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The Rational Formula Explained

* Attributed to Emil Kuichling in 1889, also known as the
Kuichling Formula for his use in sewer design in
Rochester, New York. Original work started in 1674 by
French Attorney.

* In British Isles it was concluded that the ratio of runoff to
rainfall might be approximated as a coefficient, typically
in the 0.4 - 0.6 range for natural catchments.

* The runoff coefficient is the first principle that would
become known as the Rational Method.

* In 1851, Mulvaney presented second principle relating
the time of concentration to the storm event.

The Rational Formula Explained

* Q=Cl A, Where in imperial units,
— C = Dimensionless runoff to rainfall
coefficient (0.0 to 1.0)

— | ¢ = rainfall intensity (inches/hour)
averaged over the time of
concentration and

— A .t = Contributing drainage area in
acres.
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The Rational Formula Explained

* The units:

e C(dimensionless)* | (inches/hour)* A (Acres) =
Acre inches/ hour

1 Acre in./hr*43560 SF/Ac = 1.00833 CFS
12 in/ft x 3600 sec/hr

The method is “rational” by using the ratio of
runoff to rainfall intensity.

III

The Rational Formula Explained

* The assumptions
* Cvalue:

— Homogeneous watershed with evenly
distributed rainfall and runoff (Using one
weighted C value for the watershed).
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The Rational Formula Explained

 Time of Concentration and storm duration.
e Case 1 (the usual)

— Set the storm duration equal to time of
concentration, total watershed contributes
to peak flow.

— Usually, the maximum flow occurs when the
rainfall duration is equal to the time of
concentration.

The Rational Formula Explained

e (Case 2:

e For Storm duration longer than the Time of
concentration,

— Rainfall intensity is less, but total watershed
contributing.

— Less peak flow than Case 1.
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The Rational Formula Explained
* Case 3: (Partial Drainage area contribution)

L =401 m .
SEQ"U.ﬁ% !/
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Eoned for light industry

The Rational Formula Explained

» Case 3: (Partial Drainage area contribution)

* For storm duration less than Time of
concentration

— only part of the watershed (the downstream
portion) contributes to the peak flow

— Rainfall intensity is higher.
— Peak flow may also be higher than Case 1.




3/25/2019

Runoff Coefficients (DEP E&S Manual)

TABLE 5.2
Runoff Coefficients for the Rational Equation™

A Soils” B Soils’ C Soils” D Soils]
LAND USE
<z z - -G < 2% 2 - ~5% = 2o 2 - =6 <z 2 - =6%
6% 5% (e &%
Cultivated
land 008 | 013 [ 016 | O.11 0.15 | 0.21 0.14 019 026 | 018 [ 0.23 | 0.31
Pasture o112 020 0.30 018 0.28 0.37 | 024 0.24 044 | 0.30 040 0.50
Meadow a.10 016 0.25 014 022 0.30 | 0O.20 0.28 036 | 024 0.30 040
Forest 005 | 008 [ O.11 008 | 0.11 0.14 013 | 016 [ 0.12 | O.16 | 0.20
Residential
lot size 1/8 0.25 | 028 [ 0.31 0.27 | 0.30 | 0.3 0.30 23 | 038 | 0.33 | 0.36 | 042
acre N
Residential
lot size 1/4 o022 026 029 0.z24 o299 0.33 | 027 0.31 0.36 | 0D.30 0.34 040
acre
Residential L
lot size 1/3 o.19 023 0.26 oz2z2 028 0.30( 0.25 ’ 0.29 0.34 | 028 0.32 0.39
acre Ne—
Residential
lot size 1/2 016 o_20 0.24 o019 023 028 | 0.22 027 0.32 | 026 0.30 0.37
acre
Residential
lot size 1 014 019 o022 017 o021 025 | 020 0.25 0.31 024 o.29 0.35
acre
Industrial 0E7 |068 (068 |068 |068 | 0.69 |0.68 |0.68 | 069 (069 | D.69 | 0O.70
Commercial 0.7 oO.7F1 0.72 0o.71 072 072 | 0.72 0.72 072 | 072 072 072
Streels 070 | O.71 072 | O.7F1 072 |07¥4 [0O7F2 |0F3 |0.7F6 | 073 | O.75 | O.78
Open Space 005 o110 014 0.08 013 019 | 012 017 024 | 015 021 0.28
Parking 085 | 086 |[0687 |085 | 086 | 087 |0.85 |0.86 | 087 [ 0.85 | 0.86 | 0.87
Construction
Sites - Bare
packed soil, 0_30 0.35 _Dao 0.35 040 0.45 | 040 0.45 0.50 | 050 | O.55 0.60
smooth
Construction

Sites - Bare .020 0.25 0.30 0.25 0.30 035 (0.30 | 0.235 | 0.40 | D40 | 045 0.50
packed soil,
rough
* Runoff Coefficients for stornm recurrence intervals less than 25 years

Adapted from McoCuen. R.H., Hydrologic Analysis and Design (2004)

1. According to the USDA NRCS Hydrologic Soils Classification System

The Rational Formula Explained

e Variables:

— Runoff Coefficients relatively well defined,
may not have a significant impact on peak
flow.

— C=0.3vs0.25, peak varies 20%
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Rainfall Intensity NOAA Atlas 14, King of Prussia.
PD8-based precipitation frequency estimates with 90% confidence intervi
i | Average recurrence inferval (years)
Duration
| 1 | 2 | 5 I 10 | 2 [ 50 | =
& rrin 415 4.94 578 6.38 7.08 7.56 8.03
(3.82-452) (4.55-5.39) (5.30-6.30) (5.84-6.95) (6.46-7.70) (6.85-8.23) - 74)
10min 3.31 3.95 4.63 5.11 5.65 6.02 8.37
(3.05-3.81) (3.64-4.30) (4.25-5.05) (4.67-5.58) (5.14-6.14) (5.45-6.55) (5,25:693)
15min 2.76 3.31 3.91 4.30 477 5.08 ( 537)
(2.54-3.01) (3.05-3.61) (3.58-4.26) (3.94-4 68) (4.35-5.19) (4.60-5.53) S ]
30.min 1.89 229 2.78 3.12 3.53 3.83 4.1
B {1.74-2.08) (2.10-2.49) (2.55-3.02) (2.86-3.39) (3.22-3.84) (3.47-4.17) (3.71-4.48)
S0min 1.18 1.44 178 2.03 2.35 2.59 2.83
(1.09-1.29) (1.32-1.56) (1.63-1.94) (1.86-2.21) (2.14-2.58) (2.35-2.82) (2.56-3.09)
S 0.707 0.858 1.07 1.23 1.44 1.61 1.78
B (0.646-0.775) || (0.785-0.940) (0.976-1.17) (1.12-1.35) (1.30-1.58) {1.45-1.76) (1.58-1.95)
Thr 0.514 0.624 0.779 0.898 1.06 1.18 1.31
B (0.470-0565) || (0.570-0.685) || (0.710-0.855) || (0.817-0.985) (0.954-1.16) (1.08-1.29) (1.17-1.43)
6o 0.322 0.389 0.484 0.561 0.668 0.754 0.845
(0.294-0.354) (0.3558-0.428) (0.442-0.532) (0.510-0.815) (0.603-0.732) (0.675-0.528) (0.750-0.928)
12 0.194 0.235 0.294 0.343 0.414 0.474 0.539
B (0.178-0215) || (0.214-0.260) || (0.268-0.325) (0.311-0.379) || (0.372-0.456) || (0.421-0521) || (0.473-0.593)
Sahr 0.113 0.136 0.170 0.199 0.244 0.276 0.313
(0.104-0124) || (0.125-0.149) || (0.156-0187) || (0.182-0.218) || (0.219-0.262) || (0.249-0.300) || (0.281-0.341)

The Rational Formula Explained

e Variables:

— Computing Time of Concentration has
greater impact on peak flow, especially for
short duration storms.

— Tc =5 min vs 15 min. Intensity 8.03 in/hr, vs
5.37 in/hr (33% decrease)
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The Rational Formula Explained

e Storm sewer design principles:

— The rainfall intensity is set based on a particular
storm duration

— the Duration is set equal to the time of
concentration. You cannot have two different
storms on the same watershed.

— As you move down the watershed through pipes
or other structures, you use the longest travel
time to the next downstream point of interest
(POI).

Universal Rational Hydrographs

— Actual Rainfall intensity and depths used
— Uses 10 x Tc rainfall durations to develop the hydrograph.

— Peak is placed at 3 x Tc, computed using the Tc duration
intensity.

— Storm duration lengthens in relation to Tc. As Tc increases,
total duration increases by 10 X.

Time Incr. Total Intensity Flow
[min] [inches]) [inches] [in/hr) [cfs]
0 0.00 0.00 0.00 0.00
10 0.20 0.20 1.22 2.45
1 0.43 0.63 513
C30) 115 1.78 13.80
1 0.63 2.41 i 754
50 0.32 2.73 1.92 3.83
60 0.25 2.98 1.50 3.01
70 016 314 0.97 1.94
80 014 3.29 0.87 1.74
90 013 3.42 0.80 1.59
100 012 3.54 0.73 1.47
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De ka | b H yd rog G p h > |Dimensionless Time and Hydrograph Ordinates
* Applies a Q/ Qp ratio to each ordinate (10  |tit.| @Q,for t, < 20 min | QQ, for t, >= 20 min
Tc increments) 0 0.00 0.00
* Peak placed in the middle (ordinate 5) ! 0.16 0.04
* Hydrograph duration lengthens as Tc 2 0 0
increases. ’ 0 b1
. 4 034 0.32
* The total runoff volume is not equal to the : ™ =
10 x Tc storm duration. - 0'45 0'30
10%c N
~ Swc | 7 027 0.11
A 8 0.19 0.05
] 9 0.12 0.03
= S 10 0.00 0.00
f# _to< 20 min where:
P " te > 20 min » f, = Time of concentration.
ST ¢ 7 » Q=Flow attime £ in cfs
t = Q= Peak flow.

Triangular Hydrographs (Not conservative)

* Peak placed at Time of
Concentration.

* Durationis 2 x Tc.

* Very small volume for
detention storage.

¢ Some modifications use Q 0
total duration = 3x Tc. P
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“Modified Rational Method” Hydrographs (T&E)

Peak placed at Time of h .

Concentration. ¢ {

Duration is increased with longer ; ‘} - -

duration than Tc. Peak is lower..

Falling limb duration typically 1 x Tc Peak
Outflow

duration. 0 torage vol.
Maximum outflow rate intersects

descending limb.
Compute Area between inflow &
outflow hydrographs. Units CFS x

seconds = CF storage. t
Use several durations to compute vnere:
the maximum storage needed. * f=Time of concentretion.

= Q=Flow attime {, in cfs.

Actual routing could change critical « 0= Peak o

storm duration. » r=Falling limb coefficient
» 5= Storm duration

Rational Hydrographs VTPSUHM — 5 OPTIONS

 1 'aTech&Penn S'l:ate

Rational Hydregraphs

Storm Type
& Modified Universal R atianal

" PDT Publication 524 Rairfal Method
" 5CS 24 Hour Starm Duration

© Yamel Equations

" Universal Fiational

10
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tég-ﬁ Rational Hydrographs VTPSUHM Input Screens

Project Location Screen — Map used for PDT Pub 584 method only.

Piiect Lecalion | input Data | Outpet |

~Stom Type—————————————  ~Select project location on map below [exact location only affects results of the PDT Publication 584 Rainfall Method] Map A
@ Modified Universal Rational e ,HegiT
€ PDT Publication 564 Riainfal Method E MapB
" L5 24 Hour Stom Duration
" Yamel Equations Hegion 2
" Universal Rational MapC
Region 4
~ Storms to Analyze MapD
[ 1 [~ %Y
‘el ‘ear : [Fogons
[~ 2ear I~ 60Year i . MapE
[ 5Year ¥ 100Year {
. 3 Region 4
[ 10Year } \ MapF
Title for Hydragraph (Optional) - Region 4
¥ Coordinate
# 9195
¥ Coordinate
4945
Open ‘ Save | Locate on Map

tég-ﬁ Rational Hydrographs VTPSUHM Input Screens

. . lRatinnalHydl raphs
Project Location Screen —

* Select Storm type - Stom Type
f+ Modified Univerzal R ational

¢ Can analyze mUItIple Storms = PDT Publication 584 F airfall Methad
at once 505 24 Hour Starm Duration

© “Yarnell Equations

s MOdIerd Un'Versal Rat'onal 7 Universal Rational
|S neWESt methOd (7/2014). — Storme to Analyze ——————————

W 1*ear W 25%ear
W 2%ear W 50 ear
[+ 5%ear v 100%ear
v 10%ear

Title far Hydrograph [Optional]

|Test

11
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&fﬁ Rational Hydrographs VTPSUHM Input Data

* |nput Drainage area in acres
* Input Time of Concentration in minutes

Project Location  Input Data |Elut|:|ut|

Input Data
Drainage Area |1 Acres
Time of Cancentration |5 Minutes

B2 Ritional Hydrographs VTPSUHM Input Data

]

i

* Input Weighted C factor (can use constant for each storm)

—eighted 'C' Factor

Canstant 'C' |5— 10%ear Starm |5—
1 %ear Storm |5— 25 Y'ear Starm |5—
2 Year Storm |5— 50 %ear Starm |5—
5%ear Storm |5— 100 ear Starm |5—

12
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gRurns

. #IS

design storm (From NOAA Atlas 14)
* Excel Spreadsheet helps with data interpolation

Modified Universal Rational HOAA Atlas 14 Storm Inensities--

25''ear Stom [

1 ear Stom

infhr

2earStom  [4.67  invhe B0ear Stom infhr
b ear Stom infhr 100 Year Storm (9,11 inhr

10 ear Stam inthr

-Total Rainfall for 2.08 Hour Design Storm

= Rational Hydrographs VTPSUHM Input Data
Input Rainfall intensity and Total rainfall for each

IearStam [ in ZYearStom [ in
2earStom [140 i S0YearStom [ in
BYearStom [ in 100YearStom [324  in
10YearStom [ in

Excel Spreadsheet helps with data interpolation

Rational Hydrographs VTPSUHM Input Data

NOAA ATLAS 14, VOLUME 2 RAINFALL INTERPOLATION SPREADSHEET

Copy Data

Point precipitation frequency estimates (inches/hour)
NOAA Atlas 14 Volume 2 Version 3

Data type: Precipitation intensity

Time series type: Partial duration

Project area: Ohio River Basin

Location name (ESRI Maps): Centre Hall

Station Name: -

Latitude: 40.8000°

Longitude: -77.7000°

Elevation (USGS): 1283.3 ft

DEVELOPED BY THOMAS F. SMITH, PE AND CLAYTON C. HODGES, PE

Point precipitation frequency estimates (inches)
NOAA Atlas 14 Volume 2 Version 3

Data type: Precipitation depth

Time series type: Partial duration

Project area: Ohio River Basin

Location name (ESRI Maps): Centre Hall

Station Name: -

Latitude: 40.8000°

Longitude: -77.7000°

Elevation (USGS): 1283.3 ft

Duration Rainfall Intensities (inches/hr.) for Return period in years Duration Rainfall Depth (inches) for Return period in years
(hours) 1 2 5 10 25 50 100 (hours) 1 2 5 10 25 50 100

0083 391 467 568 647 750 s8.29] 9.1 0.083] 0326 03s] o047 o054 o063 0.69) 0.76
0.167 3.04] 3.65 4.42 4.99 5.74 6.29 6.86] 0.167 0.51] 0.61] 0.74] 0.83 0.96 1.05 1.14f
0250 248] 297] 361 4.03] 47| s5.19] 5.6 0250 0.2 07a] oso]  102] 118] 1.30] 1.4
0.500] 1.64 1.99 2.47] 2.84 3.34] 3.71 4.10] 0.500] 0.82] 0.99 1.24] 1.42] 1.67 1.85 2.05]

1000 100 1232 155 181 216] 244 274 1000 100 122 155] 181 26| 244] 274

2000 057 o069 o088 103 125 142 16 2000 114 139] 1.76] 2.06] 243 285 3.22
3.000 0.41] 0.50 0.63 0.73 0.88 1.01 1.15 3.000 1.23 143 1.88 2.19 2.65 3.03 3.44|

6000 025] o031] o038 044 o053 o0.61] 0.69) 6.000 152 1.83] 228] 266 3.20] 3.65] 4.3
12.000] 0.16 0.19 0.23 0.27] 0.33 0.38] 0.43] 12.000] 1.89 2.27] 2.82] 3.28| 3.95 4.52] 5.14|
22000 o009 o011] o014 o0.ae] o020 0.22] 0.9 24000  225[ 270] 2.38] 3.90] a6 s5.36] 6.09)
48.0000 00s| 007 o008 o003 o011 013 o015 48.000] 2.61] 3.3 388 451 542 620 7.05

Tc (min): 50 Rainfall Intensity Interpolation routine Rainfall Depth Interpolation routine
Tc(Hours)”  0.083) Storm Frequency (Years Duration (hrs.)' __ 2.083 Storm Frequency (Vears
Table durations| 1 2 [ 5 10 25 50 100 Table durations 1 2 | 5 10 25 50 100
0.083)| 391] 467 5.68 547 7.50] 8.28] 911 2,000} 114] 139] 176] 206 249 2.85) 323
COMPUTED RAINFALL INTENSITIES (mcussz% COMPUTED RAINFALL DEPTHS (mcyff\—_—ﬁ
0.000| 391 4.67 5.68 6.47 7.50 8.29 9.11 0.083] 1.15 1.40 1.77 2.07 2.50 2.87 3.24
0.167| 3.04] 3.65] 442 4,00 574 N\g29l/ 6.84] 3.000) 1.23) 1.49] 1.88] 2.19] 265  wos 344

Innut the Time of concentration in the vellow cell

* Total duration of storm is 25 X Te.

13
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Rational Hydrographs VTPSUHM Input Data

Optional volume estimate - Can Input desired pond
outflow to estimate storage required.

Storage computed using parabolic outflow hydrograph
method.

— Desired Pand Dutflaw [Optianal for Estimated Yolume)

1Year [ CFS 25VYear [ CFS
2Year [ CFS S0%Year [ CFS
Svear | | CFS 100Year[1  CFS
10%ear [ CF5

té% Rational Hydrographs VTPSUHM Output Data

* One tab for each computed hydrograph.

* Volume estimate displayed if option used.

* Total hydrograph volume displayed below table
* Can print or save hydrographs

— Hydrograph:
2Year Storm 1UUYEarSlDrmI
Time || Peiel | gl | trtensiy Flow :’ Suggested Basin Volume
[his) [inhr] (cfs]
[inches) [in] ]
0,000 ] 0.0 [] (] 2486 Cubic Feet
0.053 0.08 0.08 0.51 0.45 0.0571 Acre-Feet
0167 023 0.0 273 1.37
0.250 076 1.06 211 456
0.333 0.48 1.54 578 2.83
o047 022 1.82 2.40 1.70
0.500 016 1.99 1.97 0.93
0583 012 212 1.50 075
0667 n12 224 1.42 071
0.750 011 235 1.24 0.E7
0.833 011 245 1.26 062
097 oo 255 1.18 053
1.000 003 264 1.10 055
1.083 0.03 273 1.02 0.51
1167 0.0z 281 0.95 0.47
1.250 007 288 087 043
1.333 007 294 073 033
147 0.08 200 0.71 0.35 (] Save Al Save
1 RN nne kN nez naz LI Hypdiographs  Hydrographis)
Total Hydrograph Yolume: 5,832 Cubic Feet. or 0.1339 Acre-Feet
(] Frint Al PFrint |
| Hydiographs  Hydrographis)

14
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Rational Hydrographs

Modified Universal Rational — Newest VTPSUHM Module (2014)
1. Peaks computed using Tc rainfall intensity.
2. Duration = 25 X Tc total rainfall depth.
3. Rainfall data obtained from NOAA Atlas 14.

4. Many new Act 167 Ordinances specify Atlas 14 Rainfall data.

Rational Hydrographs

Modified Universal Rational

* Peaks computed using Tc rainfall intensity.

* Peak Q = ciA flow placed at 3 x Tc.

* Ordinates use 25 x Tc time steps

* The first 3 ordinates use the same Q/Qp ratios
(Similar to Dekalb method)
v' Ordinate 1 =0.1 x Qpeak (at 1 x Tc)
v" Ordinate 2 = 0.3 x Qpeak (at 2 x Tc)
v" Ordinate 3 = 1.0 x Qpeak (at 3 x Tc)

15
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Rational Hydrographs

Modified Universal Rational
* Total hydrograph duration =25 X Tc
v 5 minute Tc = 125 minute duration (2.08 hrs)
v 15 minute Tc = 375 minute duration (6.25 hrs)

* Total runoff volume = runoff from the 25 X Tc storm
duration.

* Area under the hydrograph = CFS x Seconds = CF.

* The calculations adjust the descending limb of the
hydrograph, ending at 25 x Tc and maintaining the volume of
runoff equal to the Total storm duration runoff.

* Each rainfall intensity and total runoff depth combination
results in different hydrograph shapes.

Detention basin design with Infiltration
Compute 2-year, 24-hour volumes using NRCS runoff Equations.

Set basin or bed lowest outlet orifice at or above the infiltration
volume elevation.

Generate hydrographs using Rational Hydrograph method for
post-development conditions to the BMP for the Tc duration
storms.

Use modified-puls routing for each storm for peak rate control
(2-year, 5-year, 10-year, 25-year, 50- year and 100-year storms.)

16
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Combining hydrographs for downstream BMP
(SAME Tc for downstream BMP)

Compute hydrographs for the downstream condition or
structure using the same Tc duration storm as the basin.

Use basin outflow hydrograph combination to add the
ordinates from the basin outflow to the downstream inflow
hydrographs.

Combining hydrographs for downstream BMP
(Longer Tc for downstream BMP)

Compute hydrographs for inflow hydrographs into the basin.

Use modified-puls routing for each storm and save outflow
hydrographs for each storm.

Compute hydrographs for downstream condition or structure
using the longer Tc duration storm.

Use basin outflow hydrograph combination to add the
ordinates from the basin outflow to the downstream inflow
hydrographs.

17
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WHY NOT JUST COMBINE HYDROGRAPHS FROM
DIFFERENT Tc STORMS?

Remember, you are analyzing a STORM with a certain DURATION. A Storm
Duration is NOT a Time of concentration!

You cannot combine the hydrographs from a 10 minute storm with a 30
minute storm!

Must use a consistent storm DURATION for each BMP. As is the proper
procedure in designing storm sewers, the user always chooses the longest
Tc (storm duration) as one moves downstream.

You essentially have 2 design storms in this case — the Tc storm for the basin
outflow and the longer duration storm for the combined hydrographs.

Comparing Rational Hydrographs with NRCS 24-hour Hydrographs

1. NRCS Hydrographs are from a 24- hour storm duration.

2. Rational Hydrographs vary from 2 X Tc duration to about 25 X Tc
duration. (Example, for a 5 minute Tc, durations range from 10
minutes to 125 Minutes). Runoff volume will typically be less than
NRCS methods.

Rainfall intensities based on local data (NOAA Atlas 14), whereas
NRCS values based on 24-hour depths and the Type 2 Storm
duration. Very conservative intensities result (13 inches per hour for
6 minute Tc and 7.2 inch rainfall).

NRCS peak discharges inaccurate for frequent storms and low CN
values. (Under predicts).

18
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Comparing Rational Hydrographs with NRCS 24-hour Hydrographs

1. Rainfall intensities based on local data (NOAA Atlas 14), whereas NRCS
values based on 24-hour depths and the Type 2 Storm duration.

Very conservative intensities result (13 inches per hour for 6 minute Tc and

7.2 inch rainfall). —
100 YearStDrmI

Time Rainfal Intenzity

Increment :
[hir=] ez [indhr)

0.000 000 0.00
0.100 n13 1.28
0.200 037
0.300 1.30

EE e

Comparing Rational Hydrographs with NRCS 24-hour Hydrographs

NRCS peak discharges inaccurate for frequent storms and low CN
values. (Under predicts).

NRCS peak discharges typically over-estimate for infrequent (50-year,
100-year) events, resulting in larger over-designed outflow culverts.

Most storm sewer systems including downstream of basins being
designed using the Rational Formula.

Sound engineering judgement is needed in selecting the methodology
based on site conditions, factors of safety and danger to life and
property.

19
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QUESTIONS?

20



