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Introduction

ChapterOne:

Introduction

Stormwater management measures have become a standard
practice in urban developments throughout Canada. Few
projects are exempt from stormwater management
regulations that have been enacted to require the mitigation
of the quantitative and qualitative impacts from stormwater
runoff.

Traditional methods have relied almost exclusively on
surface retention/detention facilities such as stormwater
management ponds. Often the site under development
does not lend itself to these traditional measures. Some of
the problems include: Insufficient space, topography, high
land values, and liability issues, to name a few.

Increasingly, engineers are looking toward subsurface
methods that retain the above ground use of the site. A
popular method is to use underground detention facilities
constructed of Corrugated Steel Pipe (CSP). CSP
installations make use of large diameter pipe to temporarily
store runoff underground until it is released at a
predetermined rate. These methods can be combined with
other practices to provide water quality improvement.

Corrugated steel pipe products have been used almost
exclusively for this application as a result of the considerable
cost advantage when compared to other available materials.
Other advantages of underground detention systems
include:

= Retaining above ground use of the site and the value of
that land;

= Ease of installation of CSP systems;
= Flexible configurations permitted with CSP systems;

e Limited liability as compared to other “attractive
nuisances”; and

e Qverall cost effectiveness.

This manual was developed by the Corrugated Steel Pipe
Institute (CSPI) to aid the engineer in the design of

underground detention facilities constructed of corrugated
steel pipe. The chapters are summarized below.

HYDROLOGY

Chapter 2 presents information on the hydrologic aspects of
detention design. An inflow hydrograph is a required
element for design of stormwater management systems.
While any appropriate hydrologic method can be used, this
chapter focuses on the more common applications. Chapter
2 also presents procedures for estimating the required
storage volume for corrugated steel pipe detention systems.

HYDRAULIC DESIGN

Chapter 3 contains detailed information on the more
challenging design aspect, the hydraulic design. This
includes the three major steps after the hydrology has been
performed :

1. Sizing the structure and development of the stage-
storage relationship;

2. Designing the release structure and development of
the stage-discharge relationship;

3. Routing the hydrograph through the structure to check
the design and obtain the outflow hydrograph.

These steps rely on the same engineering principles that are
used to design traditional pond systems. The only difference
is that the components are placed entirely underground.

WATER QUALITY

While the previous two chapters describe the quantitative
aspects of design, water quality has become an important
issue also. Underground facilities constructed of corrugated
steel pipe can provide water quality benefits, the topic of
chapter 4. The most common application for water quality is
to use these systems in conjunction with infiltration
practices. The runoff is stored in large diameter perforated
pipe with a granular backfill material and is recharged back
to the water table. Infiltration practices with corrugated steel
pipe have proven effective over the years provided they are
properly designed and constructed.

A new and promising water quality application for
underground detention is to combine the storage benefits
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Introduction

of corrugated steel pipe with sand filtration techniques for
water quality improvement. The sand filter concept is being
used in some parts of North America in conjunction with
underground detention. With these systems, runoff is
detained in the detention structure and slowly filtered
through a sand media before being discharged from the site.

STRUCTURAL DESIGN

The structural design of corrugated steel pipe is the same
for underground detention as it is for culverts and storm
sewers. This topic is thoroughly discussed in chapter 5 and
includes specific structural design methodology.

CONSTRUCTION & INSTALLATION

Construction aspects are covered in chapter 6. As with all
pipe materials, proper bedding preparation, installation, and
backfill are critical.

DURABILITY OF DETENTION SYSTEMS

Corrugated steel pipe products have been in service in
North America for over 100 years for culvert and storm
sewer applications. Underground detention systems have an
even greater advantage in that there is an absence of
abrasion in a storage facility. Chapter 7 discusses durability
and provides methods for predicting service life when
necessary.

CSPi

2 = Design of Underground Detention Systems for Stormwater Management



Hydrology

Chapte

Hydrology

SITE DISCHARGE ESTIMATION

.

1
TWO:

The first requirement in the design of underground
detention systems is the development of hydrographs that
describe the pre- and post- developed site conditions. A
hydrograph is a plot of discharge over time as shown in
Figure 2.1.
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8 Figure 2.1: Hydrograph_

The hydrograph for the post-developed conditions is
referred to as the inflow hydrograph. Once the inflow
hydrograph is known and compared to the allowable release
rate from the detention system, the required storage
volume can be estimated.

Numerous methods for developing the hydrograph are
available. The method chosen is based on site conditions
and local practices. Methods include:

= Rational Method

= Modified Rational Method

< Unit Hydrograph Method

= Soil Conservation Service Method

RATIONAL METHOD

This empirical method was introduced in 1889, and is still
the most widely used technique in North America for
calculating design storm runoff. The method can be used to
calculate peak discharge for up to 80 hectares. The Modified
Rational Method, of which an explanation follows, can be
used to develop a hydrograph for up to 8 hectares.

The Rational Method is based on the formula:
Q=CiA*278(103)

Where:

Q = maximum rate of runoff (m3/s)

C = runoff coefficient

i = average intensity of rainfall (mm/hr)
A = contributing area (hectares)

The equation relates the quantity of runoff from a given area
to the total rainfall falling at a uniform rate on the same area.
Basic assumptions are made when the Rational Method is
applied.

1. The peak discharge is greatest when the rainfall
intensity lasts as long or longer than the time of
concentration. A section detailing the computation of
the time of concentration follows.

2. The probability associated with the peak discharge is
the same as the probability of the average rainfall
intensity used.

3. The rainfall intensity is constant throughout the
duration of the storm and the area of the watershed.

Although the Rational Method is adequate for many designs,
it has its limitations. The greatest drawback is that it
normally provides one point on the runoff hydrograph.
When a drainage basin is complex or sub-basins come
together, the Rational Method will tend to overestimate
actual flows, which may result in over sizing the drainage
system.

Runoff Coefficient

The runoff coefficient (C) is the ratio of runoff to the
average rate of rainfall. This variable is normally the most
subjective variable to determine in the Rational Method
formula.

“C” can vary from zero to unity depending on:
= percentage of impervious surface
= characteristics of soil
= duration of rainfall
= shape of drainage area

Design of Underground Detention Systems for Stormwater Management « 3
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Hydrology

Table 2.1 shows recommended ranges of runoff coefficients
for different types of surfaces.

Table 2.1: Recommended Runoff Coefficients

Description of Area Runoff Coefficients
Business

Downtown ........ooovvviiiinnnn, 0.70 to 0.95

Neighborhood ..................... 0.50t0 0.70
Residential

Single-family ....................... 0.30 to 0.50

Multi-units, detached................ 0.40 to 0.60

Multi-units, attached ................ 0.60t0 0.75
Residential(suburban).................. 0.25t0 0.40
Apartment ... 0.50 t0 0.70
Industrial

Light ... 0.50 to 0.80

Heavy ..., 0.60 to 0.90
Parks, cemeteries. ..., 0.10t0 0.25
Playgrounds .. .............coovvinn s, 0.20t0 0.35
Railroad yard .................cooeee s, 0.20t0 0.35
Unimproved...............coovvinn s, 0.10t0 0.30
Character of Surface Runoff Coefficients
Pavement

Asphalt .....................coo 0.70 to 0.95

Brick ... 0.70 to 0.85
ROOTS. .o 0.75t0 0.95
Lawns, sandy soil

Flat, 2 percent ..................... 0.13t0 0.17

Average, 2to 7 percent.............. 0.18 0 0.22

Steep, 7percent.................... 0.25 0 0.35

It is often desirable to develop a composite runoff
coefficient based on the percentage of different types of
surface in the drainage area. A weighted “C” value may be
attained.

W6|ght6d C= ClAl + C2A2 + C3A3...
AL+ Ay + As..

Where:

Cy = Cvalue for area x

A, =areax

Adjustment for Infrequent Storms

The runoff coefficients in Table 2.1 are applicable for storms
of 5 to 10 year frequencies. Less frequent higher intensity
storms require modification of the coefficients because
infiltration and other losses have a proportionately smaller
effect on runoff.

The adjustment can be made by multiplying the right side of
the Rational Method formula by a frequency factor, C;,
which is used to account for antecedent precipitation
conditions. The product of C; and C should not exceed 1.0.

Thereby the formula becomes:

Q=CiAC; *2.78(103)
Where:
C; =1Lllforarecurrence interval of 25 years
= 1.2 for 50 years
= 1.25 for 100 years

Intensity

Rainfall intensity (i) is the average rainfall rate (mm/hr) that
would be expected to occur during a storm of a certain
duration. Storm frequency is the time (years) in which a
storm, on average, of a certain intensity may reoccur. Design
storm frequency selection for residential, commercial and
industrial areas varies from two to one hundred years with
two to ten years being the most common for detention
design. Duration of rainfall is taken as the time of
concentration (see “Time of Concentration”) for peak
discharge calculations. This is not the case when using the
Modified Rational Method where the intensity is determined
by the storm duration.

IDF Curves

Rainfall intensity is required in order to use the Rational
Method and is usually taken from a rainfall Intensity-
Duration-Frequency (IDF) Curve similar to that shown
below in Figure 2.2. IDF curves are derived from the
statistical analysis of rainfall records compiled over a
number of years. These curves are available from various
governmental agencies.
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IDF relationships may also be expressed as equations fitted
to rainfall data and expressed in the form:

i=al(t+c)P
Where:
[ = intensity (mm/hr)
t  =time (minutes)

a,b,c = constants unique to each IDF curve

MODIFIED RATIONAL METHOD

The Modified Rational Method is a simplified technique that
is applicable to small watersheds (less than 8 hectares) and
preliminary design computations. This method provides a
triangular or trapezoidal shaped hydrograph for a given
storm duration. The time to peak and time to recede is
equal to the time of concentration. The peak discharge is
based on the Rational Method using the duration of the
storm to determine the rainfall intensity. Figure 2.3 shows a
typical hydrograph obtained using this method.

0.1 -
0.08 - Duration
DISCHARGE, "
m’[s 0.06-
Tp=Te
0.04 -
0.02 4
0 T T T T T T T —
0 5 10 15 20 25 30 35 40 45

TIME, MIN

F gure 2.3: Modified Rational
||| Method Hydrograph

UNIT HYDROGRAPH METHOD

The “unit hydrograph” method can be used in cases where
a drainage area is quite large, or when a more refined
solution of storm runoff is required.

A unit hydrograph can be defined as the hydrograph of one
unit of direct runoff from the tributary area resulting from a

unit storm. A unit storm is rainfall of such duration that the
period of surface runoff is not noticeably less for any rain of
shorter duration. Thereby the unit hydrograph represents
the integrated effects of factors such as area, shape, street
and land slopes, etc.

A basic premise of the unit hydrograph method is that
individual hydrographs of successive increments of rainfall
excess that occur during a storm period will be proportional
in discharge throughout their length. When properly
arranged with respect to time, the ordinates of individual
unit graphs can be added to give ordinates representing the
total storm drainage. A hydrograph of total storm discharge
is obtained by summing the ordinates of the individual
hydrographs.

Further detail on the hydrograph procedure can be found in
many texts, including “Modern Sewer Design” which is
available from the Corrugated Steel Pipe Institute.

THE SOIL CONSERVATION SERVICE (SCS) METHOD

The SCS method developed a relationship between rainfall
(P), retention (S) and effective rainfall or runoff (Q). The
retention, or potential storage in the soil, is established by
selecting a curve number (CN). The curve number is a
function of soils type, ground cover and Antecedent
Moisture Condition (AMC).

The hydrological soil groups, as defined by SCS soil
scientists are:

A.  (Low runoff potential) Soils having a high infiltration
rate even when thoroughly wetted and consisting
chiefly of deep, well to excessively drained sands or
gravel.

B. Soils having a moderate infiltration rate when
thoroughly wetted and consisting chiefly of moderately
deep to deep, moderately well to well drained soils with
moderately fine to moderately coarse texture.

C. Soils having a slow infiltration rate when thoroughly
wetted and consisting chiefly of soils with a layer that
impedes downward movement of water or soils with
moderately fine to fine texture.

D. (High runoff potential) Soils having a very slow
infiltration rate when thoroughly wetted and consisting
chiefly of clay soils with a high swelling potential, soils
with a permanent high water table, soils with a clay pan

Design of Underground Detention Systems for Stormwater Management « 5
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Hydrology

or clay layer at or near the surface and shallow soils over
nearly impervious material.

Knowing the hydrological soil group and the corresponding
land use, the runoff potential or CN value of a site may be
determined. Table 2.2 lists typical CN values.

Three levels of Antecedent Moisture Conditions are
considered in the SCS method. It is defined as the amount
of rainfall in a period of five to thirty days preceding the
design storm. In general, the heavier the antecedent rainfall,
the greater the runoff potential.

AMC 1 Soils are dry but not to the wilting point. This is
the lowest runoff potential.

AMC Il The average case.

AMC Il Heavy or light rainfall and low temperatures

having occurred during the previous five days.
This is the highest runoff potential.

The CN values in Table 2.2 are based on antecedent
condition I1. Thus, if moisture conditions | or I1l are chosen,
then a corresponding CN value must be determined using
Table 2.3.

Table 2.2: Runoff Curve Numbers

Runoff curve number for selected agricultural suburban and urban land use
(Antecedent Moisture Condition Il and I, = 0.2 S)
HYDROLOGIC SOIL GROUP
LAND USE DESCRIPTION A B C D
Cultivated land": without conservation treatment 72 81 88 91
with conservation treatment 62 71 78 81
Pasture or range land: poor condition 68 79 86 89
good condition 39 61 74 80
Meadow: good condition 30 58 71 78
Wood of forest land:  thin stand, poor cover, no mulch 45 66 77 83
good cover ? 25 55 70 77
Open spaces, lawns, parks, golf courses, cemeteries, etc.
good condition: grass cover on 75% or more of the area 39 61 74 80
fair condition: grass cover on 50% to 75% of the area 49 69 79 84
Commercial and business areas (85% impervious) 89 92 9 95
Industrial districts (72% impervious) 81 88 91 93
Residential:®
Average lot size Average % Impervious'
0.05 hectare or less 65 77 85 920 92
0.10 hectare 38 61 75 83 87
0.15 hectare 30 57 72 81 86
0.20 hectare 25 54 70 80 85
0.40 hectare 20 51 68 79 84
Paved parking lots, roofs, driveways, etc.’ 98 98 98 98
Streets and roads:
paved with curbs and storm sewers® 98 98 98 98
gravel 76 85 89 91
dirt 72 82 87 89
" For a more detailed description of agricultural land use curve numbers refer to National Engineering Handbook, Section 4, Hydrology,
Chapter 9, U.S. Soil Conservation Service, Aug. 1972.
® Good cover is protected from grazing and litter and brush cover soil.
* Curve numbers are computed assuming the runoff from the house and driveway is directed towards the street with a minimum of roof water
directed to lawns where additional infiltration could occur.
* The remaining pervious areas (lawn) are considered to be in good pasture condition for these curve numbers.
® In some warmer climates of the country a curve number of 95 may be used.
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Hydrology
Table 2.3 Curve Number Relationships for Different AMC’s

CN for CN for CN for CN for CN for CN for
Condition Il | Condition | |[Condition Il Condition Il | Condition | [Condition Il

100 100 100 60 40 78 g
99 97 100 59 39 77 =
98 94 99 58 38 76 i
97 91 99 57 37 75 %
96 89 99 56 36 75 6
9 87 98 55 35 74

94 85 98 54 34 73

93 83 98 53 33 72

92 81 97 52 32 71

91 80 97 51 31 70 omm
90 78 96 50 31 70 Q
89 76 96 49 30 69 8
88 75 95 43 29 68

87 73 95 47 28 67

86 72 94 46 27 66

85 70 94 45 26 65

84 68 93 44 25 64

83 67 93 43 25 63

82 66 92 42 24 62

81 64 92 41 23 61

80 63 91 40 22 60

79 62 91 39 21 59

78 60 90 38 21 58

77 59 89 37 20 57

76 58 89 36 19 56

75 57 88 35 18 55

74 55 88 34 18 54

73 54 87 33 17 53

72 53 86 32 16 52

71 52 86 31 16 51

70 51 85 30 15 50

69 50 84

68 48 84 25 12 43

67 47 83 20 9 37

66 46 82 15 6 30

65 45 82 10 4 22

64 44 81 5 2 13

63 43 80 0 0 0

62 42 79

61 41 78

Design of Underground Detention Systems for Stormwater Management = 7
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The potential storage in the soils is based on an initial
abstraction (l,) which is the interception, infiltration and
depression storage prior to runoff and infiltration after
runoff.

The effective rainfall is defined by the relationship:

Q=(P-1?/(P+S-1y

Where:
S =[(100/CN)-10] * 25.4

The original SCS method assumed the value of I, to be equal
to 0.2 S. However, many engineers have found that this may
be overly conservative, especially for moderated rainfall
events and low CN values. Under these conditions the I,
value may be reduced to be a lesser percentage of S or may
be estimated and input directly to the above equation.

TIME OF CONCENTRATION

The time of concentration is the time it takes for runoff to
flow from the most hydraulically remote point to the
detention facility. This is used to determine the rainfall
intensity for the Rational Method, but not for the Modified
Rational Method. Since a basic assumption of the method is
that all parts of the drainage area are contributing runoff, the
time of concentration is taken as the storm duration. When
using the Modified Rational Method, the time of
concentration is used as the time to peak of the hydrograph.

Time of concentration can be estimated by calculating the
various overland distances and flow velocities between the
most remote points and collection points.

A'common error is to view the runoff from only a part of the
drainage basin. This error is most often encountered in a
basin where the upper portion contains grassy parkland and
the lower contains developed urban land.

Remote areas often have flow that is very shallow and
velocities cannot be calculated by channel equations. Special
overland flow analysis, however, must be completed. In this
case, the time of concentration is comprised of two
components:

1. Thetime for overland flow to occur from a point on the
perimeter of the catchment to a natural or artificial
drainage conduit or channel.

2. The travel time in the conduit or channel to the
outflow point of the catchment.

FACTORS AFFECTING TIME OF CONCENTRATION

The time taken for overland flow to reach a conduit or
channel depends on a number of factors:

a) Overland flow length (L). This should be measured
along the line of greatest slope from the extremity of
the catchment to a drainage conduit or channel. Long
lengths result in long travel times.

b) Average surface slope (S). Since T. is inversely
proportional to S care must be exercised in estimating
an average value for the surface slope.

¢) Surface roughness. In general, rough surfaces result in
long travel times and vice versa. Thus, if a Manning
equation is used to estimate the velocity of overland
flow, T, will be proportional to the Manning roughness
factor, n.

d) Depth of overland flow (y). It seems reasonable to
assume that very shallow surface flows move more
slowly than deeper flows. However, the depth of flow is
not a characteristic of the catchment alone but depends
on the intensity of the effective rainfall or surface
moisture excess.

METHODS FOR ESTIMATING TIME OF CONCENTRATION

Methods to compute the time of concentration include:

Kirpich Method
Uplands Method
Kinematic Wave Method
SCS Method

The Kirpich Method

This empirical formula relates T, to the length and average
slope of the basin by the equation:

T, = 0.00032 L0.77 5-0.385

Where:

T, = time of concentration (hours)

L = maximum length of water travel (m)

S = surface slope = H/L (m/m)

H = difference in elevation between the most remote
point on the basin and the outlet (m)

A nomograph solution of the Kirpich equation is shown in
Figure 2.4.
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Figure 2.4: Kirpich Equation Nomograph
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The Kirpich equation is normally used for natural basins
with well defined routes for overland flow along bare earth
or mowed grass roadside channels. For overland flow on
grassed surfaces the value of T, obtained should be
doubled. For overland flow on concrete or asphalt surfaces
the value should be reduced by multiplying by 0.4. For
concrete channels, a multiplying factor of 0.2 should be
used.

For large watersheds, where the storage capacity of the
basin is significant, the Kirpich formula tends to significantly
underestimate T,.

The Uplands Method

The Uplands Method may be used for calculating travel
times for overland flow in watersheds with a variety of land
covers. This method relates the time of concentration to the
basin slope, length and type of ground cover.

Values of V/S0, for various types of land cover, are given in
the following Table 2.4. The velocity is derived using these
values and a known basin slope. The time of concentration
is obtained by dividing the basin length by the velocity. The
times for individual areas are calculated with their
summation giving the total travel time.

The Kinematic Wave Method
A method commonly used for overland flow, which reflects

the dependence of T, on the intensity of the effective
rainfall, is the Kinematic Wave method.

The method was proposed by Henderson to analyze the
kinematic wave resulting from rainfall of uniform intensity
on an impermeable plane surface or rectangular area. The
resulting equation is as follows:

Te=k(Ln/S)06 iy 04

Where:
k =0.126
L =length of overland flow (m)

Manning’s roughness coefficient
S = average slope of overland flow (m/m)
et = effective rainfall intensity (mm/hr)

Other Methods

Other methods have been developed which determine T,
for specific geographic regions or basin types. These
methods are often incorporated into an overall procedure
for determining the runoff hydrograph. Before using any
method the user should ensure that the basis on which the
time of concentration is determined is appropriate for the
area under consideration.

STORAGE VOLUME ESTIMATION

Storm water detention is intended to reduce the peak
discharge from a drainage area.

Estimating the required volume of storage to accomplish
the necessary peak reduction is an important task since an
accurate first estimate will reduce the number of trials

Table 2.4: Uplands Method Values

Land Cover VIS0 (mfs)
Forest with heavy ground litter, hay meadow (overland flow) 0.6
Trash fallow or minimum tillage cultivation; contour, strip cropped, woodland (overland flow) 15
Short grass pasture (overland flow) 2.3
Cultivated, straight row (overland flow) 2.7
Nearly bare and untilled (overland flow) or alluvial fans in arid mountain regions 3.0
Grassed waterway 4.6
Paved areas (sheet flow); small upland gullies 6.1

10 = Design of Underground Detention Systems for Stormwater Management
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involved in the routing procedure. The following discussion
presents methods for determining an initial estimate of the
storage required to provide a specific reduction in peak
discharge. All of the methods presented provide preliminary
estimates only. It is recommended that the designer apply
several of the methods and a degree of judgement to
determine the initial storage estimate.

HYDROGRAPH METHOD

The general procedure for estimating the required storage
volume of the detention system is to superimpose the
allowable release rate, or outflow hydrograph, over the
inflow hydrograph. The area between the hydrograph and
release rate represents the storage volume required in the
detention system. Graphically, this is shown in Figure 2.5.
To determine the necessary storage, the shaded area can be
planimetered or computed mathematically.

/-Storage (Vs)

/-Inflow Hydrograph

Ya Relgose Rpte

I
/Estimoted Outflow

Hydr'ogroph'

Flow m3/s

Time — Hours

Figure 2.5: Hydrograph for Storage Estimation

TRIANGULAR HYDROGRAPH METHOD

A preliminary estimate of the storage volume required for
peak flow attenuation may be obtained from a simplified
design procedure that replaces the actual inflow and
outflow hydrographs with standard triangular shapes. This
method should not be applied if the hydrographs can not be
approximated by a triangular shape. The procedure is
illustrated by Figure 2.6.

Isrelimin_lory estimate
Q; of required storage
—— — volume l(Vs
¢ L0
A Triangular inflow
/ hydrograph
B
o /|
(T8
[ Q£ I
N Triangular
// outflc?w
// hydrograph
/ \

Figure 2.6: Triangular Hydrograph Method

The required storage volume may be estimated from the
area above the outflow hydrograph and inside the inflow
hydrograph with the following equation:

Vs =051 (Q;- Qp)

Where:

V, = storage volume estimate (m?3)

Q; = peak inflow rate into the basin (m3/s)

Q, = peak outflow rate out of the basin (m3/s)
t; = duration of basin inflow (s)

th = time to peak of the inflow hydrograph (s)

The duration of basin inflow should be derived from the
estimated inflow hydrograph. The triangular hydrograph
procedure compares favorably with more complete design
procedures involving reservoir routing.

MODIFIED RATIONAL METHOD

The Modified Rational Method can also be used to estimate
the required storage volume of the facility. Assuming the
allowable release rate is equal to the pre-developed peak
discharge, the area between the pre- and post-developed
hydrographs approximates the required storage volume as
shown in Figure 2.7. This method tends to slightly
underestimate the storage volume. It is suggested that this
volume be increased by 10 to 20 percent.
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Figure 2.7: Modified Rational Method

The storage volume can be computed as:
Vs = QpTq - QaTq - QaTp Ha QaTy) /2
+ (Qu2Tp) 1 2Q,

Where:

Vg = volume of storage needed (m3)

T4 = duration of precipitation (s)

Q= peak discharge after development (m3/s)

Qy = peak discharge before development (m3/s)

Tp = time to peak after development (5)

a = ratio of time to peak before development/time to
peak after development

SCS STORAGE ESTIMATION

The Soil Conservation Service (SCS), in its TR-55 Second Edition
Report, describes a manual method for estimating required
storage volumes based on peak inflow and outflow rates. The
method is based on average storage and routing effects
observed for a large number of structures. A dimensionless
figure relating the ratio of basin storage volume (V) to the
inflow runoff volume (V,) with the ratio of peak outflow (Q,) to
peak inflow (Q;) was developed as illustrated in Figure 2.8 for

rainfall types Il and Il and rainfall types I and 1A, depending on
geographical location. This procedure for estimating storage
volume may have errors up to 25% and, therefore, should only
be used for preliminary estimates.

The procedure for using Figure 2.8, in estimating the
detention storage required, is described as follows:

1. Determine the inflow and outflow discharges Q; and Q,
2. Compute the ratio Q,/Q;

3. Compute the inflow runoff volume V,, for the design
storm

Ve =K, Qp Ap

Where:

V, = inflow volume of runoff (m2)
K, =100

Qp = depth of direct runoff (m)
A, = area of watershed (m?)

4. Using Figure 2.8, the ratio Q,/Q; and the AMC,
determine the ratio V¢/V, using the appropriate line for
local rainfall conditions.

5. Determine the storage volume Vj, as

Vs =V, (Vd/V, ratio)
REGRESSION EQUATION

An estimate of the storage volume required for a specified
peak flow reduction can be obtained by using the following
regression equation procedure first presented by Wycoff &
Singh in 1986.

1. Determine the volume of runoff in the inflow

hydrograph (V,), the peak inflow rate (Q;), the

allowable peak outflow rate (Q,), the time base of

the inflow hydrograph (t), and the time to peak of

the inflow hydrograph (tp).

2. Calculate a preliminary estimate of the ratio V¢/V,

using the input data from step 1 and the following

equation:

(VglV,) = 1.291 (1 - Q, /Q;)0-7%3

(ti/tp)0.411
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3. Multiply the inflow hydrograph volume (V,) times

Figure 2.8: SCS Storage Estimation Curves

the volume ratio computed from this equation to
obtain an estimate of the required storage volume.
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Once the hydrologic analysis is complete and the
preliminary estimate of the storage requirement is known,
the initial hydraulic analysis can be performed. The required
steps are:

1. Select the pipe dimensions and develop the stage-
storage relationship.

2. Design the flow regulator and develop the stage-
discharge relationship.

3. Route the inflow hydrograph through the structure to
check that the proper storage volume is available and
that the allowable release rate has not been exceeded.
This step produces an outflow hydrograph.

4. Make any necessary adjustments to the system and re-
analyze for the final design.

The hydraulic analysis is an iterative process for each storm
analyzed. In most cases, at least two storms are analyzed, a
design storm as well as a check storm, typically the 100year
flood event, to ensure there is no surcharging of the system.
It is also not uncommon to have more than one design
storm, such as the 2-year and 10-year storm.

STORAGE ANALYSIS
PIPE SELECTION

The pipe lengths and diameters can be selected to provide
the required storage volume. While the final layout of the
pipe system may be comprised of various lengths and
different sizes, for the initial layout, it is best to treat the
systems as one length and diameter. After an adequate
preliminary hydraulic analysis is complete, a more complex
system of pipes can be selected and analyzed.

For underground detention facilities, it is desirable to have
as large a pipe diameter as the site will allow. Large diameter
pipes provide for a smaller footprint of the system and
permit better access for inspection and maintenance.

The pipe diameter is most often based on the constraints of
outfall elevation and cover requirements. The minimum
pipe diameter is 1200 mm to 1800 mm.

STORAGE IN PIPES

The tables at the end of this chapter (Tables 3.5 to 3.10)
provide dimensions for standard pipe sizes and their cross
sectional areas for determining storage volumes in pipes.
They also provide water area to total cross sectional end
area ratios for various water depth to rise ratios for pipe-arch
shapes. For additional product details, refer to the
“Handbook of Steel Drainage and Highway Construction
Products” distributed by the CSPI.

Most detention systems are constructed on flat or nearly flat
grades so that slope is not a factor when computing storage
volumes. Pipes placed on slopes greater than a few percent
are also less efficient as storage devices. If site constraints
require large changes in elevation, then it is recommended
that vertical pipes be used to connect a series of pipes with
slopes less than 2%.

If for some reason steeper slopes cannot be avoided, the
equation below describing the ungula of a cone can be used
to adjust for changes in storage volume.

V=H(23a3+cB)/(r+c)

Where:

= volume of ungula (m3)

= cross sectional area of flow at the end of pipe (m?)
= wetted pipe length (m)

= pipe radius (m)

= flow depth (m)

= [(er-d) d°®

=d-r

O o T T W<

S M
“\/1
-

— da

L Figure 3.1 Ungula of a Cone
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STAGE-STORAGE RELATIONSHIP

The stage-storage table or curve represents the total
cumulative storage provided in the detention system with
the water at specified elevations. When the system has been
sized, this relationship can be computed for the routing
procedure.

DESIGN OF FLOW REGULATORS

The flow regulator, or release structure, is the component
that controls the flow out of the structure. It may consist of
an orifice or weir, or a combination of the two. The flow
regulator is sized based on a predetermined allowable
release rate and when analyzed, will produce the stage-
discharge relationship.

TYPES OF FLOW REGULATORS

Flow regulators can be classified as either an orifice or a
weir. Weirs can be sharp- or broad-crested; orifices could
include short and long tubes. The release structure may also
be a perforated riser pipe or a small diameter pipe. The
depth of water (head) acting on the release structure will
determine the flow out of the system and may also affect
how that structure will function.

The release structures should include both a primary, or
principal, flow regulator and an emergency overflow device.
The flow regulator may be a single or multiple opening
orifice, while emergency overflow capacity may be provided
by a weir.

Vertical perforated pipes can also be used. They usually
consist of uniform sized holes spaced uniformly around the
perimeter of the pipe with several rows of holes along the
length of the pipe. Perforated pipes are analyzed
hydraulically by treating the holes as orifices. The discharges
through each hole in each row below water are added
together to obtain the total discharge for each depth of
water. If the depth of water is above the top of the vertical
pipe, the flow through the top of the pipe is analyzed either
as a weir or an orifice, depending on the head above the

pipe.
Vertical Orifice

The simplest flow regulating structure is an orifice installed
in the side of a bulkhead in the detention system, as shown
in Figure 3.2. When the orifice is small in comparison to the

depth of water, the discharge through the orifice can be
calculated using the basic equation for an orifice:

Q= Cqy A (2gh)12

Where:

Q = peak discharge rate (m3/s)

Cq = coefficient of discharge

A = cross sectional area of orifice (m?)

g = acceleration due to gravity (9.81 m/s?)
h = head on the center of the orifice (m)

¥

h
U=
DAY R TR

NANANAN
»@W . DRI,

| Figure3.2: vertical Orifice

This equation assumes that there is no back pressure from
downstream (i.e., the outlet is not submerged). If the outlet
is submerged, this equation can still be used. If that is the
case, use the difference in the water surface elevations on
either side of the orifice, as shown in Figure 3.3, as the
depth h in the equation.

R

Headwater g

\ ll’oilwoter

Orifice ——> | IO

\\y\\\/\/\Y‘M
R

SR
RO
TG R R LI &

Figure 3.3: Submerged Vertical Orifice

Flow through multiple orifices can be accurately modeled by
analyzing each individual orifice separately and then
summing the combined flows, as shown in Figure 3.4.
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The coefficient of discharge Cy, can vary significantly with
the shape and the type of the orifice. As a result, it is
important to pay careful attention to the details of the orifice
shape during construction to ensure that the completed
facility will operate as designed.

The coefficient for a sharp-edged orifice with complete
contraction varies from 0.59 to 0.66. A nominal value of 0.60
can be used for the types of orifices and range of heads
normally used for outlet structures. For orifices with
partially suppressed contractions, the coefficient ranges
from 0.62 to 0.71. For orifices with fully rounded edges, (i.e.,
the contraction of the jet is fully suppressed) the coefficient
ranges from 0.94 to 0.95. If holes are drilled through a steel
or concrete pipe and the surface and edges of the holes are
left rough, the coefficient could be 0.4. Additional
information can be found in “King’s Handbook of
Hydraulics”.

The opening of the outlet can be round, square, rectangular,
or any other convenient shape. It can be a gate or a plate
attached to a headwall located in front of the outlet pipe.
The orifice in the latter case is cut into a plate which is then
installed so that it can be easily removed for maintenance or
replacement.

Outlets with openings of less than 100 to 150 mm are
susceptible to clogging. The chances of clogging can be
significantly reduced by installing trash racks having a net
opening that is more than 20 times the opening of the
outlet. Larger outlets also need trash racks, but the ratio of
the net opening to the outlet opening does not need to be
as large.

When the size of the orifice is relatively large when
compared to the water depth, orifice equations are not
accurate. When water depth above the invert of the orifice is
less than two to three times the height of the orifice, more
accurate results are possible through the use of inlet control
nomographs for culverts which are published by the Federal

Highway Administration. They are reproduced in the
“Handbook of Steel Drainage and Highway Construction
Products” which is available from the Corrugated Steel Pipe
Institute. A nomograph for calculating the discharge of
circular culvert operating under inlet control conditions is
shown on the following page as Figure 3.5.

Horizontal Orifice

Although it is not common, the flow regulating orifice can
be installed in the bottom of the storage system similar to a
bathtub drain. When the depth, h, is relatively large when
compared to the orifice opening, its flow capacity can be
calculated using the formula:

Q=CyAl[2g (h- (d2)]1

Where:

Q = discharge rate through the outlet (m3/s)
Cy = discharge coefficient

A = area of the orifice or nozzle (m2)

g = acceleration due to gravity (9.81 m/s2)

h = water depth above outlet (m)

d = diameter of the orifice (m)

The discharge coefficients for horizontal orifice are the same
as for a vertical orifice. At smaller depths (less than three
times the diameter of the orifice) severe vortex action
develops which is not accounted for in the equation.

Flow Restricting Pipe

In some cases, the detention system may discharge into a
flow restricting pipe. The net flow restricting effect of the
pipe is mostly a function of the pipe length and pipe
roughness characteristics. This is similar to a culvert flowing
under outlet control conditions.

A pipe outlet may also be used to provide greater flow
reduction while using a larger diameter outlet. If the pipe is
set at a slope that is less than the hydraulic friction slope,
outlet capacity can be reduced without the use of a small
diameter orifice.

If it is assumed that the pipe is flowing full and the discharge

end of the pipe is not submerged, the outlet capacity can be
calculated as:

Q=A[2g (h+SL-mD)/(K)]
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Figure 3.5: Inlet Control Nomograph
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Where:

Q = outlet capacity (m3/s)

A = cross sectional area (m?)

g = acceleration due to gravity (9.81 m/s2)

h = depth of water above outlet pipe’s invert (m)

S = slope of outlet pipe (m/m)

L = length of outlet pipe (m)

m = ratio of water depth to pipe diameter at the outlet
end of the pipe

D = diameter of outlet pipe (m)

K, = sum of loss factors

Losses

The total energy loss through the pipe may be computed as:

KL = ki + ke + ki + Ky + kg

Where:

ki = trash rack loss factor
ke = entrance loss factor
ki = friction loss factor
ky = bend loss factor

ko, = outlet loss factor

Trash Rack Loss Factor

The loss factor at a trash rack can be approximated using the
following equation:

ki = 1.45 - 0.45(an / ag) - (an / ag)?

Where:
an = net open area between the rack bars
ag = gross area of the rack and supports

One approach is to assume that 50% of the rack area is
blocked when estimating the maximum potential losses at
the rack. Also, calculate the maximum outlet capacity
assuming no blockage. It is recommended minimum and
maximum outlet capacities be checked to ensure that the
installation will function adequately, under both possible
operating scenarios, in the field.

Entrance Loss Factor

An entrance loss factor can be developed by taking the
orifice equation, rearranging its terms, and recognizing that
the depth term in the equation is actually the sum of the
velocity head and the head loss:

ke=1/(Cg)?-1
Where:
Cq = orifice discharge coefficient

Friction Loss Factor

The pipe friction loss factor for a pipe flowing full is
expressed as:

ke="f (L/D)

Where:

f = Darcy-Weisbach friction loss coefficient which, under
simplifying assumptions, can be expressed as a
function of Manning’s n

f =185 (n2 / D13)
Bend Loss Factor

Bend losses in a closed conduit are a function of bend
radius, pipe diameter, and the deflection angle at the bend.
For 90 degree bends having a radius at least twice the pipe
diameter, a value of k) = kgg = 0.2 is often used. For bends
having other than 90 degree bends, the bend loss factor can
be calculated using the following equation:

kb =K kgo
Where:
K = adjustment factor taken from Table 3.1
kgo = loss factor for 90 degree bend

Table 3.1: Adjustment Factors for Other

Than 90 Degree Bend Losses

Angle of Bend Adjustment
(Degrees) Factor
20 0.37
40 0.63
60 0.82
80 0.90
100 1.05
120 113
U.S. Bureau of Reclamation, 1973

Outlet Loss Factor

Virtually no recovery of velocity head occurs where the pipe
freely discharges into the atmosphere or is submerged
under water. As a result, unless a specially shaped flared
outlet is provided, it is safe to assume that k, = 1.0.
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Weirs

Weirs can also be used as primary overflow control devices.
They can provide the first level of emergency overflow, or
actually be a part of the outflow regulating system. Weirs can
come in different shapes and sizes, and equations are
available to accurately compute the discharge.

The two basic types of weirs are sharp-crested weirs and
broad-crested weirs. A sharp-crested weir is one in which the
top of the weir is like a knife edge and the jet, or nappe,
springs free as it leaves the upstream face. A broad-crested
weir, on the other hand, supports the flow in the
longitudinal direction.  Depending on the physical
configuration of a weir, it can be a broad-crested weir at low
heads and a sharp-crested weir at higher heads.

The general equation for horizontal-crested weir is:
Q =CL h3/2

Where:

Q = discharge over the weir (m3/s)

C = discharge coefficient

L = effective length of the weir crest (m)
h = head above the weir crest (m)

Sharp-Crested Weir

The flow over a sharp-crested weir having no end
contractions, as shown in Figure 3.6, can be calculated using
the above general equation for a horizontal crested weir.

[ L {
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Figure 3.6: Sharp Crested Weir with

No End Contractions

The measurement of a representative head h for a sharp-
crested weir is made at a distance of approximately 2.5 * h
upstream of the weir crest. According to Chow (1959), the
discharge coefficient for a sharp-crested weir can be
calculated using:

C=181+022(h/P)

Where:
P = height of weir crest above the channel bottom (m)

For h/P values up to 0.3, a constant C of 1.84 is
often used.

This equation gives accurate results if the weir nape is fully
aerated and is not submerged (tailwater is below the weir
crest). If the nape is not aerated (tailwater is approaching
the elevation of the weir crest), a partial vacuum develops
under the nape and the flow over the weir increases. The
flow also becomes very unstable and undulating.

In many instances, the weir crest does not extend

completely across the release structure. This is called a weir
with end contractions, as shown in Figure 3.7.

_
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Figure 3.7: Weir with End Contractions

Therefore, the length needs to be corrected for flow
contractions at each end of the sharp-crested weir. The
effective weir length is calculated using:

L=L"-(0.1n h)

Where:

L = effective length of the weir crest (m)
L' = measured length of the weir crest (m)
n = number of end contractions

h = head of water above the crest (m)

Triangular Sharp-Crested Weir

A triangular sharp-crested weir should be considered
whenever the weir needs to control low flows. As shown in
Figure 3.8, the water surface width over this weir varies with
depth.
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| Figure 3.8:Triangular Weirl

As a result, weir capacity is sensitive to the water depth at
low flows. The discharge over a triangular sharp-crested weir
is given by:

Q=C;h%2tan(8/2)

Where:

C; = discharge coefficient for a triangular weir
© = weir notch angle in degrees

h = head above weir notch bottom (m)

The head h is measured from the bottom of the notch to the
water surface elevation at a distance of 2.5h upstream of the
weir. The value of C; usually used for design is 1.38.

Submergence of a Sharp-Crested Weir

When the tailwater rises to above the weir crest, as shown in
Figure 3.9, the discharge calculations for the non-
submerged case must be corrected for submergence.

:gh¢ \7?¢¥§%m

Oy eyyd

Q|| Figure 3.9: Submerged Weir|

The following equation may be used to correct for
submergence on a rectangular or triangular sharp-crested
weir as long as the appropriate exponent is used:

Qs = Q[1.0- (hy/ h)M0-385

Where:

Q = discharge calculated for a non-submerged weir
equation (md/s)

Q, = discharge for a submerged weir (m?/s)

h = head upstream of the weir (m)

hy = tailwater depth above the weir crest (m)

n 1.5 for rectangular, 2.5 for triangular

Broad-Crested Weir

Broad-crested weirs are sometimes used in detention
facilities as overflow devices or spillways. The discharge over
a broad-crested weir is given by the equation:

Q=CLH3?

Where:

discharge (m3/s)

coefficient of discharge

effective length of the weir crest (m)
h+V2/(29)

head upstream of the weir (m)

approach velocity at 3 * h upstream of crest (m/s)
(usually taken at V = 0 for detention overflow)

g = acceleration due to gravity (9.81 m/s2)

<SITr OO0

Note that, if the velocity is zero, the equation is the same as
that for a sharp-crested weir.

The coefficient C for a broad-crested weir has been
determined experimentally to range between 1.44 to 1.71. A
value of C = 1.705 is often used for the design of detention
overflow structures and spillways.
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STAGE-DISCHARGE RELATIONSHIP

When the type and dimensions of the release structures
have been determined, the discharges are calculated at
predetermined water levels in the detention structure.
These elevations must correspond to the same elevations
used in the stage-storage relationship. For each elevation,
the head acting on the orifice, or the depth of water over the
weir, is determined and the discharges are computed using
the appropriate equations.

If a structure is used that has multiple orifices or weirs, each
one is analyzed individually and then a composite stage-
discharge relationship is constructed by summing the
individual discharges.

ROUTING PROCEDURE

When the stage-storage relationship and stage-discharge
relationship have been defined, the inflow hydrograph can
be routed through the structure to obtain the outflow
hydrograph. The routing is performed using the Storage
Indicator Method. The Storage Indicator Method treats the
two unknowns, the storage at time two and the outflow at
time two, as one quantity as shown below:

(Il + |2)/2 + (Sllt - 01/2) = Szlt + 02/2

Where:

l; = inflow at time one
l, = inflow at time two
S; = storage at time one
S, = storage at time two
0, = outflow at time two
0O, = outflow at time one
t =time interval

By constructing a Storage Indicator Table and Storage
Routing Table, the Storage Indicator equation can be solved
to obtain the outflow hydrograph. The actual storage
volume required can then be compared to the volume
provided in the pipes. The size and length of the pipe can be
adjusted accordingly to optimize the design.

The manual solution to the above equation is provided
below. The first step is to construct the Storage Indicator
Table and Curve, as shown in Figures 3.10 and 3.11
respectively, as follows:

Step 1. The Discharge, (O,) column (2), and Storage, (S,)
column (3), are obtained from the Stage-Storage

Step 2.

Step 3:

Step 4:

Step 5:

and Stage-Discharge relationships previously
developed for each Elevation, column (1).

Column (4) is obtained by dividing the Discharge in
column (2) by 2.

Column (5) is obtained by dividing the Storage in
column (3) by the time interval in seconds. This
time interval must be the same time interval used in
the inflow hydrograph.

Column (6) is obtained by adding columns (4) and
(5). This number is called the Storage Indicator
Number.

A Storage-Indicator Curve can be developed by
plotting the Discharge, column (2), on the y-axis
against the Storage Indicator Number, column (6),
on the x-axis. A similar curve can be constructed by
plotting the Storage against the Storage Indicator
Number. This plot will show the actual storage
volume consumed during the length of time
covered by the hydrograph.

@

Elevation

(2) @ | @
Discharge | Storage | O,/2
0, Sy

Q)
Syt

(6)
Sz/t + 02/2

Figure 3.10: Storage Indicator Table
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Next, the Routing Table, as shown in Figure 3.12, is
completed as follows:

Step 1: At time zero, the Discharge, (O,) column (7), and
Storage, (S,), are usually zero, resulting in a value of
zero in column (6). The values in columns (6) and
(7) are transferred to columns (4) and (5),
respectively, on the next line.

Step 2: Column (2) values are obtained directly from the
inflow hydrograph for the time step under
consideration.

Step 3: Column (3) values are obtained by taking the inflow
of the current time step and averaging it with the
inflow of the previous time step.

Step 4: Column (6) is obtained by summing columns
(3)+(4)-(5), which are in fact the left side of the
Storage Indicator Equation. The resultant
represents the right side of the equation which is
the Storage Indicator Number.

Step 5: Column (7) is obtained from the Storage-Indicator
Curve using the Storage Indicator Number in
column (6).

Step 6: Columns (6) and (7) are transferred to columns (4)
and (5) on the next line. Steps 4 through 6 are
repeated until the hydrograph is completely routed.

Step 7. The outflow hydrograph is the plot of time, column
(1), against Outflow, column (7).

Step 8: A plot of storage against time can be obtained by
referring to the Storage Indicator Table and the
Storage Routing Table.

ORNVEENC) @ (G © |0
Time | Inflow (|1+|2)/2 S]_/t+01/2 Ol 82/t+02/2 02

lgie 312 Storage Routing Table
EXAMPLE PROBLEM

A 0.4 hectare parcel of land is to be developed for
commercial use. The existing land use is an undisturbed
meadow. Design an underground detention chamber to
maintain the 10-year post-developed peak flow at

pre-developed conditions. A 30-minute duration storm is
specified.

Cre = 03 Cpogr =07
tC, PRE — 10 min. Tp = tC, POST = 5 min.
Tqg = 30min.

lip = 117 mm/hr for a 30-minute duration

STEP 1: Develop Inflow Hydrograph using Modified
Rational Method

Qa= Qpre = CprelyoA (278)(10)3
(03)(117)(0.40)(2.78)(10)3

0.039 m3/s

Cposl1oA (2.78)(10)3
(0.7)(1L7)(0.40) X 2.78(10)"3
0.091 m3/s

Qp = Qpost

STEP 2: Estimate Required Storage Volume

Using the Modified Rational Method with a storm duration
of 30 minutes, the required storage volume is estimated as:

VS = Tde - QATd - QATp + ((X QATp) /2
+ (QAZTp)/ZQp

Vs = (30)(0.091) - (0.039)(30) -
(0.039)(5) + (2)(0.039)(5)/2 +
(0.039)2(5)/(2)/(0.092)

Vg = (273-117-0.195+0.195 +
0.042)(60 s/min)

VS = 96.1 m3
STEP 3. Size Pipe and Compute Stage-Storage Table

Based on the site constraints, which include the invert
elevation of an existing storm sewer system outfall and
minimum cover requirements, a 1600 mm maximum pipe
diameter can be used. Assuming uniform pipe size, a 47.8
metre pipe length is required to meet the estimated
required storage volume. Since this method underestimates
the storage volume, the length is increased to 55 metres.
Using the dimensions of the pipe, the Stage-Storage Table
can be obtained by geometric relationships. The resulting
stage-storage table is shown below in Table 3.2.

STEP 4: Size Release Structure and Compute Stage-
Discharge Table

An orifice will be used to regulate the discharge from the
pipe. Since the maximum release rate based on pre-
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Hydraulic Design

developed conditions is 0.039 m3/sec, an orifice is sized to
release close to this amount at the maximum stage of
approximately 1600 mm. The coefficient of discharge is 0.61.

Based on the orifice equation,
Q=CyA (2gh)¥2

A 125 mm diameter orifice is selected and the Stage
Discharge Table is computed and combined with the Stage-
Storage Table as shown below. Note that the discharge for
the 100 mm stage is estimated since the water elevation is
not yet over the top of the orifice. The resulting stage-
discharge table is shown below in Table 3.2.

STEP 5. Develop the Storage-Indicator Table

The storage-indicator table for this example is presented as
Table 3.3. Atime increment of 5 minutes was chosen for this
example.

STEP 6: Perform Routing

The inflow hydrograph is routed through the detention tank
using the method set out for the storage routing table.

The values of the resulting outflow hydrograph are
compared to the allowable release rate to ensure that it is
not exceeded. These values are also used to check that the
proper storage volume is available. The storage routing
table for this example is shown in Table 3.4.

STEP 7. Design Review

Note that the maximum discharge rate of 0.039 m/s does
not exceed the pre-developed discharge rate.

This suggests that the tank is sized correctly to
accommodate that flow. However, further iterations must
be carried out to ensure that the system will accommodate
larger flows. For instance, the pipe should likely be
increased in size and an overflow weir should be added so
that the system does not surcharge under higher inflows.
The discharge pipe must also be sized to accommodate the
flows.

TABLE 3.2: Example Stage-Storage and

Stage-Discharge Table

Stage (mm) Storage (m3) | Discharge (m%/sec)
0 0 0
100 2.878 0.006
200 7978 0.012
300 14,354 0.016
400 21619 0.019
500 29525 0.022
600 37.877 0.024
700 46515 0.026
800 55.292 0.028
900 64.069 0.030
1000 72.707 0.032
1100 81.060 0.034
1200 88.965 0.035
1300 96.230 0.037
1400 102.606 0.038
1500 107.706 0.040
1600 110.584 0.041

TABLE 3.3: Example Storage Indicator Table

Elevation (mm) | Discharge (m%/sec) Storage (mS) 0,/2 (m¥sec) | Sylt (m¥sec) | Sylt + 0,/2 (m¥fsec)
0 0 0 0 0 0
100 0.006 2.878 0.003 0.010 0.013
200 0.012 7978 0.006 0.027 0.033
300 0.016 14.354 0.008 0.048 0.056
400 0.019 21.619 0.010 0.072 0.082
500 0.022 29.525 0.011 0.098 0.109
600 0.024 37.877 0.012 0.126 0.138
700 0.026 46.515 0.013 0.155 0.168
800 0.028 55.292 0.014 0.184 0.199
900 0.030 64.069 0.015 0.214 0.229
1000 0.032 72.707 0.016 0.242 0.258
1100 0.034 81.060 0.017 0.270 0.287
1200 0.035 88.965 0.017 0.297 0.314
1300 0.037 96.230 0.018 0.321 0.339
1400 0.038 102.606 0.019 0.342 0.361
1500 0.040 107.706 0.020 0.359 0.379
1600 0.041 110.584 0.020 0.369 0.389
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TABLE 3.4: Example Storage Routing Table Table 3.5:
Time | Inflow | (I;+1,)/2 | Sy/t+ 042 | 0 [S/t+0,02 | O, Round CSP Pipe Sizes
(min) |(m3/sec)| (m3/sec) | (m3/sec) |(m3/sec)| (m3/sec) | (m3/sec) (68 mm x 13 mm and
0 0 0 0 125 mm x 25 mm
corrugations)
5 | 0091 | 0045 0 0 0.045 0.014 -~
n
10 | 0091 | 0.091 0.045 0014 | 0122 0.023 Diameter (mm) area ()
15 | 0091 | 0.091 0.124 0.023 | 0.190 0.028
20 | 0.091 | 0.091 0.193 0.028 | 0.253 0.032 1200 %gj
25 | 0091 | 0091 | 0257 | 0032 | 0312 | 00% o 201
30 | 0091 | 0091 | 0317 | 0035 | 0368 | 0039 1800 2 il
35 0 0.045 0.374 0.039 | 0375 0.039 2400 g% ==
0 ] o 0 0380 | 0039 | 0335 | 0037 2108 707 o
3300 8.55 5
45 0 0 0.341 0.037 | 0.299 0.034 30 T o
50 0 0 0.305 0.034 | 0264 0.032 z
55 0 0 0.271 0032 | 0232 0.031
60 0 0 0.239 0.031 | 0201 0.029
65 0 0 0.209 0.029 | 0173 0.027 Table 3.7: Round
01 0 0 0181 | 0027 | 0146 | 0025 Structural Plate
B | 0 0 0155 | 005 | 0121 | 0023 CSP Pipe Sizes =
: ‘ : ‘ (152 mm x 51 mm Q.
80 0 0 0.131 0.023 | 0.098 0.021 corrugation ) )
85 0 0 0.109 0.021 | 0077 0.019 . &
%0 0 0 0089 | 0019 | 0.059 0016 Diameter End érea
95 0 0 0.071 0016 | 0.042 0.014 (mm) (m?)
100 0 0 0.055 0.014 | 0028 0.011 1500 177
105 0 0 0.041 0011 | 0017 0.008 1660 2.16
110 0 0 0030 | 0.008 | 0010 0.005 ig%g ggj
115 0 0 0.021 0.005 | 0.005 0.002 2120 254
120 0 0 0.015 0.002 | 0.002 0.001 2280 407
125 0 0 0.011 0001 | 0.001 0.001 2430 4.65
2590 5.26
2740 5.91
3050 7.32
3360 8.89
Table 3.6: CSP Pipe-Arch Sizes 3670 10.61
(68 mm x 13 mm corrugation) 3990 12.47
4300 14.49
o u
Diameter Span Rise Area '
. 5230 21.46
(mm) (mm) (mm) — (m9) 5540 24.08
1200 1390 970 1.06 gfgg gg?g
1400 1630 1120 1.44 6470 27
1600 1880 1260 1.87 6780 36.10
1800 2130 1400 2.36 7090 39.48
Dimensions shown are not for specification purposes; ;‘7188 32%
subject to manufacturing tolerances 8020 50:53
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Table 3.8: Structural Plate CSP
Pipe-Arch Sizes

Table 3.9: Water Area to Full End Area Ratios
Based on Water Depth to Rise Ratios for

(152 mm x 51 mm corrugation)

CSP Pipe-Arch Sizes
(68 mm x 13 mm Corrugation)

Span Rise End Area
(mm) (mm) (m?)

y/D | 0.00 0.02 0.04 0.06 0.08
2060 1520 2.49
2240 1630 2.90 00 | 0000 0006 0017 0032  0.049
gggg iggg gg? 01 | 0068 0088 0108 0130 0153
2690 2080 n 19 02 | 0.176 0199 0223 0247 0272
3100 1980 4:83 03 | 0297 0322 0347 0372 0397
3400 2010 5.8 04 | 0423 0448 0473 0498 0523
3730 2290 6.61 05 | 0.548 0572 0597 0621  0.644
3890 2690 8.29 06 | 0.668 0691 0713 0736 0.758
4370 2870 9.76 0.7 | 0.779 0800 0820 0839  0.858
4720 3070 11.38 08 | 0877 0894 0911 0927 0942
5050 3330 13.24 09 | 0955 0968 0979 0989  0.99
5490 3530 15.10 1.0 | 1.000
5890 3710 17.07
6250 3910 19.18 Example: A 1400 mm equivalent diameter pipe-arch (1630 mm

Dimensions are to inside crests and are subject to span x 1120 mm rise, 1.44 m? end area) with a water depth of
manufacturing tolerances. 830 mm would have a depth to rise ratio of 0.74 and a water
area to full end area ratio of 0.820. The water area would then
be 0.820 x 1.44 or 1.181 m?.

Table 3.10: Water Area to Full End Area Ratios Based on Water Depth to Rise Ratios

for Structural Plate CSP Pipe-Arch Sizes (152 mm x 51 mm Corrugation)

y/D 0.00 0.02 0.04 0.06 0.08
0.0 0.000 0.006 0.018 0.033 0.050
0.1 0.069 0.089 0.110 0.133 0.156
0.2 0.179 0.203 0.227 0.251 0.276
0.3 0.301 0.326 0.352 0.377 0.402
0.4 0.427 0.452 0.478 0.502 0.527
0.5 0.552 0.576 0.600 0.625 0.648
0.6 0.671 0.694 0.717 0.739 0.760
0.7 0.782 0.802 0.822 0.842 0.861
0.8 0.878 0.896 0.912 0.928 0.943
0.9 0.956 0.968 0.980 0.989 0.996
1.0 1.000
See example under Table 3.9 for guidance on the use of this matrix.

CSPi
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