This chapter addresses hydrologic procedures that can be used for both categories. This section provides some
guidance on selection of hydrologic methods. In general, results from several methods should be compared. The
designer should use the discharge that appears to best reflect local project conditions. Averaging of results of
several methods is not suggested. In addition, the designer should document reasons supporting the selection of the
results.

B. Peak Flow Rates versus Hydrographs. Generally, the estimation of peak discharge is adequate for design of
conveyance capacity of systems such as storm drains, open channels, culverts and bridges. However, if the design
necessitates flood routing (e.g., through storage basins, complex conveyance networks, and pump stations), a flood
hydrograph is required.

C. Hydrologic Procedures. Countless hydrologic methods are available for estimating peak discharges and
runoff hydrographs. The following sections list selected hydrologic methodologies. These methodologies, when
properly selected and applied in engineering analyses, will be acceptable to PennDOT, and are preferable over
equivalent alternative methodologies. It is not PennDOT's intention to replace the use of sound engineering
judgment when any unlisted methodology is determined to be superior; however, use of unlisted methodologies
should be coordinated carefully with PennDOT at the earliest possible opportunity during the project development
process.

The level of accuracy required for a specific hydrologic analysis is a matter of engineering judgment that generally
depends on the specific characteristics of each individual project. Factors that tend to control the final accuracy of
hydrologic studies include the selection of analytical methods or models and the level of effort invested in data
collection and in the application of the method or model. Such factors generally are determined during the early
phases of a highway project.

With respect to selection of methods or models, this document offers general guidelines regarding selection criteria;
however, final decisions regarding the suitability of a particular method for a particular project must be determined
by engineering judgment on a case-by-case basis.

D. Site Flood History. Discrepancies between any numerical methodology such as HEC-1, TR-55, the rational
formula, or a regression method, and the site history should be considered very carefully and explained very
thoroughly.

Site information such as the performance of an existing structure or the local history of flooding provide important
data for corroborating the results of the numerical models used in the hydrologic study, especially if one or more
peak water-surface elevations can be determined. When the return periods for a high-water event can be estimated,
that event can be used to perform a partial calibration of the hydrologic model.

When known events are smaller than the design event, considerable care is required because the estimate of the
design peak flow is an extrapolation from the observed historical data. If the watershed has undergone development,
construction of flood control structures, reforestation, or other changes since the observed historical events, or if
future changes are anticipated, care must be taken to ensure that these factors are accounted for appropriately in the
hydrologic study.

E. FEMA Studies. If a project site lies within a Federal Emergency Management Agency (FEMA) study area,
review the flood discharges reported in the FEMA study and incorporate into the hydrologic analysis. Verify
FEMA's flood discharges by an appropriate hydrologic methodology when hydrologic conditions in the basin differ
from the conditions described in the FEMA study.
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For more information about FEMA, contact their web site at www.fema.gov/about/. If FEMA studies are to be used
for sizing the waterway structure, then care should be taken to avoid misuse of the information. It should be
remembered that the underlying purpose of a FEMA study is very different from a study to design an opening for a
waterway structure; therefore, different levels of detail and different methodologies may be appropriate for these
two types of studies. Often the FEMA study can be used as a relative comparison, comparing the present condition
with the proposed.

The hydrologic methods or models used in FEMA studies must be evaluated according to current design guidance
and current modeling practices for sizing highway waterway structures. For example, the peak flows in a number of
Pennsylvania FEMA studies were based on PSU-1Il. Use of these peak flows would not be acceptable to the
Department because PSU-II1 was superceded by PSU-1V in 1981. In this case, the results of the FEMA study shall
be included in the engineering analysis for comparative purposes. Discrepancies between the results of the FEMA
study and the methods selected for the project design shall be carefully analyzed and documented.

In all cases, when the site lies within a Federal Insurance Rate Map (FIRM) detailed study area, use of a 100-year
discharge that differs from FEMA's for design of a waterway structure requires careful, documented justification
that fulfills the review criteria of both the Pennsylvania Department of Environmental Protection (PA DEP) and
FEMA.

F. 1978 Act 167 Stormwater Management Studies. If the subject drainage basin is part of a Storm Water
Management Plan pursuant to 1978 Act 167, review the flood discharges reported in the plan and incorporate into
the hydrologic analysis. Verify the flood discharges reported in a storm water management plan by an independent
source or methodology if actual conditions in the basin or if map data have changed so that the two studies are based
on different hydrologic information. Explain thoroughly the use of flood discharges for design of a waterway
structure that differ significantly from the Act 167 discharges. PA DEP's Erosion and Sediment Control Manual, the
model Storm Water Management Ordinances for the 1978 Act 167 program, and guidance associated with 25 PA
CODE 8§ 102 and § 105 may contain specific limits to the upper limit of applicability of various runoff models. The
reader should check the regulations and regulatory guidance for more restrictive requirements.

For more information concerning the PA DEP contact their web site at www.depweb.state.pa.us. It should be
remembered that the underlying purpose of an Act 167 study is very different from a study to design an opening for
a waterway structure; therefore, different levels of detail and different methodologies may be appropriate for these
two types of studies.

G. Hydrologic Methods and Models. Hydrologic methods are used to determine the various flow rates for
waterway structures: design flood, overtopping flood, Q100, Q500, flood-of-record, probable maximum flood, etc.
The hydrologic methods and models included in the PennDOT standard H&H toolbox are listed below. Brief
statements on the use of the methods are included, as well as information on when the methods should not be used.
If a design project does not meet the criteria for using a specific listed method and the method is selected anyway,
then justification must be provided for making that selection.

For methods that require rainfall depths, such as the rational formula, TR-55, HEC-1, and HEC-HMS, the values
should be obtained from Appendix 7A, Field Manual for Pennsylvania Design Rainfall Intensity Charts from NOAA
Atlas 14 Version 3 Data. Generally, it may be assumed that rainfall of a given return period produces a flood of the
same return period. See Section 7.2.B for specific guidance on selecting magnitudes of design storms.

PA DEP has specific limitations to the various hydrologic methods and models that can be used within the state.
Also, guidance on the use and limitations of many of the listed methods and models is found in various sections of
HDS-2, Highway Hydrology (FHWA, 1996), The Model Drainage Manual (AASHTO, 2005), and the Highway
Drainage Guidelines (AASHTO, 2003).

H. Analysis of Stream Gage Records. If a design flow rate is being computed for a location on the same "main
stem" of a stream within 0.5 to 1.5 times the gage's basin area, stream gage records shall be used to compute design
or flood discharges. The hydrologic analysis for the gage should follow the suggestions of Bulletin 17B, Guidelines
for Determining Flood Frequency (U.S. Water Resources Council, 1982). The statistical analysis described in
Bulletin 17B often is referred to simply as the "WRC" method. Generally, a WRC analysis of a gage record takes
precedence over all other hydrologic methods. When a gage record is of short duration, or poor quality, or the
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results are judged to be inconsistent with field observations or sound engineering judgment, then the analysis of the
gage record should be supplemented with other methods.

The validity of a gage record should be demonstrated following procedures outlined in Bulletin 17B. Gage records
should contain at least 10 years of consecutive peak flow data and they should span at least one wet year and one dry
year. If the runoff characteristics of a watershed are changing due to urbanization, for example, then a portion of the
record will not be valid. If an invalid portion of a record is used, the results will be biased.

The USGS's computer program PEAKFQ performs a standard WRC analysis. The PEAKFQ program and
instructions for its use are available from the USGS. The peak flow values computed from a gage record can be

transposed from one location to another if 0.5< A <1.5 by scaling the discharge by a ratio of the drainage

ANatershed

areas raised to an exponent. The Peak flow values can be transposed with the following equation:
b
Q_|A
QQ AQ

peak discharge, m*/s (cfs)

basin area above project, ha (ac)

WRC peak discharge at gage, m*/s (cfs)

area of gaged basin, ha (ac)

drainage area characteristic coefficient from Table 3 in the SIR 2008-
5102 report, Regression Equations for Estimating Flood Flows at
Selected Recurrence Intervals for Ungaged Streams in Pennsylvania,
(USGS, 2008), for the basin's Flood Flow Region and recurrence
interval.

(Equation 7.1)

where:

>0 >0
(L I I e V1|

I.  Rational Method. The rational method (rational formula) is the suggested hydrologic method for estimating
peak flows for drainage areas up to 80 hectares (200 acres) in size. Use of the rational formula on larger drainage
areas above this limit requires the use of sound engineering judgment to ensure that reasonable results are obtained.
The rational method may be used with caution up to 100 hectares (250 acres) with specific approval by qualified
District personnel (typically the District H&H Coordinator).

The hydrologic assumptions underlying the rational formula include constant and uniform rainfall over the entire
basin with a duration equal to the time of concentration (t;). If a basin has more than one main drainage channel, if
the basin is divided so that hydrologic properties are significantly different in one section versus another, if t, > 60
minutes, or if storage is an important factor, then the rational method is not appropriate.

For typical roadway drainage problems where all of the conditions discussed in the preceding paragraph are met, the
rational method should be applied. When replacing pipes less than 750 mm (30 in) in diameter, the time of
concentration (t.) may be reduced to 5 minutes to compute the design discharge.

J. Regression Methods. Regional regression equations provide estimates of peak flows at ungaged sites. They
are comparatively easy-to-use and they provide relatively reliable and consistent findings when applied by different
hydraulic engineers. The three methods listed below, USGS SIR 08-5102, USGS WRIR 00-4189, and PSU-IV, are
statistical methods that quantify general regional relationships between peak flows, or other runoff variables, and a
watershed's physiographic, hydrologic and meteorologic characteristics. PSU-1V is suggested only as a comparison
method unless detailed site history justifies the flows developed using PSU-IV. USGS WRIR 00-4189 has been
replaced by the USGS SIR 08-5102 method, but in a few specific scenarios, the USGS WRIR 00-4189 method may
be considered as an acceptable method as further discussed in Section 7.3.J.4.

The regression processes used to derive the equations in USGS SIR 08-5102, USGS WRIR 00-4189, and PSU-1V
tend to smooth the effects of the independent variables on computed peak flow estimates. For basins with atypical
hydrologic characteristics, this smoothing effect can be a problem. Atypical characteristics may include steep slopes
in the watershed, watersheds with higher length to width ratios, etc. To ensure quality in these hydrologic estimates,
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it may be prudent to consider comparing the results of USGS SIR 08-5102, USGS WRIR 00-4189, and PSU-IV with
the site's history of flooding and/or the results of physically based hydrologic models such as HEC-1. By analyzing
and explaining any differences in result from the various methods included in the study, the confidence in the final
peak flow estimates can be improved.

1.  USGS SIR 08-5102. Regression Equations for Estimating Flood Flows at Selected Recurrence Intervals
for Ungaged Streams in Pennsylvania, Scientific Investigations Report (SIR) 08-5102 (USGS, 2008a) is a
regression analysis of streamflow data for Pennsylvania drainage basins ranging in size from approximately
259 ha (1.0 mi%) up to approximately 5200 km? (2000 mi®). USGS SIR 08-5102 was first incorporated into the
USGS's National Stream Statistics (NSS) program Version 4.0.b (USGS, 2008b). The program includes
regression equations for estimating a typical flood hydrograph for a given recurrence interval as well as other
stream low flow statistics. Although the NSS computer program has been incorporated into the Environmental
Modeling Research Laboratory's (EMRL) Watershed Modeling System (WMS), WMS 8.1, 8.2 and 8.3 contain
NSS version 4.0, which uses the USGS WRIR 00-4189 regression equations. If you are using WMS version
8.3 or older, the hydrologic data must be exported from WMS to use in either a standalone NSS program
Version 4.0.b or newer or use the equations from the USGS SIR 08-5102 publication.

2. USGS WRIR 00-4189. Techniques for Estimating Magnitude and Frequency of Peak Flows for
Pennsylvania Streams, Water-Resources Investigations Report 00-4189, (USGS, 2000) is a regression analysis
of stream flow data for Pennsylvania drainage basins ranging in size from approximately 390 hectares (1.5 mi?)
up to approximately 5,200 km? (2,000 mi®). USGS WRIR 00-4189 rarely is used for basins larger than 650
km? (250 mi?) because a gaging station normally is available within 0.5 to 1.5 times the basin area.

The equations presented for Region B should not be used if the stream drains a basin with more than 5% urban
development. The USGS WRIR 00-4189 regressions equations should not be used for areas less than 390
hectares (1.5 mi?), for streams that drain extensively mined areas or for stream reaches immediately below
flood-control reservoirs.

USGS WRIR 00-4189 has been incorporated into the National Flood Frequency (NFF) computer program and
the USGS urban regression equations have been included to accommodate developed areas. NFF is available
from the USGS's web site for surface water software. NFF has been superseded with the National Stream
Statistics (NSS) program which includes the USGS SIR 08-5102 equations as described above.

3. PSU-IV. PSU-IV is a Pennsylvania regional regression method that is based on the Log Pearson IlI
equation. Generally, the PSU-IV regression equations are considered valid for basins from 390 hectares (1.5
mi%) to 390 km? (150 mi?). PSU-IV is considered to produce good estimates for peak flows in this range;
however the PSU-1V model requires caution when being applied to urbanized areas. In urbanized areas in
Region 1, the default urban adjustment factor should NOT be applied.

The use of PSU-1V analyses in all urban areas should be based on sound engineering judgment. Urbanized
watersheds larger than 39 km? (15 mi?) require consideration of Stankowski's Urbanization factors in lieu of
the default urbanization method in the PSU-IV program or USGS Urban Regression Equation.

Since USGS WRIR 00-4189 is based on data through 1997 and USGS SIR 08-5102 is based on data through
2006, PSU-1V is considered only as a comparison method. PSU-IV can be used to compare estimates from
other methods, but should not be used as the final hydrologic method for flow selection unless there is site
flooding history that justifies its use. PSU-IV may be used as a comparative method only.

4. Summary of Regression Performance. The two most recent USGS methods (USGS WRIR 00-4189 and
USGS SIR 08-5102) were evaluated by PennDOT. In general the USGS SIR 08-5102 method will be the most
applicable regression method, but there are some areas of the state that one of the older regression methods
may be considered. When compared to observed values (i.e., stream gage analyses), severe under- and over-
predictions occur using both USGS methods, and there is no real physiographic or basin characteristic pattern
to the results. The USGS regression flows for watersheds with smaller drainage areas (<13 km? (<5 mi¢)) also
have inconsistent results. The watersheds where USGS SIR 08-5102 highly over- or under-predicted the gage
value are listed in Table 7.4 and shown in Figures 7.2 and 7.3. The observed values were calculated using a
Log Pearson Ill analysis with a weighted skew coefficient, while the weighted values were calculated to
minimize period of record bias by computing a predicted flood frequency discharge weighted average of the
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observed, as well as the USGS SIR 08-5102 computed, using the period of record of the station and the
equivalent period of record for the regression equation (USGS, 2008a).

The following procedure is recommended to determine the most appropriate design flows if regression
methods are applicable.

5. Recommended Methodology for use of Regression Equations. The USGS SIR 08-5102 regression
equations generally perform adequately in predicting flows; however, there are instances where flows may be
unrepresentatively high or low in comparison to what one would expect from a stream gage analysis.
Therefore, the following set of guidelines should be followed when watershed characteristics are within the
limitations of the USGS SIR 08-5102 regression equations.

a. Determine the watershed in which the site is located.

b. Determine if the site may be substantially affected by upstream regulation, using USGS SIR 08-
5102, Appendix 3 as a guide.

c.  Determine if the site is in a watershed where USGS SIR 08-5102 may significantly over or under-
predict the design event calculated from gage data by referring to Table 7.4 and Figures 7.2 and 7.3.

d. Perform calculations using the USGS SIR 08-5102 method to estimate flows. Evaluate the
predicted flows in the hydraulic model and compare to local flood history and engineering judgment.

e.  When the project site is located in one of the two precaution areas mentioned below and the results
from USGS SIR 08-5102 are not consistent with the local flood history, it may be necessary to consider
other hydrologic methods including the USGS WRIR 00-4189 method or regional gage comparison.
Note for the gages/watersheds listed in Table 7.4 and shown in Figures 7.2 and 7.3, consideration should
also be given to the number of years of record and quality of data at the gaging station for which the
regression flows are being compared.

Precautions for use of the USGS SIR 08-5102 method as a result of PennDOT's evaluation include:
a. USGS SIR 08-5102 results in the watersheds identified in Table 7.4 and Figures 7.2 and 7.3 were
particularly different from the gage data and should be closely evaluated for applicability. Some of these

watersheds have shown to severely under-predict flows as compared to gage data within the watershed.

b.  Sites with drainage areas less than <13 km? (<5 mi?) for both the USGS SIR 08-5102 and USGS
WRIR 00-4189 methods.
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Percent Percent
Difference Difference USGS
from the from the Streamflow
Weighted Observed Station Drainage Last Year Years of Mean Percent Percent Percent
Values Values Number Station Name Area (mi®) | of Record Record* Elevation Carbonate Storage Urban Region
Highest Over-predictions
89 167 1449360 Pohopohco Creek Kresgeville. 49.9 2006 40 1060 0 1.93 7.3 1
35 155 1480800 E. Br. Brandywine Ck. at Downingtown, PA 81.6 1968 11 531 6.72 2.03 9.03 2
81 130 1441000 McMichael Creek near Stroudsburg, PA 65.3 1955 28 952 0.23 3.34 3.17 1
68 118 1447680 Tunkhannock Creek near Long Pond, Pa. 20 2006 40 1,880 0 21.24 0.74 1
68 112 1438300 Vandermark Creek at Milford, Pa. 5.09 2006 45 1,060 0 0.75 5.31 1
Lowest Under-predictions
-61 -71 03008000 Newell Creek near Port Allegany, Pa. 7.79 1978 19 1840 0 0 0.1 3
-64 -70 03049800 Little Pine Creek near Etna, Pa. 5.78 2005 42 1100 0 0 26 4
-57 -68 01638900 White Run near Gettysburg, Pa. 12,5 1980 20 553 0 231 8.64 4
-55 -68 01473100 Zacharias Creek near SkipPack, Pa. 7.29 1980 21 322 0 0.06 9.65 2
-53 -67 01479820 Red Clay Creek near Kennett Square, Pa. 28.33 2005 18 371 111 1.24 17.6 2
-55 -65 03021410 West Branch French Creek near Lowville, Pa. 52.3 1994 20 1470 0 5.25 1.12 3
-57 -64 01564512 Aughwick Creek near Shirleysburg, Pa. 296 2005 16 1,170 7.03 0.47 0.71 3
-49 -63 01578400 Bowery Run near Quarryville, Pa. 5.98 1981 19 655 25.4 0.98 0.02 2
-50 -63 01553600 EB Chillisquaque Creek near Washingtonville, Pa. 51.5 2005 26 735 6.65 1.14 0.23 1
-45 -62 03100000 Shenango River near Turnersville, Pa. 152 1922 11 1090 0 22.61 5.56 3
-48 -58 01473120 Skippack Creek near Collegeville, Pa. 53.7 1994 29 289 0 0.16 24.7 2
-40 -55 01429500 Dyberry Creek near Honesdale, Pa. 64.6 2005 16 1470 0 3.57 0.21 1
-50 -55 01567500 Bixler Run near Loysville, Pa. 15 2005 52 907 0 0.91 0.23 3
-38 -54 03029000 Clarion River at Ridgway, Pa. 303 2004 12 1910 0 0.93 271 3
-44 -54 01516350 Tioga River near Mansfield, Pa. 153 2005 34 1870 0 0.24 1.45 1
-42 -53 01546000 North Bald Eagle Creek at Milesburg, Pa. 119 1934 18 1400 7.47 0.32 0.72 3
-45 -53 01428750 West Branch Lackawaxen River near Aldenville, Pa. 40.6 2006 32 1750 0 1.95 0.28 1
-38 -53 01475530 Cobbs Cr at U.S. Hghwy No. 1 at Philadelphia, Pa. 4.78 2005 18 319 0 0.42 87.7 2
-48 -53 01447500 Lehigh River at Stoddartsville, Pa. 91.7 2006 65 1830 0 14.04 747 1
-35 -51 03104760 Harthegig Run near Greenfield, Pa. 2.26 1980 12 1260 0 4.12 2.08 3
-46 -51 03026500 Sevenmile Run near Rasselas, Pa. 7.84 2005 54 2070 0 0 0.16 3

* Years of record used in the USGS SIR 08-5102 analysis primarily consists of systematic period of record and may include historic peak year.
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Figure 7.2. Watersheds and Gage Numbers with the Highest Over-Prediction from the Observed and Weighted Gage Flows.
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Figure 7.3. Watersheds and Gage Numbers with the Highest Under-Prediction from the Observed and Weighted Gage Flows.
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K. HEC-1 & HEC-HMS. HEC-1 & HEC-HMS are generalized hydrologic simulation models that can be used
with basins of almost any size and complexity. Use of the Engineering Computing Graphics Laboratory's (ECGL's)
Watershed Modeling System (WMS) as an interface to HEC-1 is suggested since it systematizes the computation of
the physiographic and hydrologic parameters required by HEC-1. When WMS is used for its graphical user
interface to HEC-1, a practical upper limit in the vicinity of 300 to 400 km? (100 to 150 mi?) is suggested.

HEC-1 assumes that the rainfall is spatially uniform over each sub-basin modeled. Soil Conservation Service (SCS)
rainfall time distributions, loss methods, dimensionless unit hydrographs, and the lag equations often are used;
however, careful consideration must be given to the assumptions and limitations underlying these methods.

The SCS developed the curve number method (i.e. the SCS lag equation) for basin sizes less than 800 hectares (2000
acres, 3.1 mi’; NRCS, 1985). The upper limit on basin area for the SCS Loss Method (i.e., Runoff Curve Number)
is not well established; however, ~5160 hectares or 52 km? (1290 acres, 20 mi?) has been suggested. These
limitations may be overcome by subdivision of the watershed and appropriate routing.

WMS uses USGS Digital Elevation Modules (DEMs) to compute basin geometric parameters. Relatively large data
sets are required for, and produced by, WMS for basins spanning more than 8 or 10 DEMs. This may result in a
serious degradation of computer performance and may require "overnight" computer runs. The use of HEC-1 by
itself may be prudent in these cases.

When using WMS in urban areas, care must be taken to ensure that storm water management facilities are
incorporated correctly into the model. This will require additional careful modeling and routing.

L. WinTR-55 and TR-55. Technical Release 55 (TR-55), Urban Hydrology for Small Watersheds (NRCS,
1986) provides a graphical method for computing peak discharges of drainage basins with areas ranging from 4.0
hectares (10 acres) up to 800 hectares (2000 acres, 3.1 mi?).

TR-55 is a segmental method (i.e., flow time is computed by adding the times for the overland, shallow
concentrated, and channel segments). TR-55 considers hydrologic parameters such as slope, roughness, losses,
rainfall intensity, soil type, land use, and time. Although TR-55 has fewer assumptions than the rational formula, it
also assumes that rainfall is uniform over the entire basin. Some hydrologists have stated that TR-55 tends to
produce conservatively high estimates of peak flows. TR-55 should be used with caution when structure sizing is
highly sensitive to the computed peak flow values.

This method must meet the following conditions:

e  Basin drained by a single main channel or by multiple channels with times of concentration (t;) within
10% of each other.

e t.between 0.1 and 10 hours.

e  Storage in the drainage area is <5% of the basin area and does not affect the time of concentration (i.e.,
storage in the drainage area is not on the main channel in which the t. is being computed and is less than
or equal to 5% of the drainage area).

e  The watershed can be accurately represented by a single compaosite curve number.

The "Graphical Method" module in the TR-55 computer program and the TR-55 model in WMS are equivalent to
the manual graphical method described in the TR-55 report. TR-55 includes a procedure for computing a "rough”
synthetic hydrograph, which can be used to size small ponds; however, TR-55 should not be used for flood routing,
which would include both channel routing and storage routing.

Refer to the TR-55 report for a complete discussion of limitations and assumptions of this methodology.

M. EFH-2. EFH-2 determines peak discharge by procedures discussed in Engineering Field Handbook, Chapter 2
(NRCS,  1985). EFH-2 is available online at  www.nrcs.usda.gov/wps/portal/nres/detailfull/
national/water/quality/?cid=stelprdb1042921. This method is applicable to rural watershed between 0.4047 and
809.4 hectares (1 and 2000 acres), and must meet the following conditions:

e  Hydraulic length is between 60.0 and 7,900.8 meters (200 and 26,000 feet).
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Average slope is between 0.5 and 64%.

Valley or reservoir routing is not required.

Watershed can be represented accurately by a single composite curve number between 40 and 98.
Urban land uses comprise no more than 10% of the basin.

Refer to the EFH-2 Manual for complete discussion of the methodology and its limitations.

7.4 TIME OF CONCENTRATION

A. Overview of Time of Concentration. Several common hydrologic methods require an estimation of the time
of concentration. This section provides guidance on ways to estimate time of concentration for use in procedures
such as the Rational Method and the SCS runoff curve number methods.

The time of concentration (t;) is the time at which all of the watershed begins to contribute to runoff; this is
calculated as the time taken for runoff to flow from the most hydraulically remote point of the drainage area to the
point under investigation. Various methods can be used to estimate the time of concentration of a watershed. When
selecting a method to use in design, it is important to select a method that is appropriate for the flow path. Some
methods were developed as lumped parameter methods in that they characterize the time for the entire watershed:
the SCS lag equation (Equation 7.2) is an example. Other methods are intended for one segment of the principal
flow path and produce a flow velocity that can be used with the length of the segment to compute a travel time (L/V
= time). With this method, the time of concentration equals the sum of the travel times on each segment of the
principal flow path.

Generally, it is reasonable to consider three components of flow which can characterize the progression of runoff
along a travel path: sheet flow (overland flow), shallow concentrated flow, and concentrated channel flow or conduit
flow. Sheet flow, which is defined mathematically in Section 7.4.C., occurs in the upper reaches of the watershed.
Such flow occurs over short distances and at shallow depths prior to the point where topography and surface
characteristics cause the flow to concentrate in rills (small depressions that flow intermittently, only when it rains)
and swales. Equation 7.3 typically is used to compute the time for this portion of the overland flow. Concentrated
flow is runoff that occurs in rills and swales and has depths on the order of 40 to 100 mm (1.58 to 3.94 in).
Velocities in open channels usually are determined using the Manning equation to solve for the velocity. There may
be a number of possible paths to consider in determining the longest travel time. The designer should identify the
flow path along which the longest travel time is likely to occur. This can be a trial-and-error process

B. Overland Flow. One way to estimate the overland flow time is to use Publication 13M, Design Manual, Part
2, Highway Design, Chapter 10, Table 10.2.2 to estimate overland flow velocity for a chosen path length. The path
length divided by the velocity yields a travel time. A second method is to use the SCS time of concentration
equation developed by Mockus in 1961. Equation 7.2 is intended to be the total travel time for the watershed and is
considered a lumped parameter equation.

Equation 7.2
_1.67(L)°°(1000/CN -9) - )

tC KS 0.5
where: t. =  time of concentration, hr
L = longest hydraulic length from the point of interest to the top of the ridge,
m (ft)
CN = SCS runoff curve number, as described in Section 7.4.A
K = 2949 (metric), 1900 (U.S. Customary)
S =  average slope of the watershed in percent



Chapter 7 - Hydrology Publication 584
2015 Edition

Figure 7.4 Velocities for Upland Method of Estimating Time of Concentration, t,
(Adapted from National Engineering Handbook, VVolume 4 (NEH4), Figure 15.2)
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C. Segmental Method.
1. Sheet-flow travel time is a shallow mass of runoff on a plane surface with the depth uniform across the

sloping surface. Such flow occurs over relatively short distances, rarely more than ~46 meters (150 feet)
(FHWA, 2002). Sheet flow rates are commonly estimated using a version of the kinematic wave equation.

K (nL)*®
el

(Equation 7.3)

where: t; =  sheet flow travel time, min
K = 6.92 for Metric units or 0.933 for U.S. Customary Units
i = rainfall intensity, mm/hr (in/hr)
s = surface slope of the flow path, m/m, (ft/ft)
n = Manning's n-value (see Table 7.5 for example Manning's n-values)
L = longest hydraulic length, m (ft)

Since i depends on T, and T; is not initially know, the computation of T is an iterative process. An initial
estimate of T, is assumed and used to obtain i from the PDT-IDF curve for the site. The T, is then computed
from Equation 7.3 and used to check the initial value of T.. If they are not the same, the process is repeated
until two successive T, estimates are the same.

Sheet flow can also be determined using Manning's kinematic solution specified in TR-55.

2. The velocity method can be used to estimate travel times for sheet flow, pipe flow, or channel flow. It is
based on the travel time for a flow segment as a function of the length and the velocity.
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(Equation 7.4)

where, L and V have units of meters (feet) and meters/second (feet/second), respectively.

The time of concentration is then equal to the sum of the travel times.
(Equation 7.5)

For design conditions that do not involve complex drainage conditions, the designer may use Publication 13M,
Design Manual, Part 2, Highway Design, Chapter 10, Table 10.2.2 to estimate the velocities for the various
segments.

For shallow concentrated flows - After short distances, sheet flow tends to concentrate in rills and gullies of
increasing proportions. Such flow usually is referred to as a shallow concentrated flow. The velocity can be
estimated with the figures described in this section, or using the relationship between velocity and slope as

given below:
(Equation 7.6)
V = akS,*®
where: 'V = velocity, m/s (ft/s)
a = 1.0 (metric), 3.28 (U.S. Customary)
k = intercept coefficient (see Table 7.6)
S, =  slope in percent of the channel or flow

D. Conduit Flow and Open Channel Flow. Pipe or open channel flow time can be estimated from the hydraulic
properties of the conduit or channel. Generally it is reasonable to assume uniform flow and employ Manning's
Equation with the following considerations. When assuming uniform flow conditions the engineer is assuming that
the geometry and slope of the conduit and channel do not vary significantly and that the depth of flow does not vary
within the conveyance system (conduit or open channel). If this is not the case, then the methods discussed in the
Chapter 8, Open Channels and Chapter 9, Culverts should be used.

For open channel flow, consider the uniform flow velocity based on bank full flow conditions. That is, the main
channel is flowing full without flow in the overbanks. This assumption avoids the significant iteration associated
with other methods which employ rainfall intensity or discharges (since rainfall intensity and discharge are
dependent on time of concentration).

For conduit flow, in a proposed storm drain system, compute the velocity at uniform depth based on the computed
discharge at the upstream stream run. Otherwise, if the conduit is in existence, determine full capacity flow in the
conduit and determine the velocity at capacity flow. It may be necessary to compare this velocity later with the
velocity calculated during conduit analysis. If there is a significant difference and the conduit is a relatively large
component of the total travel path, re-compute the time of concentration using the latter velocity estimate.

The coefficients listed are specified on the basis of engineering judgment and do not necessarily reflect the views of
research institutions, manufacturers or other governmental agencies.
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Table 7.5 Roughness Coefficients n-values for Manning's Equation (Pipes and Pavements)

Description Manning's n-value

Polyvinyl Chloride (PVC) with smooth Inner Walls 0.010
Corrugated High-Density Polyethylene (HDPE) with Smooth Inner Walls 0.012
Corrugated High-Density Polyethylene (HDPE) with Corrugated Inner Walls 0.015
Concrete Pipe 0.012
Smooth-lined Corrugated Metal Pipe 0.012
Corrugated Plastic Pipe 0.024
Annular Corrugated Steel And Aluminum Alloy Pipe (Plain or polymer coated)

68 mm x 13 mm (2 2/3 in x 1/2 in) Corrugations 0.024

75 mm x 25 mm (3 in x 1 in) Corrugations 0.027

125 mm x 25 mm (5 in x 1 in) Corrugations 0.025

150 mm x 50 mm (6 in x 2 in) Corrugations 0.033
Helically Corrugated Steel And Aluminum Alloy Pipe (Plain or polymer coated)

75 mm x 25 mm (3 in x 1 in), 125 mm x 25 mm (5 in x 1 in),

or 150 mm x 50 mm (6 in x 2 in) Corrugations 0.024
Helically Corrugated Steel And Aluminum Alloy Pipe (Plain or polymer coated)

68 mm x 13 mm (2 2/3 in x 1/2 in) Corrugations

a. Lower Coefficients*

450 mm (18 in) Diameter 0.014
600 mm (24 in) Diameter 0.016
900 mm (36 in) Diameter 0.019
1200 mm (48 in) Diameter 0.020
1500 mm (60 in) Diameter or larger 0.021

b.  Higher Coefficients** 0.024
Annular or Helically Corrugated Steel or Aluminum Alloy Pipe Arches or Other Non-

Circular Metal Conduit (Plain or Polymer coated) 0.024
Vitrified Clay Pipe 0.012
Ductile Iron Pipe 0.013
Asphalt Pavement 0.015
Concrete Pavement 0.014
Grass Medians 0.050
Grass — Residential 0.030
Earth 0.020
Gravel 0.030
Rock 0.035
Cultivated Areas 0.030 - 0.050
Dense Brush 0.070 - 0.140
Heavy Timber (Little undergrowth) 0.100 - 0.150
Heavy Timber (with underbrush) 0.40
Streams:

a. Some Grass And Weeds (Little or no brush) 0.030-0.035
b.  Dense Growth of Weeds 0.035 - 0.050
c. Some Weeds (Heavy brush on banks) 0.050 - 0.070

Notes:
*  Use the lower coefficient if any one of the following conditions apply:

a. A storm pipe longer than 20 diameters, which directly or indirectly connects to an inlet or manhole,
located in swales adjacent to shoulders in cut areas, shoulders in cut areas or depressed medians.

b. A storm pipe which is specially designed to perform under pressure.

**  Use the higher coefficient if any one of the following conditions apply:

a. A storm pipe which directly or indirectly connects to an inlet or manhole located in highway

pavement sections or adjacent to curb or concrete median barrier.
b. A storm pipe which is shorter than 20 diameters long.
c.  Astorm pipe which is partly lined helically corrugated metal pipe.
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In considering each factor more critical, judgment is necessary if it is kept in mind that any condition that causes
turbulence and retards flow results in a greater Manning's n-value.

Outlet velocity for bituminous paved invert shall be determined based on a 25% reduction in Manning's roughness
coefficient, Manning's n-value.

Table 7.6 Intercept Coefficients for Velocity versus Slope Relationship

Land cover (flow regime) k

Forest with heavy ground litter; hay meadow (overland flow) 0.076
Trash fallow or minimum tillage cultivation; contour or strip cropped; woodland

(overland flow) 0.152
Short grass pasture (overland flow) 0.213
Cultivated straight row (overland flow) 0.274
Nearly bare and untilled (overland flow) 0.305
Grassed waterway (shallow concentrated flow) 0.457
Unpaved (shallow concentrated flow) 0.491
Paved area; small upland gullies (shallow concentrated flow) 0.619

E. Other Methods for Estimating Travel Time. Other published methods may be used at the designer's
discretion subject to the documented limitations of the methods.

F. Procedure to Estimate Time of Concentration

1. Divide the flow path into reach lengths along which flow conditions remain reasonably consistent. For
natural drainage areas, the upper reaches usually will experience overland or sheet flow which transitions into
shallow concentrated flow. If the area is large enough, the lower reaches will experience concentrated flow in
swales, ditches, creeks and rivers.

2. For each identified reach length, make an estimate of the travel time and add the individual times to
determine the total time. Use a method of estimating time that is appropriate for the flow conditions (see
above). If the method results in a velocity, compute the time for component using Equation 7.7.

(Equation 7.7)

t, = L
60v,
where: t, = travel time over nth reach, min
L, = length of nth reach along flow path, m (ft)
v, = estimated flow velocity for nth reach, m/s (ft/s)

The total time is:
(Equation 7.8)

T-3,

n=1
where: T = total time along flow path, min
m = number of reaches in flow path
n = reach number
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3. Choose an alternate flow path and repeat steps (1) and (2) as necessary.
4.  Select the path which results in the longest time. This is the time of concentration (t;), i.e., t; = T (max).

In some cases, runoff from a portion of the drainage area which is highly impervious may result in a greater peak
discharge than would occur if the entire area was considered. In these cases, adjustments can be made to the
drainage area and time of concentration by disregarding those areas where flow time is too long to add to the peak
discharge. Sometimes it is necessary to estimate several different contributing areas and associated times of
concentration to determine the design flow that is critical for a particular application.

When designing a drainage system, the overland flow path is not necessarily perpendicular to the contours shown on
available mapping. The land may be graded so that swales and streets will intercept the flow and change the time of
concentration. Care should be exercised in selecting overland flow paths.

7.5 PEAK DISCHARGE USING THE RATIONAL METHOD

A. Introduction to the Rational Method. The Rational Method was first introduced in 1889. Though it often is
considered simplistic, it still is deemed to be an appropriate method for estimating peak discharges for small
drainage areas of up to 80 hectare (200 acres) in which there is no significant flood storage.

B. Assumptions and Applicability of the Rational Method. The Rational Method incorporates the following
assumptions:

e  The rate of runoff resulting from any constant rainfall intensity is at a maximum when the duration of
rainfall is as long as or longer than the time of concentration. That is, if the rainfall intensity is constant,
the entire drainage area contributes to the peak discharge when the time of concentration has elapsed.
This assumption becomes less valid as the drainage area increases. For large drainage areas, the time of
concentration can be so large that constant rainfall intensities for such long periods do not occur and
shorter, more intense rainfalls can produce larger peak flows. Additionally, rainfall intensities usually
vary during a storm. In semi-arid and arid regions, storm cells are relatively small with extreme intensity
variations.

e  The frequency of peak discharge is the same as the frequency of the rainfall intensity for the given time of
concentration. Frequencies of peak discharges depend on rainfall frequencies, antecedent moisture
conditions in the watershed, and the response characteristics of the drainage system. For small, mostly
impervious areas, rainfall frequency is the dominant factor. For larger drainage basins, the response
characteristics control. For drainage areas with few impervious surfaces (less urban development),
antecedent moisture conditions usually govern, especially for rainfall events with a return period of 10
years or less.

e  The rainfall intensity is uniformly distributed over the entire drainage area. In reality, rainfall intensity
varies spatially and temporally during a storm. For small areas, the assumption of uniform distribution is
reasonable. However, as the drainage area increases, it becomes more likely that the rainfall intensity
will vary significantly both in space and time.

e  The fraction of rainfall that becomes runoff (C) is independent of rainfall intensity or volume. The
assumption is reasonable for impervious areas, such as streets, rooftops, and parking lots. For pervious
areas, the fraction of runoff varies with rainfall intensity, accumulated volume of rainfall and antecedent
moisture conditions. Thus, the consideration necessary for application of the Rational Method involves
the selection of a coefficient that is appropriate for the storm magnitude, soil type, and land use
conditions.

By limiting the application of the Rational Method to 80 hectares (200 acres), these assumptions are more likely to
be reasonable.
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Modern drainage practice often includes detention of urban storm runoff to reduce the peak rate of runoff
downstream and to improve quality of the storm water runoff. The Rational Method severely limits the evaluation
of design alternatives available in urban (and in some instances, rural) drainage design because of its inability to
accommodate the presence of storage in the drainage area. When accommodation of any appreciable storage
features in the drainage basin is required, runoff hydrograph methods should be employed.

C. The Rational Method Equation. The Rational formula estimates the peak rate of runoff at any location in a
watershed as a function of the drainage area, runoff coefficient, and mean rainfall intensity for a duration equal to
the time of concentration (the time required for water to flow from the most remote point of the basin to the location
being analyzed). The rational formula is expressed as Equation 7.9.
(Equation 7.9)
CC,IA
Q=

K

maximum rate of runoff, m*/s (cfs)

runoff coefficient as outlined in Section 7.5.E.

runoff coefficient adjustment factor due to return interval

average rainfall intensity, mm/hr (in/hr) as outlined in Section 7.5.D.
drainage area, ha (ac)

360 (metric), 1 (U.S. Customary)

where: Q

C
Cs
|
A
K

D. Rainfall Intensity. The rainfall intensity (I) is the average rainfall rate in centimeters per hour (cm/hr) or
inches per hour (in/hr) for a specific rainfall duration and a selected frequency. The duration is assumed to be equal
to the time of concentration. For drainage areas in Pennsylvania, the rainfall intensity may be determined from the
appropriate PDT-Intensity-Duration-Frequency, PDT-IDF, relationships found in Appendix 7A, Field Manual for
Pennsylvania Design Rainfall Intensity Charts From NOAA Atlas 14 Version 3 Data. In the Appendix are maps of
the different regions depending on the average recurrence interval (ARI) and storm duration. It was found that
shorter duration storms had completely different orographic patterns than the longer duration storms, therefore the
use of several maps.

Rainfall IDF curves for each of the regions are also shown in Appendix 7A, Field Manual for Pennsylvania Design
Rainfall Intensity Charts From NOAA Atlas 14 Version 3 Data. As rainfall duration tends towards zero, the rainfall
intensity increases. Since the rainfall intensity-duration relationship is calculated by assuming that the duration is
equal to the time of concentration, small areas with exceedingly short times of concentration could result in design
rainfall intensities that are unrealistically high. To minimize the likelihood that this will occur, the designer should
use a minimum time of concentration of 5 minutes. As the duration tends to infinity, the design rainfall tends
toward zero. Usually, the area limitation of 80 hectares (200 acres) should result in design rainfall intensities that
are not unrealistically low. However, if the estimated time of concentration is extremely long, such as may occur in
extremely flat areas, it may be necessary to consider an upper threshold of time (i.e., t.[ 1< 60 minutes) or use a
different hydrologic method.

There may be instances in which alternate methods of determining rainfall intensity are desired, especially for
coordination with other agencies. The designer should take care to ensure that any alternate methods are applicable.

E. Runoff Coefficient. The selection of the runoff coefficient (C) tends to be somewhat subjective and varies
with the topography, land use, vegetative cover, soil type, and moisture content of the soil at the time the rainfall-
producing runoff occurs. In selecting the runoff coefficient, consideration should be given to the future
characteristics of the watershed. If land use varies within a watershed, watershed segments must be considered
individually and a weighted runoff coefficient, C,,, value can be calculated.

Table 7.7 lists suggested ranges of C values for various categories of ground cover. This table is typical of design
guides found in civil engineering texts dealing with hydrology. The designer assigns a C value based on what is
seen in the watershed with reference to the table.

An alternate, systematic approach for developing the runoff coefficient is shown in Table 7.7(a). In this table, which
is applicable to rural watersheds only, the watershed is addressed as a series of aspects. For each of four aspects, a
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systematic assignment of a runoff coefficient "component” is made. Using Equation 7.10, the four assigned
components are then added together to form an overall runoff coefficient for the specific watershed segment.

(Equation 7.10)
C=C+Ci+C,+C

Runoff coefficients, listed in Table 7.7 and Table 7.7(a), and others are applicable for storms of 2-year, 5-year, and
10-year return periods. Higher frequency storms will require modifying the runoff coefficient because infiltration
and other abstractions have a proportionally smaller effect on runoff. The designer should adjust the runoff
coefficient by the factor C; as indicated in Table 7.8. Generally, the product of C and C; should not exceed 1.0.

Table 7.7 Runoff Factors for the Rational Equation

RUNOFF FACTOR "C"
TYPE OF DRAINAGE AREA OR SURFACE MINIMUM T MAXIMUM
Pavement, concrete or bituminous concrete 0.75 0.95
Pavement, bituminous macadam or surface-treated gravel 0.65 0.80
Pavement, gravel, macadam, etc. 0.25 0.60
Sandy soil, cultivated or light growth 0.15 0.30
Sandy soil, woods or heavy brush 0.15 0.30
Gravel, bare or light growth 0.20 0.40
Gravel, woods or heavy brush 0.15 0.35
Clay soil, bare or light growth 0.35 0.75
Clay soil, woods or heavy growth 0.25 0.60
City business sections 0.60 0.80
Dense residential sections 0.50 0.70
Suburban, normal residential areas 0.35 0.60
Rural areas, parks, golf courses 0.15 0.30
NOTES

1. Higher values are applicable to denser soils and steep slopes.

Consideration should be given to future land use changes in the drainage area in selecting the "C" factor.

3. For drainage area containing several different types of ground cover, a weighted value of "C" factor shall
be used.

4. In special situations where sinkholes, stripped abandoned mines, etc. exist, careful evaluation shall be
given to the selection of a suitable runoff factor with consideration given to possible reclamation of the
land in the future.

N
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Table 7.7(a) Runoff Coefficient for Rural Watersheds
Slope
extreme high normal low
0.28-0.35 0.20-0.28 0.14-0.20 0.08-0.14
Relief (C,) steep, rugged | hilly, with average | rolling, with average | relatively flat land,
terrain with average | slopes of 10-30% | slopes of 5-10% with average slopes
slopes above 30% of 0-5%
0.12-0.16 0.08-0.12 0.06-0.08 0.04-0.06
no effective soil | slow to take up [ normal; well drained | deep sand or other
Soil cover either rock or | water, clay or | light or medium | soil that takes up
Infiltration thin soil mangle of | shallow loam soils | textured soils, sandy | water readily, very
(C) negligible of low infiltration | loams light well drained
infiltration capacity | capacity or poorly soils
drained
0.12-0.16 0.08-0.12 0.06-0.08 0.04-0.06
no effective plant | poor to fair; clean | fair to good; about | good to excellent;
cover, bare or very | cultivation, crops | 50% of area in good | about 90% of
Vegetative sparse cover or poor natural | grassland or | drainage area in good
Cover (C,) cover, less than | woodland, not more | grassland, woodland,
20% of drainage | than 50% of area in | or equivalent cover
area over good | cultivated crops
cover
0.10-0.12 0.08-0.10 0.06-0.08 0.04-0.06
negligible; surface | well defined system [ normal; considerable | much surface storage,
depression few and | of small | surface depression | drainage system not
Surface (C;) | shallow; drainageways; no | storage lakes and | sharply defined; large

flood plain storage or
large  number  of
ponds or marshes

The total runoff coefficient based on the four runoff componentsis: C=C, + C; + C, + C;

Table 7.8 Runoff Coefficient Adjustment Factors for Rational Method

Recurrence Interval (years) Cs
25 11
50 1.2
100 1.25

From The Model Drainage Manual (AASHTO, 2005)

The rational formula now becomes Equation 7.11:

0 CC,IA
K

(Equation 7.11)

F. Procedure for Rational Method. The general procedure for estimating the peak discharge for a watershed
using the Rational Method is as follows:

7-32



Chapter 7 - Hydrology Publication 584
2015 Edition

1. Determine the watershed area in hectares (acres).

2. With consideration for future characteristics of the watershed, determine the time of concentration as
defined in Section 7.4.

3. Assure consistency with the assumptions and limitations for application of the Rational Method.

4.  According to the locality in Pennsylvania and the design frequency, extract the rainfall intensity from the
appropriate IDF curve.

5. With consideration for future characteristics of the watershed, select or develop appropriate runoff
coefficients for the watershed. Where the watershed comprises more than one characteristic, C values for each
area segment must be estimated individually. A weighted C value then may be estimated using Equation 7.12.

(Equation 7.12)

2. C.A,
C=""—
4 A,

1

where: C = weighted runoff coefficient
n = nthsub-area
m = number of sub-areas
C, =  runoff coefficient for nth sub-area
A, = nth sub-area size, ha (ac)

The runoff coefficient is dimensionless.

6. Using Equation 7.11, calculate the peak discharge for the watershed for the desired frequency. For
frequencies of 2, 5, and 10 years, use C; = 1. For frequencies 25-year and greater, use C; from Table 7.8.

G. Example Problem - Rational Method.

1. Problem Statement. The following is an example problem which illustrates the application of the
Rational Method to estimate peak discharges. Preliminary estimates of the maximum rate of runoff are needed
at the inlet to a culvert for a 10-year and 100-year return period.

2. Site Data. From a topographic map and field survey, the area of the drainage basin upstream from the
point in question is found to be 35 hectares (86.5 ac). In addition, the following data were measured:

e Length of sheet flow = 45 m (147.6 ft)

e Length of main basin channel = 700 m (2296 ft)
e  Slope of channel = 0.018 m/m (ft/ft) = 1.8%

e Hydraulic radius = 0.6 m (1.97 ft)

e Average overland slope = 2.0%

e  Estimated Roughness

o  coeff. (n) of channel = 0.090

No shallow-concentrated flow.
3.  Determine Runoff Coefficients and n-values

From existing land use maps, land use for the drainage basin was estimated to be:
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e  Suburban (average conditions) 80%
e Rural, slope 2% 20%

For the residential single-family area:
e Using Table 7.7, the runoff coefficient was estimated for suburban land use:
C=045
e  Using Table 7.5, the Manning's n-value for grass was estimated
n=10.30

For the rural area:
e Using Table 7.7(a), the runoff coefficient for average conditions was estimated assuming a slope of

0.5%:
C=0.225
e Using Table 7.5, the Manning's n-value was estimated for woods with light underbrush:
n=0.400
1 2 3
Percent of Total Product (Area *
Land Use Land Area Runoff Coefficient Runoff Coefficient)
Residential single-family 80 0.45 36.0
Undeveloped 20 0.225 4.5
Total 100 40.5
Weight Runoff Coefficient 0.405

4.  Determine Time-of-Concentration (T)

Sheet flow - Sheet flow occurs at the head of the basin for the first 150 feet in the residential single-family
area.

Note: In the following computations, the i value in the kinematic wave equation is adjusted to the depth of
water available as runoff (i.e. C times C; times the intensity from the PDT-IDF curves). Since i depends on T,
and T, is not initially know, the computation of T, is an iterative process. An initial estimate of T, is assumed
and used to obtain i from the PDT-IDF curve for the site. The T, is then computed from equation 7.3 and used
to check the initial value of T.. If they are not the same, the process is repeated until two successive T,
estimates are the same. For the purpose of this example, the first assumption will be assumed to be the correct
one and the iterative process will not be performed.

10-year storm

_6.92[nL " 6.92 030%45T1" _ o Lo
i | Js (43.2*1.0*0.22)**| /0.02 '

100-year storm

_692[nL " 6.92 030451 o)
i |Js (71.5%1.25%0.22)*4 | /0.02 '
Channel Flow
Velocity
v=Lrasgre oL 6001892 _ 106 mps
n 0.090
Travel time
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L _ @ =11.0 minutes

Tch= =
V*60 1.06

Total Time of Concentration (Ts + Tch)

10-year: 43.4 +11.0 = 63.3 minutes (use 63)
100-year: 39.1 + 11.0 = 50.1 minutes (use 50)

5. Determine the rainfall region map. From Appendix 7A, Table 7A.1, determine what the appropriate
Rainfall Region Map to be used based on Storm Duration and Frequency.

10-year: 63.3 minutes (use 63) - Map A
100-year: 50.1 minutes (use 50) - Map C

6. Determine the rainfall region. Locate the area of interest on the Pennsylvania Map on the Map that was
determined in step 1 (Appendix 7A, Map A — Figure 7A.1, Map C — Figure 7A.3)

10-year: 43.4 +11.0 = 63.3 minutes (use 63) - Map A — Region 3
100-year: 39.1 + 11.0 =50.1 minutes (use 50) - Map C — Region 3

7. Determine Intensity (i)

A. From the PDT-IDF Curves, determine the Rainfall Intensity in Metric for Region 3 (Appendix 7A, Figure
7A.11(a)).

10 - year = Duration = 63 mins. Region 3 — i = 4.45 cm/hr = 44.5 mm/hr
100- year = Duration = 50 mins. Region 3 —i = 7.37 cm/hr = 73.7 mm/hr

B. From the PDT-IDF Curves, determine the Rainfall Intensity in U.S. Customary (Appendix 7A, Figure
7.11(b)).

10 - year = Duration = 63 mins. Region 3 —i= 1.75 in/hr
100 - year = Duration = 50 mins. Region 3—i= 2.9 in/hr

8.  Determine the Peak Runoff (Q)

A. Determine Peak Runoff in Metric.

10-year
i(63 minutes) = 44.5 mm / hr
i * * 3
o_CiA_020%445%35 _  m’
360 360 S
100-year
i(50 minutes) =73.7 mm/h
C,CiA * * * 3
oo CiCIA_125%0.29*737*35 _, . m*
360 360 S

B. Determine Peak Runoff in U.S. Customary.

10-year
i (63 minutes) =1.75in/h
Q =CiA=0.29*1.75(in/hr) *86.5(acres) = 43.90cfs

100-year
i (50 minutes) =2.9in/h
Q=C,CiA=1.25*0.29*2.9(in/hr)*86.5(acres) = 90.93cfs
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7.6 NRCS RUNOFF CURVE NUMBER METHODS

A. Introduction to NRCS Methods. The Department uses several runoff determination techniques. A graphical
peak discharge method and the dimensionless unit hydrograph method were developed by the U.S. Department of
Agriculture, Natural Resource Conservation Service (NRCS), formerly known as the Soil Conservation Service
(SCS). TR-55 and EFH-2 also are used by the Department. The graphical peak discharge method and the
dimensionless unit hydrograph method will be discussed here.

The techniques require basic data similar to that used in the Rational Method. However, the NRCS approach is
more sophisticated in that it considers the time distribution of rainfall, initial rainfall losses to interception and
depression storage, and an infiltration rate that decreases during the course of a storm. The NRCS methods produce
the direct runoff for a storm, either real or fabricated, by subtracting infiltration and other losses from the total
rainfall using a method sometimes termed the Runoff Curve Number Method.

The primary input variables for the NRCS methods are:

Drainage area size (A) in square kilometers (square miles).
Time of concentration (t;) in hours.

Weighted runoff curve number (RCN).

Rainfall distribution PDT-IDF Curves.

Total design rainfall (P) in millimeters (in).

The procedures presented here are derived from the National Engineering Handbook, Section 4 (NRCS, 1985) and
TR-55, Urban Hydrology for Small Watersheds (NRCS, 1986).

B. NRCS Rainfall-Runoff Equation. Equation 7.13 represents a relationship between accumulated rainfall and
accumulated runoff. This was derived by the NRCS from experimental plots for numerous soils and vegetative
cover conditions. Data for land treatment measures, such as contouring and terracing, from experimental watersheds
were included.

(Equation 7.13)

(P-1.)

(P-1,)+S
where: R = accumulated direct runoff, mm (in)
P = accumulated rainfall (potential maximum runoff), mm (in)
I, = initial abstraction including surface storage, interception, and infiltration
prior to runoff, mm (in)
S = potential maximum retention, mm (in)

The potential maximum retention (S) may be computed as the following:
(Equation 7.14)

Metric: U.S. Customary:
S=@—254 s:w—lo
RCN RCN

where: RCN = Runoff Curve Number as described in Section 7.6.F.

Equation 7.14 is valid if S < (P - R). Equation 7.14 was developed mainly for small watersheds from recorded storm
data that included total rainfall amount in a calendar day, but not its distribution with respect to time. Therefore, this
method is appropriate for estimating direct runoff from 24-hour or 1-day storm rainfall. Generally, I, may be
estimated as the following:
(Equation 7.15)
l,=0.2S
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which, when substituted in Equation 7.14, gives
(Equation 7.16)

(P-02s)
(P +0.8S)

C. Accumulated Rainfall (P). For PennDOT highway drainage design purposes, the accumulated rainfall may
be developed from the PDT-IDF Curves for the various regions in the State.

D. Rainfall Distribution. The NRCS Type Il Rainfall Distribution is commonly used for design studies (TR-55).

E. Soil Groups. Soil properties influence the relationship between rainfall and runoff by affecting the rate of
infiltration. The NRCS divides soils into four hydrologic soil groups based on infiltration rates: Groups A, B, C,
and D.

1. Group A - Soils having a low runoff potential due to high infiltration rates even when saturated, 8.6 to
11.4 mm/hr (0.34 to 0.45 in/hr). These soils consist primarily of deep sands, deep loess, and aggregated silts.

2. Group B - Soils having a moderately low runoff potential due to moderate infiltration rates when
saturated, 3.8 mm/hr to 8.6 mm/hr (0.15 to 0.34 in/hr). These soils consist primarily of moderately deep to
deep moderately well to well drained soils with moderately fine to moderately coarse textures (shallow loess,
sandy loam).

3. Group C - Soils having a moderately high runoff potential due to slow infiltration rates, 1.3 mm/hr to 3.8
mm/hr (0.052 to 0.15 in/hr if saturated). These soils consist primarily of soils in which a layer near the surface
impedes the downward movement of water or soils with moderately fine to fine texture (clay loams, shallow
sandy loams, soils low in organic content, and soils usually high in clay).

4.  Group D - Soils having a high runoff potential due to very slow infiltration rates 1.3 mm/hr (0.052 in/hr).
These soils consist primarily of clays with the following characteristics:

High swelling potential.

Soils with permanently high water tables.

Soils with a claypan or clay layer at or near the surface.

Shallow soils over nearly impervious parent material (soils that swell significantly when wet, heavy
plastic clay, and certain saline soils).

Consideration should be given to the effects of urbanization on the natural hydrologic soil group. If heavy
equipment can be expected to compact the soil during construction or if grading will mix the surface and subsurface
soils, appropriate changes should be made in the soil group selected.

F.  Runoff Curve Number (RCN). Rainfall infiltration losses primarily are dependent on soil characteristics and
land use (surface cover). The NRCS method uses a combination of soil conditions and land use to assign runoff
factors known as runoff curve numbers. These represent the runoff potential of an area when the soil is not frozen.
The higher the RCN, the higher the runoff potential. Tables 7.9 through 7.12 provide an extensive list of suggested
Runoff Curve Numbers. The RCN values assume medial antecedent moisture condition.

(Equation 7.17)

_ 42reN(Il)
REN() = 15 —0 0saRen(iT)

(Equation 7.18)
RONCIT) - 23RCN(I1)

10+ 0.13RCN(II)

If necessary, the designer should adjust the RCN for wet or dry antecedent moisture conditions. A 5-day period is
used as the minimum for estimating antecedent moisture conditions. Antecedent soil moisture conditions also vary
during a storm; heavy rain falling on a dry soil can change the soil moisture condition from dry to average to wet
during the storm period. Equation 7.17 adjusts values for expected dry soil conditions (antecedent moisture
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condition 1). Use Equation 7.18 to accommodate wet soils (antecedent moisture condition Il1). Table 7.13 assists

the determination of which moisture condition applies.

Table 7.9 Runoff Curve Numbers for Urban Areas

Average
percent
impervious
Cover type and hydrologic condition area A B C D
Fully developed urban areas (vegetation established)
open space (lawns, parks, golf courses, cemeteries,etc.)
Poor condition (grass cover <50%) 68 79 86 89
Fair condition (grass cover 50% to 75%) 49 69 79 84
Good condition (grass cover 50% to 75%) 39 61 74 80
Imperwous areas: Pa\{ed parking lots, roofs, 98 98 98 98
driveways, etc. (excluding right-of-way)
Streets _and_ roads: Paved; curbs and storm drains 98 98 98 98
(excluding right-of-way)
Paved; open ditches (including right-of-way) 83 89 92 93
Gravel (including right of way) 76 85 89 91
Dirt (including right of way) 72 82 87 89
West(_ern desert urban areas: Natural desert landscaping 63 77 85 88
(pervious areas only)
Artificial desert landscaping (impervious weed barrier,
desert shrub with 1- to 2-inch sand or gravel mulch and 96 96 96 96
basin borders)
Urban districts:
Commercial and business 85 89 92 94 95
Industrial 72 81 88 91 93
Residential districts by average lot size:
1/8 acre or less (town houses) 65 77 85 90 92
1/4 acre 38 61 75 83 87
1/3 acre 30 57 72 81 86
1/2 acre 25 54 70 80 85
1 acre 20 51 68 79 84
2 acres 12 46 65 77 82
Developing urban areas
Newly graded areas (pervious areas only, no
vegetation) 77 86 91 94

e  Values in table are for average runoff condition and 1, = 0.2S.

e The average percent impervious area shown was used to develop the composite RCN's. Other
assumptions are: (1) impervious areas are directly connected to the drainage system, (2) impervious areas
have a RCN of 98, and (3) pervious areas are considered equivalent to open space in good hydrologic

condition.
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Table 7.10 Runoff Curve Numbers for Cultivated Agricultural Land

Hydrologic
Cover type Treatment condition A B C D
Fallow Bare soil -- 77 86 91 94
Crop residue cover (CR) Poor 76 85 90 93
Good 74 83 88 90
Row Crops Straight row (SR) Poor 72 81 88 91
Good 67 78 85 89
SR+ CR Poor 71 80 87 90
Good 64 75 82 85
Contoured (C) Poor 70 79 84 88
Good 65 75 82 86
C+CR Poor 69 78 83 87
Good 64 74 81 85
Contoured & terraced (C&T) Poor 66 74 80 82
Good 62 71 78 81
C&T +CR Poor 65 73 79 81
Good 61 70 77 80
Small grain SR Poor 65 76 84 88
Good 63 75 83 87
SR + CR Poor 64 75 83 86
Good 60 72 80 84
C Poor 63 74 82 85
Good 61 73 81 84
C+CR Poor 62 73 81 84
Good 60 72 80 83
C&T Poor 61 72 79 82
Good 59 70 78 81
C&T +CR Poor 60 71 78 81
Good 58 69 77 80
Close-seeded SR or broadcast Poor 66 77 85 89
Good 58 72 81 85
Legumes or C Rotation Poor 64 75 83 85
Good 55 69 78 83
Meadow C&T Poor 63 73 80 83
Good 51 67 76 80

e  Values in table are for average runoff condition and I, = 0.2S.

e  Crop residue cover applies only if residue is on at least 5% of the surface throughout the year.

e  Hydrologic condition is based on a combination of factors that affect infiltration and runoff, including (1)
density and canopy of vegetative areas, (2) amount of year-round cover, (3) amount of grass or closed-
seeded legumes in rotation, (4) percent of residue cover on land surface (good > 20%), and (5) degree of

roughness.

e  Poor: Factors impair infiltration and tend to increase runoff.
e  Good: Factors encourage average and better-than-average infiltration and tend to decrease runoff.
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Table 7.11 Runoff Curve Numbers for Other Agricultural Lands
Hydrologic
Cover type condition A B C D
Pasture, grassland, or range-continuous forage for grazing Poor 68 79 86 89
Fair 49 69 79 84
Good 39 61 74 80
Meadow -- continuous grass, protected from grazing and
generally mowed for hay -- 30 58 71 78
Brush -- brush-weed-grass mixture, with brush the major
element Poor 48 67 77 83
Fair 35 56 70 77
Good 30 48 65 73
Woods -- grass combinations (orchard or tree farm)
Poor 57 73 82 86
Fair 43 65 76 82
Woods Good 32 58 72 79
Poor 45 66 77 83
Fair 36 60 73 79
Farmsteads -- buildings, lanes, driveways, and surrounding Good 30 55 70 77
lots
- 59 74 82 86

e  Values in table are for average runoff condition and I, = 0.2S.
e  Pasture: Poor: <50% ground cover or heavily grazed with no mulch
Fair: 50 to 75% ground cover and not heavily grazed
Good: > 75% ground cover and lightly or only occasionally grazed
e  Meadow: Poor: <50% ground cover
Fair: 50 to 75% ground cover
Good: >75% ground cover
e  \Woods/grass: RCNs shown were computed for areas with 50% grass (pasture cover). Other combinations
of conditions may be computed from RCNs for woods and pasture.
e Woods: Poor: Forest litter, small trees, and brush are destroyed by heavy grazing or regular burning
Fair: Woods grazed but not burned, and some forest litter covers the soil
Good: Woods protected from grazing, litter and brush adequately cover soil
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Table 7.12 Runoff Curve Numbers for Arid and Semi-Arid Rangelands
Hydrologic
Cover type condition A B C D
Herbaceous -- mixture of grass, weeds, and low-growing Poor 80 87 93
brush, with brush the minor element Fair 71 81 89
Good 62 74 85
Oak-aspen -- mountain brush mixture of oak brush, aspen, Poor 66 74 79
mountain mahogany, bitter brush, maple and other brush Fair 48 57 63
Good 30 41 48
Pinyon-juniper -- pinyon, juniper, or both; grass understory
Poor 75 85 89
Fair 58 73 80
Sagebrush with grass understory Good 41 61 71
Poor 67 80 85
Fair 51 63 70
Desert shrub -- major plants include saltbush, greasewood, Good 35 47 55
creosote-bush, blackbrush, brusage, palo verde, mesquite,
and cactus Poor 63 77 85 88
Fair 55 72 81 86
Good 49 68 79 84

e  Values in table are for average runoff condition and 1, = 0.2S.
e  Hydrologic Condition: Poor: < 30% ground cover (litter, grass, and brush overstory)

Fair: 30% to 70% ground cover
Good: > 70% ground cover

e Curve numbers for group A have been developed only for desert shrub

Table 7.13 Rainfall Groups for Antecedent Soil Moisture Conditions During Growing and Dormant Seasons

Growing Season | Dormant Season
five-day five-day
Antecedent Antecedent Antecedent
Condition Conditions Description Rainfall Rainfall
Dry AMC | An optimum condition of watershed soils, | Less than 1.39 in Less than 0.48 in
where soils are dry but not to the wilting | (35 mm) (12 mm)
point, and when satisfactory plowing or
cultivation takes place.
Average AMC Il | The average case for annual floods 1.39t0 2.18in 0.48t01.11in
(35 to 55 mm) (12 to 28 mm)
Wet AMC Il When a heavy rainfall, or light rainfall and | Over 2.18 in Over 1.11in
low temperatures, have occurred during the | (55 mm) (28 mm)
five-days previous to a given storm
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G. Procedure for NRCS Graphical Peak Discharge (TR-55). This method of peak discharge determination can
be used for relatively homogeneous watersheds with a maximum time of concentration of 10 hours (600 minutes).
In a similar fashion to the Rational Method, if soils and land use vary, the watershed should be subdivided.
Precipitation amounts and distribution can be taken from the PDT-IDF curves for the appropriate regions. The
method should not be used for runoff amounts of less than 38 mm (1.50 in) and runoff curve numbers of less than
60. Additionally, the range of curve numbers should be small (say 20%) to reasonably conform with the assumption
of homogeneity. The following steps outline the method.

1. Determine the drainage area (A).

2.  Determine the soil classification based on runoff potential (Type A, B, C, or D) as described in Section
7.5.E. One approach for a general classification is to determine the soil name and type from NRCS soil maps
or reports.

3. Determine the antecedent soil moisture conditions (AMC) as discussed in Section 7.5.F.

4.  Classify the hydrologic condition of the soil cover (good, fair or poor). Refer to the footnotes on Tables
7.9 through 7.12.

5. Use Tables 7.9 through 7.13 to determine the Runoff Curve Number (RCN) for the particular soil
classification for an AMC Il. If appropriate, adjust for AMC | or AMC Il using Equations 7.17 and 7.18,
respectively. If necessary, determine a weighted value by dividing the sum of the products of the sub-area
sizes and RCNs by the total area. This process is similar to the weighting of runoff coefficients in the Rational
Method. However, the runoff factors are not directly related.

6. Estimate the watershed time of concentration in hours (t;).

7.  Determine the potential maximum storage (S) using Equation 7.14.

8.  Determine the initial abstraction (I,) using Equation 7.15. These are the losses that occur before runoff
begins and include depression storage, interception and infiltration. If I, is greater than P, it is possible that the
rainfall event would not produce runoff (which would be unusual for design frequencies). The abstraction
equation may need modification or an alternate means of estimating this value may be necessary, although no
specific research has been performed to determine such adjustments.

9. Based on the design frequency and a 24-hour duration storm, determine the total rainfall (P) for the
location of the watershed.

10. Determine the accumulated direct runoff (R) using Equation 7.16. This value, when multiplied by the
watershed area, will indicate the total volume of the rainfall that appears as runoff.

11. Refer to Equation 7.19 and Table 7.15 with the relevant distribution type from Step 9 to determine the
unit peak discharge (qy) using time of concentration (t;) and the ratio 1,/P.

g, = (1060—3.36609 )x (té:1+c2 logT, )

(Equation 7.19)

where:  q, = unit peak discharge, m*/s/km?/mm (cfs/mi?/in)
te =  time of concentration, hr
C,.C,,C, =  coefficients determined from Table 7.14
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Table 7.14 Coefficients for Equation 7.19

Rainfall Type 1./P co C1 C2
I 0.1 2.5532 -0.6151 -0.164
0.3 2.4653 -0.6226 -0.1166
0.35 2.419 -0.6159 -0.0882
0.4 2.3641 -0.5986 -0.0562
0.45 2.2924 -0.5701 -0.0228
0.5 2.2028 -0.516 -0.0126
" 0.1 2.4732 -0.5185 -0.1708
0.3 2.3963 -0.512 -0.1325
0.35 2.3548 -0.4974 -0.1199
0.4 2.3073 -0.4654 -0.1109
0.45 2.2488 -0.4131 -0.1151
0.5 2.1777 -0.368 -0.0953

12. With reference to Table 7.15, determine the pond adjustment factor (F). This adjustment is to account for
pond or swamp areas within the watershed which do not interfere with the time of concentration flow path.

NOTE: This factor is not intended to replace a hydrograph routing technique where considerable detention
storage is present (typically, with surface area of ponding in excess of 5% of the watershed area).

13. Compute the peak discharge (Q) from Equation 7.20.

(Equation 7.20)
Q=09,ARF
where: Q =  peak discharge, m*/s (cfs)
gu = unit peak discharge, m*/s’/km?mm (cfs/mi?/in) from Step 11
A = drainage area, km? (mi°) from Step 1
R = runoff volume, mm (in) from Step 10
F = ponding factor from Step 12
Table 7.15 Ponding Adjustment Factor
% Ponded/swamp area Factor (F)
0 1
0.2 0.97
0.87
0.75
0.72

14. Repeat Steps 10 through 13 for other desired frequencies.
A detailed description of this method appears in Urban Hydrology for Small Watersheds (NRCS, 1986).

H. NRCS (SCS) Dimensionless Unit Hydrograph. In many instances, for highway drainage design, peak
discharge methods will suffice for runoff estimation. However, the estimation of runoff hydrographs may be
necessary for situations such as detention pond design, reservoir routing, or channel routing, especially for larger
areas and those in which watershed conditions cannot be considered homogeneous. Many hydrograph methods are
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available and not specifically excluded for use by the Department. However, the NRCS Dimensionless Hydrograph
Method is incorporated here due to its relative ease of use as well as the relative ease with which variables can be
determined.

A unit hydrograph represents the time distribution of flow resulting from one millimeter of direct runoff occurring
over the watershed in a specified time. The NRCS dimensionless unit hydrograph is plotted in terms of the ratio of
time over time to peak. A curvilinear dimensionless unit hydrograph is shown in Figure 7.5. For hand
computations, a triangular hydrograph is considered reasonable, as shown in Figure 7.6.

The triangular hydrograph is a practical representation of excess runoff with only one rise, one peak, and one
recession. Its geometric makeup can be easily described mathematically, which makes it very useful in the
processes of estimating discharge rates. The NRCS developed Equation 7.21 to estimate the peak rate of discharge
for an increment of runoff.

Figure 7.5 NRCS Dimensionless Curvilinear Unit Hydrograph
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Figure 7.6 Triangular Unit Hydrograph
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(Equation 7.21)

peak rate of discharge, m*/s (cfs)

area, km? (mi®)

depth of storm runoff during time interval = 1 mm (1 in) for unit
hydrograph

time to peak runoff (hours), which is estimated using

Equations 7.22 and 7.23

0.208 for metric units and 484 for U.S. Customary Units
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(Equation 7.22)

T, =0.6T,
(Equation 7.23)
Tp = E + TIag
where: t. =  time of concentration, hr
d = duration of unit excess rainfall, hr

Equation 7.24 provides an estimate of the duration of unit excess rainfall (d).
(Equation 7.24)
d=0.133t¢

Equation 7.21 can be used to estimate the peak discharge for the unit hydrograph. The shape of the unit hydrograph
then can be derived with reference to Figure 7.5. The constant 0.208, or peak rate factor, is valid for the NRCS
dimensionless unit hydrograph. Any change in the dimensionless unit hydrograph reflecting a change in the percent
of volume under the rising side would cause a corresponding change in the shape factor associated with the
triangular hydrograph and therefore a change in the constant 0.208.

More detail on the NRCS dimensionless hydrograph method is provided in the National Engineering Handbook,
Volume 4 (NRCS, 1985).

Dimensionless unit hydrograph characteristics vary with the size, shape, and slope of the tributary drainage area.
The most significant characteristics affecting the dimensionless hydrograph shape are the basin lag and the peak
discharge () for a given rainfall (see Figure 7.6). Basin lag is the time from the center of mass of rainfall excess to
the hydrograph peak.

Steep slopes and compact shapes tend to make lag time short and peaks high.
Flat slopes and elongated shapes tend to make lag time long and peaks low.

I.  Procedure for Determining Flood Hydrographs Using the NRCS Dimensionless Unit Hydrograph. The
following outline is for design discharges and assumes the area or sub-area is reasonably homogeneous (i.e., the unit
hydrograph parameters, hydrologic abstractions, and the rainfall do not vary spatially and are considered constant).
That is, the designer has subdivided the watershed into homogeneous areas where these values can be assumed
constant. The procedure results in a hydrograph from the direct uncontrolled area. If the watershed has been
subdivided, it might be necessary to perform hydrograph channel routing, storage routing, and hydrograph
superposition to determine the hydrograph at the outlet of the watershed. Storage routing and channel routing
procedures are presented in Sections 7.8 and 7.9.

1.  Determine the following parameters:

a. Drainage area or sub-area size, A (km? or mi?)

b.  Time of concentration, t. (hrs) as discussed in Section 7.5.F.

c.  Weighted runoff curve number (RCN) as discussed in Section 7.5.F.

d. Total rainfall, P (mm or in), for design and check flood frequencies. Use the 24-hour precipitation.
2. Determine the unit hydrograph variables.

a. Duration of excess rainfall (runoff), d, using Equation 7.23. For convenience, d may be rounded

such that the actual duration of precipitation is a whole number times d. For example, if d calculates to

be 0.332 hours, for 24-hour precipitation, then 24/0.332 = 72.29; use 72 in which case, d = 24/72 = 0.333
hours (20 mins).
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b.  Time to peak of unit hydrograph (UH), T, using Equation 7.22.
c.  Compute the peak runoff ordinate, g, for the UH, using Equation 7.21 and g =1 mmor 1 in.
d. Using the dimensionless hydrograph (curvilinear, as appears in Figure 7.5, or triangular, as appears

in Figure 7.6), develop a table of the unit hydrograph ordinates using time step increments d. That is, at
each time n x d, where n is the time step, determine the time ratio (t/T,).

[t} _nd
TP Tp

e.  Find the discharge ratio (q/Qp) at this time ratio and calculate the discharge at this time step as the

following equation:
q
a=0q, =
p(QpJ

f.  Use the following to check the area under the resulting hydrograph:

(Equation 7.25)

(Equation 7.26)

(Equation 7.27)
3.6d x Y (hydrograph ordinates)

A

where A = area of the watershed, km? (mi?)

The result should be 1.0, reflecting the 1 mm (1 in) of runoff from the entire drainage area. Rounding of
the unit duration, d, and the likelihood that T, will not be an integer multiple of d will often result in an
area slightly higher or lower than 1. If so, adjust all the ordinates proportionally until the resulting area is

3. Develop a runoff (excess rainfall) table.

a. Develop a table of accumulated rainfall, P, for the appropriate distribution type and using a time
increment of d hours: for each time step (n x d hours), determine the fraction of total rainfall and multiply
it by the 24-hour precipitation. (A plot of the resulting values represents a rainfall hyetograph.)

b. On the same table, calculate the accumulated runoff, R, using the estimated RCN and Equations
7.22 and 7.24. If, for any time interval, P - 0.2S <0, thenR = 0.

¢.  Calculate the increased runoff for each time step as the difference between the current accumulated
runoff and the accumulated runoff from the previous time step.

4.  Compute the hydrographs resulting from each increment of runoff by multiplying the ordinates of the unit
hydrograph by the increment of runoff using the same time step, d. This will result in as many hydrographs as
there are increments of runoff, each of which should be displaced by the duration time (d) from the previous
hydrograph.

5. At each time step, sum all the runoff values to yield the composite runoff hydrograph. This process step
is often termed convolution. This is the resulting hydrograph for the watershed or sub-area. It may serve as an
inflow hydrograph for channel or storage routing procedures.

Other superimposition or tabular methods may be used for the convolution process. However, it is expected
that computer spreadsheets or programs will be used for large computations and the basic theory remains the
same.
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For complex watersheds, it often is necessary to subdivide the area, develop runoff hydrographs for each sub-
area, and perform combinations of flood routing and channel routing. If the appraisal of the effect of storage is
required, such as for detention pond design, the resulting hydrographs may be applied to flood-routing
techniques such as appear in Section 7.8. Channel routing is discussed in Section 7.9.

7.7 DESIGN RAINFALL HYETOGRAPH METHODS

A. Use of the Rainfall Hyetograph. A rainfall hyetograph is a graphical representation of the variation of
rainfall depth or intensity with time. Rainfall-runoff hydrograph methods require a description of this variation. It
is possible to use actual rain gauge data in rainfall-runoff models if the data are recorded using a small enough time
period (such as 15-minute increments). Oftentimes, such data are not readily available.

For design, the use of a single measured rainfall event without consideration of other events is not practical since
storms vary considerably from event to event and no probability of occurrence would have been established. Two
methods discussed here, the NRCS 24-hour Rainfall Distributions and the Balanced Storm Method, are statistically
based and appropriate for design.

B. NRCS 24-Hour Rainfall Distributions. The NRCS 24-hour distributions are suggested for the design of
highway stream crossings (culverts and bridges) where the designer considers it appropriate to employ runoff
hydrograph methods. The distributions (Types Il and Il for Pennsylvania) are presented in Sections 7.8.D. and
7.8.C., respectively. A tabular representation of Types Il and 111 appears in Table 7.16.

Table 7.16 represents the cumulative fraction of rainfall with respect to time. The following steps outline the
procedure to develop the rainfall hyetograph from the cumulative fraction data.

1.  Determine the 24-hour rainfall (P24) for the desired frequency.

2. Establish a time increment (it is useful to use the same time increment as that to be used for hydrograph
generation).

3. Establish a table of time and the fraction of rainfall to total 24-hour rainfall by interpolation of Table 7.16
or Figure 7.7 for the appropriate distribution type.

4. Multiply the cumulative fractions by the total 24-hour rainfall to get the cumulative rainfall.

5. Determine the incremental rainfall for each time period by subtracting the cumulative rainfall at the
previous time step from the current time step.

A plot of the resulting incremental rainfall versus times represents the rainfall hyetograph.
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Table 7.16 NRCS 24-Hour Rainfall Distributions

Fraction of 24-hour rainfall

Time (t) hours Type 1l Type 111
0 0.000 0.000
2 0.022 0.020
4 0.048 0.043
6 0.080 0.072
7 0.098 0.089
8 0.120 0.115

8.5 0.133 0.130
9 0.147 0.148
9.5 0.163 0.167
9.75 0.172 0.178
10 0.181 0.189
10.5 0.204 0.216
11 0.235 0.250
11.5 0.283 0.298
11.75 0.357 0.339
12 0.663 0.500
12.5 0.735 0.702
13 0.772 0.751
13.5 0.799 0.785
14 0.820 0.811
16 0.880 0.886
20 0.952 0.957
24 1.000 1.000
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C. Example of Hyetograph Developed from NRCS 24-Hour Rainfall Distributions (Metric Units). The
following is an example of a rainfall hyetograph for a 25-year, 24-hour storm, a 1-hour time increment is used.

Total precipitation
Distribution type

244 mm
Type I

Table 7.17 presents the calculations. Figure 7.7 shows the resulting hyetograph.
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Table 7.17 Example of Incremental Rainfall Tabulation (Metric)

Cum. Fraction Cum. Rain Incr. Rain
Time (hours) (Pt/P24) Pt (mm) (mm)
0 0.00 0.00 0.00
1 0.01 244 244
2 0.02 4.88 2.44
3 0.0315 7.69 2.81
4 0.043 10.49 2.81
5 0.575 14.03 3.54
6 0.072 17.57 3.54
7 0.089 21.72 4.15
8 0.115 28.06 6.34
9 0.148 36.11 8.05
10 0.189 46.12 10.00
11 0.25 61.00 14.88
12 0.5 122.00 61.00
13 0.751 183.24 61.24
14 0.811 197.88 14.64
15 0.8485 207.03 9.15
16 0.886 216.18 9.15
17 0.90375 220.52 4.33
18 0.9215 224.85 4.33
19 0.93925 229.18 4.33
20 0.957 233.51 4.33
21 0.96775 236.13 2.62
22 0.9785 238.75 2.62
23 0.98925 241.38 2.62
24 1 244.00 2.62

Publication 584
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Figure 7.7 Example of Rainfall Hyetograph (Metric)
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For time = 1 hour,

e  The cumulative fraction is determined by interpolation of Table 7.16:
P1/Poy =0+ (1-0)/(2-0)x(0.02-0)=0.01.

e The cumulative rainfall is the product of the cumulative fraction and the total 24-hour rainfall:
P;=0.01 x 244 = 2.44 mm.

e  The incremental rainfall is the difference between the current and preceding cumulative rainfall values:
244 -0=2.44 mm.

Repeating the procedure for each time period yields the complete hyetograph ordinates.
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D. Example of Hyetograph Developed from NRCS 24-Hour Rainfall Distributions (U.S. Customary Units).
The following is an example of a rainfall hyetograph for a 100-year, 24-hour storm, a 1-hour time increment is used.

4.60 in
Type Il

Total precipitation
Distribution type

Table 7.18 presents the calculations. Figure 7.8 shows the resulting hyetograph.

Being a Type Il distribution, there is a difference in the cumulative fraction from the previous example. The
cumulative fraction for a Type Il distribution is shown in Table 7.18. The cumulative rain for each time increment
is found by multiplying the total precipitation by the cumulative fraction, as shown in Table 7.18.

Determining the difference between consecutive cumulative rain depths will result in the incremental precipitation
depths.

Table 7.18 Example of Incremental Rainfall Tabulation (U.S. Customary)

Cum. Fraction
Time (hour) (PdPyy) Cum. Rain (in) | Incr. Rain (in)
0 0.00 0.00 0.00
1 0.01 0.05 0.05
2 0.02 0.10 0.05
3 0.03 0.16 0.06
4 0.05 0.22 0.06
5 0.06 0.29 0.07
6 0.08 0.37 0.08
7 0.10 0.45 0.08
8 0.12 0.55 0.10
9 0.15 0.68 0.12
10 0.18 0.83 0.16
11 0.24 1.08 0.25
12 0.66 3.05 1.97
13 0.77 3.55 0.50
14 0.82 3.77 0.22
15 0.85 3.93 0.16
16 0.88 4.05 0.12
17 0.90 4.15 0.11
18 0.92 4.24 0.09
19 0.94 431 0.07
20 0.95 4.38 0.06
21 0.96 4.43 0.06
22 0.98 4.49 0.06
23 0.99 4.54 0.06
24 1.00 4.60 0.06
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Figure 7.8 Example of Rainfall Hyetograph (U.S. Customary)
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7.8 STORAGE ROUTING OF FLOOD HYDROGRAPHS

A. Flood Routing. Most design situations for Department drainage facilities are accomplished under the general
category of steady flow. Steady flow implies no change of discharge with respect to time.

As a flood hydrograph approaches and passes through a reservoir or detention facility, the characteristics of
unsteady flow become significant. An accounting of inflow and outflow rates per flood time and water storage
characteristics must be made. This accounting is accomplished by routing a flood hydrograph through the storage
facility.

Reservoir or detention pond storage routing is applicable when outflow depends only upon the volume of flood
storage. Storage routing techniques are used to do the following:

e  Determine peak discharges from watersheds containing reservoirs, flood water detention basins and other
flow retardation structures.

e  Determine overtopping flood magnitudes.

e  Evaluate the duration of traffic interruption due to roadway overtopping.

B. Hydrograph Routing Methods. There are several analytical and graphical methods for routing flood
hydrographs through reservoirs or other detention facilities. All of the methods require reliable descriptions of three
items:

¢  Aninflow runoff hydrograph for the subject flood.
e  The storage capacity versus water elevation within the retention facility or reservoir.
e The performance characteristics of outlet facilities associated with the operation of the reservoir.
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By definition, when inflow and outflow from a reservoir (or any type of storage facility) are equal, there is a steady-
state condition. If the inflow exceeds the outflow, the additional discharge is stored in the system. Conversely,
when the outflow exceeds the inflow, water is taken from storage.

The basic reservoir routing equation is expressed as:
Average Inflow - Average Outflow = Rate of Change in Storage

In numerical form, this statement of flow continuity can be written in the form of Equation 7.28.
(Equation 7.28)

It + It+1 _ Ot +Ot+1 _ St+1_St

2 2 AT
where: |, = inflow at time step number t
lisq = inflow at time step numbert + 1
(ON =  outflow at time step number t
Ou1 =  outflow at time step number t + 1
St =  storage in the reservoir at time step number t
St =  storage in the reservoir at time step numbert + 1
AT = the time increment
t = time step number

Several routing methods may be useful in specific instances, but the suggested method for the Department is the
storage-indication method. This is sometimes referred to as the level pool method of routing.

C. Storage-Indication Routing Method. Of the many methods for routing storage floods through reservoirs, the
Storage-Indication Method is a relatively simple procedure suitable for most highway drainage applications. This
method is described as follows.

Since the outflow discharge (O) is a function of storage alone, it is convenient to rewrite the routing equation
(Equation 7.28) in the following form:
(Equation 7.29)

2S,, 2S
A—t_|_1+0t+1 = It + It+1+A_Tt_Ot

The use of the Storage-Indication Method requires that the relationships between stage storage and discharge be
determined. This information is in addition to a description of the inflow hydrograph.

1.  Stage-Storage Relation. The stage-storage relation is simply the volume of water held by the reservoir or
storage facility as a function of the water surface elevation or depth. This information often is available from
the reservoir sponsor or owner. Where the stage-storage relation is not available, it may be necessary to
develop one by successive calculations of storage vs. associated stages in the storage facility.

2.  Stage-Outflow Relation. The stage-outflow relation is based on the association of the reservoir stage
(head) and the resulting outflow from the storage facility. This description of performance characteristics may
be the following:

Ratings of the primary and/or emergency spillway of a reservoir.

Pump flow characteristics in a pump station.

Hydraulic performance curve of a culvert or bridge on a highway.

Hydraulic performance curve of a weir and orifice outlet of a detention pond.

The stage-outflow relation of the outlet works of a reservoir often is available through the reservoir sponsor or
owner. Insome cases, it may have to be developed by the highway designer.

3. Storage-Outflow Relation. With stage-storage and stage-outflow relations established, storage and
outflow can be related at each stage. The relationship is described in the form of Equation 7.30.
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(Equation 7.30)
Ovs 25 +0
AT

This relation can be plotted over the range of anticipated stages. Figure 7.9 illustrates a sample relationship.

The form of Equation 7.29 is especially useful because the terms on the left side of the equation are known.
With the relation between the outflow and storage determined (Figure 7.9), the ordinates on the outflow
hydrograph can be determined directly.

Figure 7.9 Storage-Outflow Relation
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D. Procedure for Storage-Indication Method. The following steps are used to route an inflow flood runoff
hydrograph through a storage system such as a reservoir or detention pond.

1.

2.

3.

4.

5.

Acquire or develop a design flood runoff hydrograph.
Acquire or develop a stage-storage relation.

Acquire or develop a stage-outflow relationship.

Develop a storage-outflow relation curve (O vs. 2S5/ AT + Q).

At time step one (t = 1), assume an initial value for Oy as equal to I;. Usually, at time step one, inflow

equals zero, so outflow will be zero and 2S,[ ]/T- O, = 0. Note that to start, t + 1 in the next step is 2.

6. Compute 2S:,1/T + Oy Using Equation 7.29.
7. From the storage-outflow relation, interpolate to find the value of outflow (O4) at (2S:+1)/(T) + Oy from
Step 6.
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8.  Determine the value of (2S.,1)/(T) - O using the relation (2Su1)/(T) -Ow1 = (2Su)/(T) + Owg - 2041,
9.  Assign the next time step to the value of t, e.g., for the first run through set t = 2.
10. Repeat Steps 6 through 9 until the outflow value (O.,) approaches zero.

11. Plot the inflow and outflow hydrographs. The peak outflow value should always coincide with a point on
the receding limb of the inflow hydrograph.

12. Check conservation of mass to help identify success of the process by comparing the inflow volume to
the sum of retained and outflow volumes using Equation 7.31.
(Equation 7.31)

AT><Z:It =S, +AT ><Z:Ot

where: S, = volume of runoff completely retained, m* (ft)
X1, = sum ofinflow hydrograph ordinates, m* (ft)
Y0, = sum of outflow hydrograph ordinates, m® (ft%)

There will be no retention volume if the outflow structure is at the flow line of the pond. A degree of imbalance can
be expected due to the discretization process. If the difference is large yet the calculations are correct, reduce the
time increment (T), determine the inflow hydrograph values for the new time steps, and repeat the routing process.
E. Example of Storage-Indication Method. Table 7.20 presents stage-storage and stage-outflow relations and
the computed storage-outflow relation for a detention pond that was designed to reduce peak flows. The following
is a sample calculation of the storage-outflow relation (2S/T+0) using a time increment of 15 minutes in Metric
Units.
At stage = 0.1, S=904.5 and O = 0.157. Then:

2S/ AT + O = (2)(904.5)/(15 x 60) + 0.157 = 2.167 m*/s

Table 7.19 presents an inflow hydrograph and routing computations through the detention pond. The following
presents sample calculations.

Whent=1,1,=0,1,=0.5,and 2S5,/ AT-O, = O. Then:
2S)/ AT +0,= 11+ 1,+2S/AT-0,=0+05+0=05m/s
By interpolation (using Table 7.19),
02=0+(0.5-0)(0.1575 - 0) / (2.1675 - 0) = 0.363 m*/s
25/ AT -0,=2S,/ AT + 0, - 20, = 0.5 - (2)(0.0363) = 0.427 m*/s
For brevity, the complete outflow ordinates are not shown in Table 7.20.
Similarly, in U.S. Customary Units, using Table 7.19:

Stage = 0.3 ft, S = 31938 ft* and O = 5.56 cfs

3 0= Mw.%: 76.53cfs
AT (15x60)

and sample calculations using Table 7.20 are:
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whent=1,1,=0,1,=17.66, and 2S5,/ AT, - O, =0, then:

25, 25,

2% 40, =1, +1,+52 -0, =0+17.66+0 =17.66 cfs
AT AT

and O, =0+(17.66-0 230 )1 og3chs
76.53
28,
and E_OZ =17.66 - 2(1.283) =15.09 cfs

A plot of the resulting outflow hydrograph from the reservoir is superimposed on a plot of the inflow hydrograph
(Figure 7.10). It is apparent in this example that the peak flow is attenuated from 141.24 cfs (4.00 m%/s) to 121.75
cfs (3.45 m*/s) by the effects of the available storage in the detention system.

Table 7.19 Stage-Storage-Outflow and Computed Storage-Outflow Relation

Stage Storage Outflow 2S/IAT+0
ft m ft® m® cfs m®/s cfs m®/s
0.3 0.1 31938 905 5.56 0.16 76.53 2.17
0.7 0.2 64194 1818 15.73 0.45 158.38 4.49
1.0 0.3 96767 2741 28.89 0.82 243.93 6.91
1.3 0.4 129658 3672 44.49 1.26 332.62 9.42
1.6 0.5 162867 4613 62.17 1.76 424.10 12.01
2.0 0.6 196394 5562 81.72 2.31 518.16 14.67
2.3 0.7 230239 6521 102.99 2.92 614.63 17.41
2.6 0.8 264401 7488 125.82 3.56 713.38 20.20
3.3 1 333680 9450 175.84 4,98 917.35 25.98
3.9 12 | 404229 | 11448 | 23115 6.55 1129.44 31.99
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Table 7.20 Storage Routing Calculations
1 2 3 4 5 6 7 8
Inflow I+ 1, 2S/AT-0O 2S/AT+0 Outflow (O) Stage
Time | Time
step () (min) | cfs | m¥s | cfs | m¥s | cfs m*/s cfs m¥s | cfs | m¥s | ft m

1 0 0.00 | 0.00 0.00 0.00 0.00 0.00 | 0.00 | 0.00 | 0.00 | 0.00
2 15 1766 | 050 | 1766 | 0.50 | 15.09 | 043 | 1766 | 050 | 1.28 | 0.04 | 0.15 | 0.05
3 30 3531 | 1.00 | 52.97 | 150 | 58.17 | 165 | 68.05 | 193 | 494 | 0.14 | 058 | 0.18
4 45 5297 | 150 | 88.28 | 250 | 117.95 | 3.34 | 14644 | 415 | 1424 | 040 | 0.89 | 0.27
5 60 70.62 | 2.00 | 12359 | 350 | 18448 | 522 | 24153 | 6.84 | 2853 | 0.81 | 1.29 | 0.39
6 75 88.28 | 2.50 | 158.90 | 450 | 250.25 | 7.09 | 343.38 | 9.72 | 4657 | 1.32 | 1.39 | 0.42
7 90 | 105.93 | 3.00 | 194.21 | 550 | 311.65 | 8.83 | 44445 | 1259 | 66.40 | 1.88 | 1.78 | 0.54
8 105 | 123.59 | 3.50 | 229.52 | 6.50 | 367.57 | 10.41 | 435.23 | 12.33 | 86.80 | 246 | 2.13 | 0.65
9 120 | 141.24 | 400 | 264.83 | 7.50 | 418.21 | 11.84 | 632.40 | 1791 | 107.10| 3.03 | 241 | 0.74
10 135 | 129.48 | 3.67 | 270.72 | 7.67 | 448,59 | 12.70 | 688.92 | 19.51 | 120.17 | 3.40 | 2.79 | 0.85
11 150 | 117.69 | 3.33 | 247.17 | 7.00 | 452.26 | 12.81 | 695.76 | 19.70 | 121.75| 345 | 2.83 | 0.86
12 165 | 105.93 | 3.00 | 223.62 | 6.33 | 441,58 | 12,51 | 675.89 | 19.14 |117.16| 3.32 | 2.70 | 0.82
13 180 | 94.17 | 2.67 | 200.10 | 5.67 | 423.19 | 11.99 | 641.67 | 18.17 | 109.24 | 3.09 | 248 | 0.76
14 195 | 82.38 | 2.33 | 176.55 | 5.00 | 400.33 | 11.34 | 599.74 | 16.99 | 99.70 | 2.82 | 2.52 | 0.77
15 210 | 70.62 | 2.00 | 153.00 | 4.33 | 374.38 | 10.60 | 553.34 | 15.67 | 89.48 | 2.53 | 2.21 | 0.67
16 225 | 58.86 | 1.67 | 129.48 | 3.67 | 346.35 | 9.81 | 503.86 | 14.27 | 78.75 | 2.23 | 2.20 | 0.67
17 240 | 47.07 | 1.33 | 105.93 | 3.00 | 316.22 | 8.96 | 452.28 | 12.81 | 68.03 | 1.93 | 1.84 | 0.56
18 255 | 35.31 | 1.00 | 82.38 | 2.33 | 284.13 | 8.05 | 398.61 | 11.29 | 57.24 | 1.62 | 1.78 | 0.54
19 270 | 2355 | 0.67 | 58.86 | 1.67 | 250.00 | 7.08 | 34298 | 9.71 | 46.49 | 1.32 | 1.39 | 042
20 285 | 11.76 | 0.33 | 3531 | 1.00 | 212.97 | 6.03 | 28531 | 8.08 | 36.17 | 1.02 | 1.29 | 0.39
21 300 0.00 | 0.00 | 11.76 | 0.33 | 172.86 | 4.90 | 224.74 | 6.36 | 25.94 | 0.73 | 1.16 | 0.36
22 315 0.00 | 0.00 | 0.00 | 0.00 | 136.95 | 3.88 | 172.86 | 490 | 17.96 | 0.51 | 0.77 | 0.23
23 330 0.00 | 000 | 0.00 | 000 | 110.82 | 3.14 | 136.95 | 3.88 | 13.06 | 0.37 | 0.81 | 0.25
24 | 345 000 | 000 | 0.00 | 000 | 9118 | 258 | 11082 | 3.14 | 9.82 | 0.28 | 0.60 | 0.18
25 | 360 000 | 000 | 0.00 | 000 | 7642 | 216 | 9118 | 258 | 7.38 | 0.21 | 045 | 0.14
26 | 375 000 | 000 | 0.00 | 000 | 6531 | 185 | 7642 | 216 | 555 | 0.16 | 0.66 | 0.20
27 | 390 000 | 000 | 0.00 | 000 | 5582 | 158 | 6531 | 185 | 475 | 0.13 | 0.56 | 0.17
28 | 405 000 | 000 | 0.00 | 000 | 4771 | 135 | 5582 | 158 | 406 | 0.11 048 | 0.15
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Figure 7.10 Plot of Inflow and Outflow Hydrographs
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7.9 CHANNEL ROUTING OF FLOOD HYDROGRAPHS

A. Introduction to Channel Routing. Routing of flood hydrographs by means of channel routing procedures is
useful in instances where known hydrographic data are located at a point other than the point of interest. This also is
true in those instances where the channel profile or plan is changed in such a way as to alter the natural velocity or
channel storage characteristics. Routing analysis estimates the change from the outflow hydrograph to the inflow
hydrograph or through a reach. This section describes the Muskingum Method and the Muskingum-Cunge Method,
which are lumped flow routing techniques that approximate storage effects in the form of a prism and wedge
component (Chow, Maidment, and Mays, 1988).

Routing analysis is used to predict the magnitudes, volumes, and temporal patterns of the flow (often a flood wave)
as it translates down a channel. The discussion in this section is limited to one-dimensional routing. Thus, at a
given instant in time, variation in flow properties is computed from upstream to downstream, but not in the vertical
or transverse dimensions of the channel.

Almost all flow in river channels is to some extent unsteady; that is, depth, velocity, and flow change with time.
The extent of flow variation with time and distance may be such that steady flow computations may be are
inappropriate. Some of the applications of unsteady flow analysis include:

e Runoff from precipitation.

o  Transient flows released from reservoirs during operations for flood control, hydropower generation,
recreation, etc.

o lrrigation flows affected by gates, pumps, diversions, etc.

e  Ocean or lake waves.
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. Tidal effects in rivers or estuaries.

Unsteady flow models based on the complete St. Venant equations, or some simplified form thereof, provide a
means for analyzing the flow for engineering applications. The equations are generally written:

Continuity Equation:
(Equation 7.32)

Moment Equation:
(Equation 7.33)

@4_!%4_1&:8 =S5

ox gox got °

discharge, m%s (cfs)

distance, m

cross sectional area, m (ft%)

time, sec

lateral inflow or outflow, m%/s (ft%/s)
friction slope, m/m (ft/ft)

channel bed slope, m/m (ft/ft)
gravitational acceleration, m/s? (ft/s%)

where: Q
X
A

-+

o

t

q
S
S
9

Routing methods are classified into two categories: hydrologic and hydraulic routing. Both methods attempt to
account for volumetric changes in storage as water moves downstream. As such, both of these methods use some
form of the continuity equation (Equation 7.32).

B. Hydrologic Routing. Hydrologic routing methods combine the continuity equation with some relationship
between storage, outflow, and possibly inflow. These relationships can be assumed, empirical, or analytical in
nature. An example of such a relationship might be a stage-storage rating, combined with a stage-discharge function
such as Manning's equation;

(Equation 7.34)

Q:%AR%S%/Z

where R = hydraulic radius, S; = friction slope, and n = Manning's roughness coefficient, or a simple exponential
relationship such as:
(Equation 7.35)
Q=as"

1. Hydraulic Routing. In hydraulic routing analysis, it is intended that the dynamics of the water or flood
wave movement be more accurately described than in hydrologic routing. Therefore, hydraulic routing
methods combine the continuity equation with a mathematical relationship describing the actual physics of the
movement of the water. The momentum equation (Equation 7.34) is the common relationship employed.

Open Channel Flow (Henderson, 1966) expressed the momentum equation as:
(Equation 7.36)

where S; = the friction slope, S, = the bed slope, y = depth, v = velocity, and x = distance longitudinally along
the channel. Equations 7.33 and 7.36 are considered to be the full dynamic wave equations or the St. Venant
equations. The solution of the full dynamic wave equations requires numerical analysis since no closed form
solution of the equations exists.
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The most common technique used in applying the St. Venant equations is to ignore those terms in the
momentum equation which are thought to be negligible, thereby producing simplified hydraulic models. These
simplified models are illustrated below:

Unsteady non-uniform flow (full momentum equation):
(Equation 7.37)

(Equation 7.38)

Diffusion or non-inertial model (eliminate inertial terms):
(Equation 7.39)

s, =s,- %

OX

Kinematic model:
(Equation 7.40)
Sy =S,

The following sections are devoted to providing a working knowledge of two of the more popular methods: the
Muskingum and the Muskingum-Cunge.

C. Muskingum Method. The Muskingum Method combines a prism component of storage, KO, and a wedge
component, KX(I-O), to describe the total storage in the reach as the following equation:
(Equation 7.41)

S =K[XI +(1-x)0]

where: S = total storage, m® (ft)

K = aproportionality constant representing the time of travel of a flood wave
to traverse the reach(es). Oftentimes, this is set to the average travel time
through the reach.

X = aweighting factor describing the backwater storage effects approximated
as a wedge

I = inflow, m¥s (cfs)

O = outflow, m¥s (cfs)

The value of X depends on the amount of wedge storage; when X = 0 there is no backwater (reservoir type storage)
and when X = 0.5 the storage is described as a full wedge. The weighting factor, X, ranges from 0.2 to 0.3 in natural
streams. A value of 0.25 is typical. The method is very good when there is not a lot of channel storage and the
routing distance is less than 2 km (1.24 miles).

Equation 7.42 represents the time rate of change of storage as the following:

Suu =i _ K{Xluy +@-x)0 |- [X1, + (- X)O, |
AT AT

(Equation 7.42)

where: AT
t

time interval usually ranging from 0.3.K to K
time step number
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Applying continuity to Equation 7.42 produces the Muskingum flow routing equation as follows:
(Equation 7.43)

Ot+l =C1'|t+1+cz'|t +C3'Ot

where:
(Equations 7.44 — 7.46)

_ AT-2K X
PT2K(@- X)+AT

. AT+2K X
T 2K(1-X)+AT

2

2K(1—X)-AT
2K(1— X )+AT

C, =

By definition, the sum of C,, C, and C; should be 1.

If measured inflow and outflow hydrographs are available, the designer may approximate K and X using Equation
7.47. One calculates X by plotting the numerator on the vertical axis and the denominator on the horizontal axis,
and adjusting X until the loop collapses into a single line. The slope of the line equals K.

(Equation 7.47)

K = O'SAT[(IM + It)_(ot+l +Ot )]
B X(|t+1_ It)+(1_x)(Pt+l_Ot)

The designer may also approximate K and X using the Muskingum-Cunge Method described in Chow, 1988, or
Fread, 1993.

D. Example of Muskingum Method. The example shown in Table 7.21 shows a triangular hydrograph routed
through three 3280 feet (1000 meter) reaches of channel. The outflow hydrograph for each reach is used as the
inflow for the next. The channel has a 'K' of 0.278 hours (1000 seconds) and an X of 0.2.

7-62



Chapter 7 - Hydrology

Publication 584

2015 Edition
Table 7.21 Channel Routing Using the Muskingum Method
Time | Time Inflow Outflow cfs (m™/s)
Step (s) cfs (m%s) Reach 1 Reach 2 Reach 3
1 0 0 (0) 0 (0) 0 0
2 1000 7062 (200) 1629.57 (46.15) 376.05 (10.65) 86.86 (2.46)
3 2000 14124 (400) 7438.05 (210.65) 2680.74 (75.92) 841.08 (23.82)
4 3000 10593 (300) 11766.35 (333.23) 7339.18 (207.85) 3331.15 (94.34)
5 4000 7062 (200) 10048.87 (284.59) 10348.30 (293.07) 7108.61 (201.32)
6 5000 3531 (100) 6936.30 (196.44) 9399.88 (266.21) 9381.87 (265.70)
7 6000 0 (0) 3502.05(99.18) 6712.43 (190.10) 8775.24 (248.52)
8 7000 0 (0) 808.25 (22.89) 3621.04 (102.55) 6475.15 (183.38)
9 8000 0 (0) 186.44(5.28) 1313.89 (37.21) 3747.45 (106.13)
10 9000 0 (0) 43.08 (1.22) 413.48 (11.71) 1667.69 (47.23)
11 10000 0 (0) 9.89 (0.28) 120.76 (3.42) 635.58 (18.00)
12 11000 0 (0) 2.12 (0.06) 33.90 (0.96) 219.63 (6.22)
13 12000 0 (0) 0.35 (0.01) 9.18 (0.26) 70.97 (2.01)
14 13000 0 (0) 0.00 2.47 (0.07) 21.89 (0.62)
15 14000 0 (0) 0.00 0.71 (0.02) 6.36 (0.18)
16 15000 0(0) 0.00 0.00 1.77 (0.05)
17 16000 0(0) 0.00 0.00 0.71 (0.02)
18 17000 0 (0) 0.00 0.00 0.00
Using Equations 7.44, 7.45, and 7.46 with a time increment of 1000 s:
___Looo- 2(1000§0.2) _ 4 53977
2(1000)(1-0.2)+1000
- 1000+2(1000)0.2) _ 0.53846
2(1000)(1-0.2)+1000
_ 2(1000)1-0.2)-1000 _ 0.23077

* 2(1000)1-0.2)+1000

Check:
C;+C,+C3=0.23077 + 0.23077 + 0.53846 = 1

For time step two, (t = 2), first reach:
0, =(0.23077)(7062) + (0.53846)(0) + (0.23077)(0) = 1629.70 cfs
0, = (0.23077)(200) + (0.53846)(0) + (0.23077)(0) = 46.15 m*/s

For time step three, (t = 3):
03 =(0.23077)(14124) + (0.53846)(7062) + (0.23077)(1630) = 7438.16 cfs
03 = (0.23077)(400) + (0.53846)(200) + (0.23077)(46.15) = 210.65 m*/s

Repeat the process until the outflow hydrograph is complete. The outflow hydrograph from reach 1 becomes the
inflow hydrograph for reach 2 and the process is repeated for reaches 2 and 3. Since the outflow hydrograph
represents a displacement in distance as well as time, the peak outflow does not coincide with the receding limb of
the inflow hydrograph.
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E. Muskingum-Cunge Method.

1. Description of Method. "On the Subject of a Flood Propagation Computation Method (Muskingum
Method)" (Cunge, 1969) states that the Muskingum method is essentially a finite difference form of the St.
Venant equations after neglecting the inertia terms. This neglecting of the inertia terms implies the
Muskingum method is of a kinematic nature. "On the Subject of a Flood Propagation Computation Method
(Muskingum Method)" (Cunge, 1969) introduced alternative methods for calculating the routing coefficients in
the Muskingum method, which effectively produces results based on diffusion analogy, rather than the
kinematic nature of the basic Muskingum method. This method is known as the Muskingum-Cunge routing
method.

The Muskingum-Cunge routing method produces good results for many applications without the
computational problems associated with fully dynamic routing models. The method is non-linear in that
routing coefficients, as a function of flow properties, are recalculated with each time step. The method
requires input values of representative channel cross section, slope and roughness for the routing reach.

2. Assumptions. Use of the method requires the assumption that backwater effects are negligible and that
channel geometry, slope and roughness data are adequate to characterize the hydraulics over the reach
represented by a given cross section.

3. Limitations. The Muskingum-Cunge method combines the continuity equation and the diffusion form of
the momentum equation. As such it accounts for flood wave attenuation, but not for reverse flow or backwater
effects.  The Muskingum-Cunge technique is not well suited for fast rising hydrographs such as those
encountered in dam break situations.

4. Data Requirements. Muskingum-Cunge routing requires representative cross section geometry, slope and
roughness for each reach simulated.

5. Development of Equations. The Muskingum-Cunge formulation is similar to the Muskingum
formulation. The Muskingum-Cunge derivation begins with the continuity equation and includes the diffusion
form of the momentum equation. These equations are combined and linearized, producing the following
convective diffusion equation (Miller and Cunge, 1975).

(Equation 7.48)

0, .0_,d0

= +c
ot X ﬂaxz %

where: Q =  discharge, m¥/s (cfs)
t = time,sec
x = distance along channel, m (ft)
o« = lateral inflow, m%s (ft/s)
¢ = wave celerity, m/s (ft/s)
4 = hydraulic diffusivity, m’/s (ft%s)

The wave celerity is defined as follows:
(Equation 7.49)

dQ
dA

and the hydraulic diffusivity is defined:

(Equation 7.50)

_ Q
2BS,

7

where Sy is the bed slope and B is the top width of the flow area.
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The solution of the Muskingum-Cunge procedure is accomplished by discretizing the equations on an x-t
plane. The equation applied to the discretized plane, allowing for lateral inflow, is as follows:
(Equation 7.51)

Qi =CiQ +C,Q" +CyQj. +C.Q

where the coefficients are defined to be:

(Equations 7.52 - 7.55)
ﬁ +2X
Ci= AtK
—+2(1-X
o+ 2-%)

%—ZX
c,=—Hr

At
—+2(1-X

2 x)

2(1—x)—%

At
—+2(1-X
2 x)

A
%+2(1—x)

C, =

C4

6. Use and Estimation of Parameters. In the Muskingum-Cunge method, the travel time parameter, K, is
calculated using the reach length, x, and the wave celerity, c, as:
(Equation 7.56)

K=22
C

and the parameter X is calculated as a function of the flow properties:

_yl__Q
X_%El Bsochj

The parameters required to apply Muskingum-Cunge routing are channel cross section geometry (either as a
regular trapezoid or rectangle, or as an eight-point cross section), channel slope, roughness, and the length of
the channel element represented by these parameters. One must take particular care when choosing the
computation interval, since the computation interval must not be longer than the time it takes for the wave to
travel the reach distance. If the wave travels faster than the time step, the computation will not indicate the
proper storage.

(Equation 7.57)
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7.10 STATISTICAL ANALYSIS OF STREAM GAGE DATA

A. Introduction to Statistical Analysis of Stream Gage Data. The estimation of peak discharges of various
recurrence intervals is one of the most common problems faced by engineers when designing for highway drainage
structures. The problem can be divided into three categories:

1. If the site is at a gaging station, and the streamflow record is fairly complete (no missing data) and of
sufficient length then flood frequency analysis using the log-Pearson Type Il distribution will be used to
determine the peak flows for the various return periods desired.

2. If there is no gage at the site, but there is a gage on the same stream that can be transposed (the gage's

data can be transposed if 0.5< — 9 <1.5), then the gaged data will be transposed to the site using an area

atershed

relationship given in Section 7.3.H. or based on the method outlined in USGS SIR 08-5102.

3. If there is no gage on the stream and the watershed characteristics are within the bounds of the USGS SIR
08-5102 and/or USGS WRIR 00-4189 procedure, then USGS SIR 08-5102 and/or USGS WRIR 00-4189 will
be applied to determine the peak flows for the various return periods desired based on the regression procedure
discussed in Section 7.3.J.5. If USGS SIR 08-5102 and/or USGS WRIR 00-4189 is not appropriate for the
specific site then a hydrograph model such as HEC-1 should be used to determine the peak discharges.

Bulletin 17B, Guidelines for Determining Flood Flow Frequency (U.S. Water Resources Council, 1982) is a guide
that describes the data and procedures for computing flood flow frequency curves where stream gaging records of
sufficient length are available. The Bulletin was intended for use for analyzing records of annual flood peak
discharges, including both systematic records and historic data. There are numerous statistical distribution methods
for establishing peak discharge versus frequency relations. The log Pearson Type 111 statistical distribution method
has gained the most widespread acceptance and is suggested by Bulletin 17B. An outline of this method follows;
however, the designer is not limited to using only this method, especially if the resulting discharge frequency
relation does not seem to fit the data adequately (e.g. other methods have a smaller standard of error).

B. Sources of Stream Gage Records. Generally, for Department application, the designer will need to acquire a
record of the annual peak flows for the appropriate gaging station. The following sources provide stream gage
records:

e U.S. Geological Survey Water Resources Data - Pennsylvania, Surface Water. These are prepared
annually and contain records for one water year per publication.

International Boundary and Water Commission Water Bulletins.

USGS database WATSTORE.

INTERNET file transfer protocol (ftp) sites.

Compact Disk Read Only Memory (various vendors).

The designer should ensure acquisition of the most recent published records.

C. Applicability and Limitations. For highway drainage purposes, a statistical analysis of stream gage data is
applied only in those instances where there is adequate data from stream gaging stations. Bulletin 17B states that
stream gage records must contain a minimum of 10 years of data to warrant a statistical analysis (see also Section
7.3.H). Water-Quality Conditions During Low Flow in the Lower Youghiogheny River Basin, Pennsylvania,
October 5-7, 1998 (USGS, 1998) contains a procedure for computing weighted peak flows and equivalent periods of
record for stream gages. This procedure can be used to extend short gage records that meet the minimum
requirement for number of years.

In some cases, a site needing a design peak discharge will be located on the same stream and near to the location of
an active or discontinued stream gaging station with an adequate length of record. A list of all the active and
discontinued gaging stations in the state can be obtained from the USGS in Harrisburg, PA.

Having determined that a suitable stream gage record exists, it is necessary to determine if any structures or
organization may be affecting the peak discharges at the design site. The period of record for the gaging station's
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annual-peak discharges should represent the same or similar basin conditions as that of the design state. A time
series analysis may be required to determine if there is an impact caused by the upstream structure. Therefore, any
gaged peak discharges not representing the basin conditions for the design site should be excluded from the analysis.

The most typical factors affecting peak discharges are urbanization and regulation by reservoirs. Densities of
impervious cover less than 10% of the watershed area generally do not affect peak discharges. The existence in the
watershed of a major reservoir or many small reservoirs or flood control structures can greatly affect the runoff
characteristics. The length of record should be adjusted to include only those records that have been collected
subsequent to the impoundment of water by reservoirs and subsequent to any major urbanization. If the resulting
records then become too short as defined above, do not use the method outlined in Section 7.10.D.

D. Log-Pearson Type Ill Distribution. The log-Pearson Type 11l method for the statistical analysis of gaged
flood data is applicable to just about any series of natural floods. Three statistical moments are involved in the
analysis:

e  The mean is approximately equal to the logarithm of the 2-year peak discharge.

e  The standard deviation, which is the second moment of the logarithm of the discharges, can be compared
to the slope of the plotted curve. (Although, with the consideration of the third moment, skew, there is no
single slope to the curve.)

e  The skew (the third moment of the logarithm of the peak discharges) represents the form of curvature to
the plotted curve.

On log-probability paper, a negative skew of the flood-frequency curve is concave downward and for a positive
skew, the curve is concave upward. If the skew is zero, the plotted relation forms a straight line, the distribution is
defined as normal, and the standard deviation becomes the slope of that straight line. Because of these tendencies,
the significance of the skew becomes especially important in the estimation of floods based upon extrapolated
curves (i.e., for a large positive skew with limited years of record, the 100-year return period flood peak may be over
predicted).

Because flooding is often erratic in Pennsylvania, a series of observed floods may include annual peak discharge
rates which do not seem to belong to the population of the series. The values may be extremely large or extremely
small with respect to the rest of the series of observations. Such values may be "outliers" which possibly should be
excluded from the set of data to be analyzed. Additionally, adjustment can be made to incorporate historical data.
Caution should be exercised when dealing with high outliers and if at all possible the record should be extended by
incorporating historical data (see Bulletin 17B).

To make the analysis of the Log-Pearson Type I11 method easier, the computer program PEAKFQ is available from
the USGS. Section 7.10.E. outlines the procedure for the Log-Pearson Type III method for understanding and
reference only.
E. Log-Pearson Type Il Analysis Procedure.
1. Acquire and assess annual peak discharge record. There are instances when the annual peak discharge
data may be suspect. For projects containing stream gage data affected by outliers, coordination with the
USGS is suggested to obtain the final design peak flows. The record should comprise only one discharge
(maximum) per year. Note that the USGS water year is October through September.
2. Calculate the logarithm of the base 10 for each discharge value.

3. Calculate the statistics using Equations 7.58, 7.59, and 7.60.

_ Yx
SN

(Equation 7.58)

L

(Equation 7.59)
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(Equation 7.60)

where: 6L = mean of the logarithms of the annual peak discharges, m*/s (cfs)
N = number of observations
X = logarithm of the annual peak discharge, m*/s (cfs)
S, = standard deviation of the logarithms of the annual peak discharge, m/s
(cfs)
Gs =  coefficient of skew of log values (station skew)

4. For each frequency (typically 2 through 100 year), calculate the logarithm of the discharge using

Equation 7.61.
(Equation 7.61)

logQ =Q, +KS,
where: Q =  flood magnitude, m*/s (cfs)
K = afrequency factor for a particular return period and coefficient of skew

5.  Plot discharge versus frequency on standard log probability paper.

6. Consider adjusting the calculations to accommodate a weighted skew and outliers as discussed in
Sections 7.10.F. and 7.10.G., respectively.

Skew. There are three methods for determining the value of the skew coefficient for the log Pearson Type IlI

curve fit.

1. The station skew is calculated directly from the gage data using Equation 7.60. This value may not
represent the skew of the parent population accurately if the period of record is short or if there are extreme
events in the period of record.

2. Figure 7.11 shows the value of generalized skew coefficients across Pennsylvania. The designer may use
the generalized skew coefficient identified by the map based upon the project location.

3. The designer may compute a weighted skew. Refer to Bulletin 17B for the method. (Note: The mean
square error for the generalized skew is 0.35 which replaces the value of 0.55 presented in Bulletin 17B.)

It is preferable to use a weighted skew as described in Bulletin 17B for all flood peak estimates. The weighted value
and can also be obtained from the USGS in Harrisburg, PA.

G. Accommodating Outliers in the Data. The distribution of all the annual and historical peak discharges
determines the shape of the frequency curve, and thus the design-peak discharges. For a Log-Pearson Type IlI
analysis, the distribution of the high peak discharges affects the shape of the curve and the value of the low peak
discharges.

In most peak-stream flow frequency analyses, the larger recurrence-interval peaks are needed more often than those
for the lower recurrence intervals. Most design peaks, for example, are based on 10-year, 25-year, 50-year, or 100-
year recurrence intervals rather than 2-year or 5-year intervals. Therefore, it would be more desirable for the shape
of the frequency curve to be based on the distribution of the larger peaks.
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This is accomplished by eliminating some of the lowest peak discharges from the analyses, using a low-outlier
threshold. The peak discharges less than the low-outlier threshold are excluded from the analysis. The value for the
low-outlier threshold, therefore, should exclude those peaks not indicative of the distribution for the higher peaks.
This value can be chosen by reviewing the sequentially-ranked values for all of the peak discharges used in the
analysis.

For example, the lowest sequentially ranked peak discharges for a station, in cubic meters per second (m*/sec), are
as follows: 0, 10, 25, 90, 450, 495, 630, 800, 1050. The largest difference between sequential values for these
discharges is 360 m*/s, which is the difference between 90 and 450 m%s. Therefore, the distribution of the peak
discharges substantially changes below the value of 450 m*/s, which could be used as the low value threshold.

In circumstances when removal of low outliers is appropriate, Equation 7.62 is an adaptation of the discussion in
Bulletin 17B that was developed by Peter Smith, Texas DOT, to compute the low-outlier threshold.
(Equation 7.62)

LOT = 10(a6L+bsL+cG+d)

where: LOT =  estimated low-outlier threshold, m%/s
G =  appropriate skew coefficient as discussed in Section 7.10.F.
a = 1.09
b = -0.584
c = 0.140
d = -0.799
Q. = mean of the logarithms of the annual peak discharges, m*/s
S. standard deviation of the logarithms of the annual peak discharge, m*/s

Higher-outlier thresholds represent extremely high peak discharges: those with a recurrence interval larger than
indicated by the period of record for a station. For example, a 100-year peak discharge could be gaged during a 10-
year period of record. The frequency curve thus would be unduly shaped by the 100-year period.

Efforts have been made by the USGS to identify high outliers, referred to as historical peaks. This has been done by
identifying and interviewing long-term residents living near the gaging stations. In many cases, residents have
identified a particular flood peak as being the highest since a previous higher peak. These peaks are identified as the
highest since a specific date. In other cases, residents identify a specific peak as the highest since they have lived
near the gaging station. Those peaks are identified as the highest since at least a specific date. The historical peaks
may precede or be within the period of gaged record for the station.

For some stations, however, a historical-peak discharge may have been gaged without knowledge of its historical
significance. When this is suspected for a station, the dates for historical peaks from nearby stations on basins of
comparable size should be reviewed and compared to dates of floods for the suspect station. These dates and
historical periods may be applicable to stations where this information is absent.

Having identified appropriate outliers, the designer should re-compute the statistics (Equations 7.60 and 7.61) using
a data set which excludes values beyond the established outlier thresholds.
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Figure 7.11
Pennsylvania
Generalized Skew
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7.11 CHAPTER 7 NOMENCLATURE
Symbol Definition Units
A Drainage area ha or ac
A Channel cross-sectional area in Manning's Equation m? of ft?
A, Nth sub-area size ha or ac
Aq Avrea of gaged basin ha or ac
a 1.0 (metric), 3.28 (U.S. Customary) m/s or ft/s
C Weighted runoff coefficient dimensionless
c Wave celerity for use in Muskingum-Cunge Method m/s or ft/s
Cs Runoff coefficient adjustment factor due to return interval dimensionless
C, Runoff coefficient for nth sub-area dimensionless
Co, Ci, Cy Coefficients for Unit Peak Discharge Equation dimensionless
Cy, C,, Cs Coefficients for Muskingum and Muskingum-Cunge Routing dimensionless
d Duration of unit excess rainfall hr
F Pond adjustment factor dimensionless
G Skew coefficient for Log Pearson Type Il curve fit dimensionless
Gs Coefficient of skew of log values, station skew dimensionless
g Gravitational acceleration m/s? or ft/s?
I Average rainfall intensity in the Rational Method Equation mm/hr or in/hr
I Inflow to reach in the Muskingum Method m?/s or cfs
I, Initial abstraction mm or in
I Inflow at time step number t for Hydrograph Routing m*/s or cfs
It Inflow at time step number t + 1 for Hydrograph Routing m*/s or cfs
i Rainfall intensity in the Overland Flow Segmental Method mm/hr or in/hr
K A frequency factor for Log Pearson Type Il Analysis dimensionless
K Coefficient for use in Sheet Flow Kinematic Wave Equation  6.92 Metric/0.933 US
K Coefficient for use in the Rational Method Equation 360 Metric/1 US
K Coefficient for use in the Triangular Hydrograph Method 0.208 Metric/484 US
K Coefficient for Overland Flow Equation 2949 Metric/1900 US
K Proportionality constant representing the time of travel of a
flood wave through the reach in the Muskingum method hr
k Intercept coefficient for Shallow Concentrated Flow Equation dimensionless
L Longest hydraulic length m or ft
L, Length of nth reach along flow path m or ft
LOT Estimated low-outlier threshold for use in Bulletin 17B
Statistical Frequency Analysis m*/s
B Hydraulic diffusivity for use in Muskingum-Cunge Method m?/s or ft*/s
N Number of observations dimensionless
n Manning's n-value dimensionless
O Outflow from reach in the Muskingum Method m?/s or cfs
O Outflow at time step number t for Hydrograph Routing m?/s or cfs
Ot Outflow at time step number t + 1 for Hydrograph Routing m*/s or cfs
P Accumulated rainfall (potential maximum runoff) for NRCS
Rainfall-Runoff Equation mm or in
Q Discharge m*/s or cfs
Q Maximum rate of runoff in the Rational Method Equation m®/s or cfs
Q Flood magnitude m*/s or cfs
§L Mean of the logarithms of the annual peak discharges in Log
Pearson Type 111 Analysis m?/s or cfs
Qq WRC peak discharge at gage m?/s or cfs
Ox Lateral inflow or outflow in Muskingum-Cunge Method m?/s or ft*/s
q Depth of storm runoff during time interval for Hydrograph
Methods mm or in
p Peak rate of discharge m?/s or cfs
u Unit peak discharge m?*/s/km?mm or cfs/mi?/in
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R Runoff volume for NRCS Graphical Peak Discharge Method mmor in
R Hydraulic radius in Manning's Equation m or ft
RCN or CN Runoff Curve Number dimensionless
S Average slope of the watershed in percent %
S Potential max retention for NRCS Rainfall-Runoff Equation  mm or in
S Total Storage in the Muskingum Method m? or ft*
S Friction slope m/m or ft/ft
SL Standard deviation of logarithms of annual peak discharge m?/s or cfs
So Channel bed slope m/m or ft/ft
Sy Channel or flow slope in percent %
S Volume of runoff completely retained for Storage-Indication

Method m° or ft*
St Storage in the reservoir at time step number t for Hydrograph

Routing m? or ft®
Sii1 Storage in the reservoir at time step number t + 1 for

Hydrograph Routing m? or ft*
S Surface slope of the flow path m/m or ft/ft
T Total time along flow path in Time of Concentration

Calculation min
Tiag SCS Lag time hr
T, Time to peak runoff in Hydrograph Methods hr
t Time general
T.ort; Time of concentration hr
t, Travel time over nth reach min
t Sheet flow travel time min
\Y Velocity m/s or ft/s
Vi Estimated flow velocity for nth reach m/s or ft/s
X Distance general
X Backwater storage effects weighting factor in the

Muskingum method dimensionless
X Logarithm o