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SECTION 1 
INTRODUCTION 

nus drainage crtterta manual establishes standard pI1neiples and pra.ct1ces for the design and 
construction of drainage systems in Montgomery County, Texas. The design factors. formulas, 
graphs, procedures, tables, and figures presented in the manual are intended to establish 
guidelines for the solution of drainage problems mvolving determinations of the quantity of runoff, 
rate of flow, method of collection. storage, and conveyance of storm water. 
Methods of design other than those indicated herein may be considered 1n some cases where 
experience clearly indicates that they are preferable. However, there should be no cxtenstve 
variations from the practtces established Within this manual without the express approval of the 
Montgomery County Dramage Adm1nistrator. 

1. l MONTGOMERY COUNTY DRAINAGE ADMINISTRATOR 
In this manual, the supcrviSory role for drainage plann1ng and adm1n1stratlon within the County 
is assumed to reside 1n a hypothetical office called the Montgomery County Drainage Admin· 
istrator. Many of the responsibilities of this office can be fulfilled by the County Engineer. However, 

· should a separate drainage district or other sllnilar entity be created, the new agency may assume 
the role of Montgomery County Drainage Admlllistrator 1n administering this criteria manual. 

1.2 DRAINAGE IMPROVEMENTS 
The Montgomery County Drainage Adm1n.1strator shall be responsible for the review and approval 
of all plans for 100-year design drainage facilities within Montgomery County. Generally, 
100-year design drainage faclllties are those serving a drainage area of one square mile (640 
acres} under existing or proposed conditions, or which serve drainage areas containing more 
than one political subdivision (city, Municipal Utility District, etc.). 
The County has included in this manual crtterta covering the design of storm water systems to 
serve both exiSting and new developments. All new drainage facilities must take into consideration 
the existing d.ra.inage patterns and facillt1es in upstream areas. In add.1tlon. new development 
must provide sufficient rtght-of-way Width to Montgomery County to accommodate the drainage 
needs of future development in upstream areas. 

The County is responsible for the approval and, upon acceptance. the maintenance, operation, 
and necessary expansion of 100-year design drainage facilities (existing or proposed) which are 
in drainage rights-of-way decllcated to Montgomery County. Upon the completion of all new 
100-year design drainage facilities, the County will accept, maintain, and operate said facilities 
for flood control purposes as an extension of the County's existing drainage system 1f the facilities 
are constructed 1I1 accordance with plans approved by the County. Until the County accepts new 
100-year design drainage facilities. the previous owner shall continue to properly operate and 
maintain those facilities to perform accordmg to the original design specifications for the facilities. 
Those drainage facilities, including detention facilities, which are planned and accepted for 
maintenance by some other perpetual special purpose district (such as a Levee Improvement 
District) will not be accepted by the County. 
The criteria in th.is manual are considered a m.1nimum for Montgomery County approval. Approval 
from other applicable agencies may be required. Ultimate approval for any variance of the crtterta 
contained in this manual must be giv .. .n by the Montgomery County Drainage Administrator. 
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SECTION 2 
HYDRO LOGIC ·ANALYSIS 

The purpose of this section Js to establish standard procedures and criteria for the performance 
of bydrologic analyses within Montgomery County. 

2.1 INTRODUCTION 
The planntng, design. and construction of dra.tnage facilities arc based on the determination of 
one or more aspects of stor:m runoff. If the estimate of storm runoff 1s incorrect, the constructed 
facilities may be unders1zcd, oversized, or otherwise inadequate. An ttnproperly designed drainage 
system can be uneconomical, cause flooding, interfere wtth traffic, disrupt commercial and other 
acttv1t1es, and be a general nuisance 1n the affected area However, the peak flow rate, volume 
and time-sequence of storm runoff related to a certa1n recurrence interval (frequency) can only 
be approximated because of the many physical and cllmatic factors involved. 
Continuous long-term records of rainfall and resulting storm runoff 1n an area provide the best 
data source on which to base the design of storm drainage and flood control systems in that area. 
However, it 1S not possible to obtain such records in sufficient quantltles for all locations requ1r1ng 
storm runoff computations. Therefore, the accepted practice 1S to relate storm runoff to rainfall, 
thereby providing a means of estimating the rates, timing, and volume of runoff expected within 
local watersheds at various recurrence intervals. Although numerous methods to relate rainfall 
and runoff have been considered. three methods are recommended for use 1n Montgomery County. 
These methods, discussed 1n subsequent sections, provide reasonable and consiStent procedures 
for approx:imattng the characteristics of the rainfall-runoff process. 

~· 2.2 EFFECTS OF URBANIZATION 
It 1S generally accepted that urban development has a pronounced effect on the rate and volume 
of runoff from a gtven rainfall. Urbanization generally alters the hydrology of a watershed by 
improvmg hydraulic efficiency, reducing surface 1n.filtratlon and reducing storage capacity. The 
reduction of a watershed's storage capacity and surface infiltration 1s a result of the el:im1nation 
of porous surfaces and ponding areas by grading and pavtngbu!lding sites, streets, drives, parking 
lots, and sidewalks and by construct:tng buildings and other facil1t1es characteristic of urban 
development. 

Zoning maps, future land use maps, and watershed master plans should be used as aids in 
establishing the anticipated surface character following development. The selection of design 
runoff coefficients and impervious cover factors, which are exp.lamed 1n the followmg discussions 
of runoff calculation. must be based upon the appropriate degree of urbanization. 

2.3 COMPUTATIONAL METHODS 
Because of its versatlllty and accuracy, the widely used HEC-1 computer program, which was 
developed by the U.S. Army Corps of Engineers Hydrologic Engineenng Center (HEC) 1n Davis. 
California, 1s recommended as the primary tool for modeling storm runoff 1n Montgomery County. 
Accordingly, the hydrologic design techniques described in this manual 1ncorporate many of the 
routines contained in HEC-1. The principal routines used for computing runoff in the County as 
presented in th1s section are based on the Clark unit hydrograph technique. design ra:1nfall events. 
and empirical ra.1nfall loss functions. 
A methodology for deriving the parameters used to compute the Clark unit hydrograph was 
developed for Fort Bend County. Texas by Espey, Huston & Associates. Inc. [EHA. 1987). This 
methodology was developed from optimization studies utilizing U.S. Geological Survey regional 
rainfall-runoff data and standard unit bydrograph techniques. The Fort Bend County methodology 
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1s appropriate for a wtde range of watershed sJzes and 1s the recommended method for Montgomery 
County in all but certain small areas in which only peak discharge determ1nattons are requtrcd. 
The application of the methodology 1s described later :In th1s manual. 
For areas less than 640 acres (one square mile) and greater than 50 acres. drainage arca-ctischarge 
curves have been developed as a means to determine peak d.1scharge. For drainage areas of less 
than 50 acres, the Rational Method may be used to determine peak discharges. 

2.4 HYDROLOGIC ANALYSIS OF WATERSHEDS SMALLER THAN 50 ACRES 
For small dra:1nage areas Oess than 50 acres 1n siZe}, the widely used Rational Method provides 
a useful means of determlntng peak.discharges. In situations rcqutring determination of a complete 
flood hydrograph. and not just a peak discharge, a method developed by H.R. Malcom [Malcom. 
Undated) should be utilized. The Malcom method 1s described later in this manual Engtneers 
Wishing to use an alternative design technique should consult the Montgomery County Drainage 
.Adm1nistrator prior to design. 

2.4.1 Rctlonol Method 
The Rational Method represents an accepted method for determining peak storm runoff rates for 
small watersheds that have a drainage system unaffected by complex hydrologic situations such 
as ponding areas. storage basins and waterahed transfers (overflows) of storm runoff. This widely 
used method provides satisfactory results if understood and applied correctly. It is generally 
recommended that in Montgomery County the Rational Method be used only for areas of less than 
50 acres. 
The Rational Method Is based on a direct relationship between rainfall intensity and runoff. and 
is expressed by the following equation: 

Q = CiA Equation 2.1 

1n which: 

Q =the peak rate of runoff 1n cubic feet per second (cfs). Actually. Q ls in units of inches per hour 
per acre. Since this rate of in-ac/hr differs from cubic feet per second by less than one percent, 
the more convenient units of cfs are used 

C = the dimensionless coefficient of runoff representing the ratio of peak discharge per acre to 
rainfall mtensity (i) 

i = the average intensity of rainfall in inches per hour for a period of time equal to the time of 
concentration for the drainage area at the point of interest 

A = the area in acres contributing runoff to the point of interest during the critical storm duration. 

Basic assumptions associated with the Rational Method are: 

1} The computed peak rate of runoff at the po:tnt of interest 1S a function of the average rainfall 
intensity during a period of time equal to the time of concentration at that point. 

2) The frequency or recurrence interval of the peak discharge 1S equal to the frequency of the 
average (uniform) rainfall intensity associated with the crttical storm duration. · 

3) The time of concentration ls the critical storm duration. Til1s ts dtscussed under SECTION 
2.4.1.2. 

4) The ratio of runoff rate to rainfall intensity, C. 1S uniform durtng the storm duration. 

5) Rainfall intensity 1S uniform during the storm duration. 
6) The contributing area is the area that drains to the point of interest within the crttical time of 

concentrn.tion. 
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-2.4.1.1 Rational Method Runoff Coefficient (C) 

In relating peak rainfall rates to peak discharges, the runoff coefficient "C" in the Rational Formula 
1s dependent on the character of the surlace of the drainage area. The rate and volume of runoff 
that reaches a storm d.rainage system depends on the relative porosity (f.mpervLo~). pond.1Ilg 
character, slope, and conveyance properties of the surlace. Soil type, vegetative condition, and 
the presence of tmpe:rvious surfaces, such as asphalt pavements and the roofs of buildings, arc 
the major determin1ng factors ln selecting an area's "C" factor. The type and condition of the 
surface determines its ability to absorb precipitation and transport runoff. 
The rate at which a soil absorbs precipitation generally decreases as raJ.nfall continues for an 
e.'"Ctended period of time. The soil absorption or 1nfiltration rate 1s also influenced by the presence 
of soil moisture before a rain (antecedent precipitation), the rainfall intensity, the depth of the 
ground water table. the degree of soil compaction, the porosity of the subsoil, vegetation. ground 
slopes. depressions. and storage. On-site inspections and aenal photographs may prove valuable 
1n evaluating the nature of the surface within the drainage area. 

The runoff coefficient "C" 1S difilcult to precisely determine. Its use in the Rational Method tmplies 
a fixed ratio of runoff rate to ra.1.nfall 1ntens1ty for any gtven drainage area, which in reality 1s not 
the case. A reasonable coefficient must be chosen to represent the integrated effects of infiltration, 
detention storage, evaporation, retention, flow routing, and interception. all of which affect the 
time distribution and peak rate of runoff. Proper use of the Rational Method requires judgement 
and experience on the part of the engineer. especially 1n the selection of the runoff coefficient. 
Coefficients for specific surface types can be used to develop a composite runoff coefficient based 
1n part on the percentage of different types of surfaces in the drainage area. Til1s procedure 1S 
often applied to typical fl sample" blocks as a guide to the selection of reasonable values of the 
coefficient for an entire area. 

Table 2.2 presents recommended values for the runoff coefficient "C" forvartous residential districts 
and specific surface types for 5 to 10 year frequency storms. Adjustment of the "C" value for use 
with more severe (less frequent) storms can be made by multiplying the runoff coefficient by a 
frequencyf actorC1, which 1S used to acconntfor antecedem precipitation conditions. The Rational 
Formula now becomes: 

Q=C1 xCiA Equation 2.2 

Table 2.1 presents recommended values of C1• The product of C times c, should not exceed 
1.0. 

TABLE 2.1 Rational Method Frequency Factor Adjustment 

Frequency of Storm (years) 

510 
25 
50 
100 

Source: "Urban Storm Drainage Crtterta Manual," 1969. 
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TABLE 2.2 Rational Method Runoff Coefficients for 5-10 Year Frequency Storms 

Basin Slope Ba.sin Slope 
Description of Area < 1 % 1°~3.5% 

PAGE6 

Basin Slope 
S.lS%-5.lS% 

-..--.~~4~ 

N~~~~"S~ 
Clay Soil 0.18 0.20 0.30 

?~~!l,l!'i.;t~r1;;rnii\i~1~r11?:;;::4~(;i1~1tt1®1:&&Ii&rJriit0ii.;I01;1;1;©1~1~~~~;11~t.~1~t~f:1ili1rw.1g~1g11t011t11~t.itrrg~f 8~1m1iw1 
Clay Soil 0 .30 0.40 0.50 

f;fil4~!1,!Hili1i\i~ir~\rt.w.;11rriiilrtitttljt.t{mt1wmili:1~11rnmt:f:&t~w~!~tf;rii¥J.n:~11;~~}gtitliffi11t1IB:'&&i&1Ii 
Clay Soil 0.35 0.60 0.80 

2.4.1.2 Rational Method Rainfall Intensity Ci) 

Rairifall intensity (i) 1S the average rainfall rate 1n inches per hour which is considered for a 
particular basin or sub-basin. The rainfall intensity is determined on the basis of design :rainfall 
duration and design frequency of occurrence. The design rairifall duration is equal to the crttlcal 
time of concentration for all portions of the drainage area under consideration that contribute 
flow to the point of itlterest. The frequency of occWTence used in design computations 1s a 
statistical variable which 1s established by design standards or chosen by the engineer as a design 
parameter. It is usually expressed in terms of the average storm recurrence interval in years. 
The time of concentration used in the rational equat·on is the time of concentration for the 
entire drainage area upstream of the point of interest. The critical time of concentration is the 
time of concentration which results in the maximum peak runoff :rate from all or part of the 

.,_..._ upstream drainage area at the point of interest. This may be equal to or leS.s than the time of 
concentration. Runoff from a watershed usually reaches a peak at the time when the entire 
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FIGURE 2.1 RcinfcU Intensity-Duration-Frequency Curves for Montgomery County 
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drainage area 1s cont:Iibuting. However, the runoff rate may reach a peak prior to the time when 
the entire upstream drainage area 1s contributing. In such tnstances, only the portions of the 
draJnage area able to contribute flow at the point of interest durtngthe crttical tlme of concentration 
should be used 1n determ1n!ng the peak discharge. 
A trtal and error procedure can be used to determine the critical time of concentration. The followmg 
steps are involved: 
l} Compute the Ume of concentration for the entire upstream drainage area as the tlme required 

for water to flow from the most remote point in the watershed to the point of interest. 
2) Use the computed time of concentration along with other Rational Method parameters to 

compute a peak flow rate at the point of interest. 
3) Inspect the drainage area map and the computations for the time of concentration to determine 

1f any of the upstream or outer portions of the drainage area are contributing more to the 
computed time of concentration than to the drainage area of the watershed. For example, a 
poorly-drained area at the upstream end of the watershed may be contributing 20% of the 
time of concentration. but may constitute only 5% of the total watershed area. 

4) Re-compute the time of concentration and resulting peak flow rate for the watershed without 
the area(s) identified Jn step 3). 

5) Repeat steps 1) thro\lgh 4) until the highest peak flow rate results. 
The time of concentration at any point 1n a storm drainage system is a combination of the inlet 
time and the travel Ume in the conduit or channel. 
The inlet time is the tJme for water to flow over the watershed surface to the storm sewer inlet 
or channel. Inlet time decreases as the slope and the hydraulic efficiency of the surface in.crease. 
It increases as the distance over which the water has to travel increases and as retention by the 
contact swfaces increases. Average velocities for estimating travel time for overland flow can be 
calculated using methods outlined in SCS TR-55 [SCS, 1986). 

Overton & Meadows (1976) developed the following equation for time of travel for overland sheet 
flow over distances of 300 feet or less: 

T = 0.007(n xL)o.a 
l ../P;xS°" 

in which: 
T, = travel time [hours) 

n = Manning's roughness coefficient 

L = overland flow distance (feet) 

Pz = 2-year. 24-hour rainfall depth (inches} 

S = land slope (feet per foot) 

Tilis equation is based on the following assumptions: 
l} Shallow, steady uniform flow 
2) Constant intensity of rainfall excess 
3) Rainfall duration equal to 24 hours 
4) Infiltration has a minor effect on travel time. 

Equation 2.3 

Table 2.3 presents representative values of Manning's roughness coefficient for a variety of flow 
surfaces. 
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Table 2.3 Manning's Roughness Coefficients for Overland Sheet Aow 

Surface 

Smooth Surfaces (concrete, asphalt, gravel. bare soil) 
Fallow (no residue) 
Cultivated Soils: Residue Cover = 20% 
Cultivated Soils: Residue Cover • 20% 
Grass: Short Grass Prairie 
Grass: Dense Grasses 
Grass: Bermuda Grass 
Range (natural) 
Woods: Light Underbrush 
Woods: Dense Underbrush 

Source: SCS TR-55 ISCS, 1986] 

n 

0.011 
0.05 
0.06 
0.17 
0.15 
0.24 
0 .41 
0.13 
0.40 
0.80 

PAGE9 

The folloWing flow velocity equations ate presented 1Il SCS TR-55 for shallow concentrated !I.ow: 
V = 16.1345../S (unpaved areas) Equation 2.4 

V = 20.3282-./S (paved areas) Equation 2.5 
in which: 

V = flow velocity (feet per second) 

S = overland slope (feet per foot) 

Using flow velocities computed from these equations, overland travel times may be computed 
using the following equation: 

in which: 

T = overland flow time (minutes) 

DF =flow distance (feet) 

D; 
T=-

60V 

V = average velocity of runoff flow (ft/sec) 

Equation 2.6 

The total overland travel time may be computed as the sum of the travel times for overland sheet 
flow and shallow concentrated flow. If the overland flow time is calculated to be in excess of 20 
minutes. the designer should verify that the time 1s reasonable. 
The travel time in the conduit or channel is the quotient of the length of the conduit or channel 
and the velocity of flow as computed using the hydraulic charactertstlcs of the conduit or channeL 
The travel time is usually less than the actual time for the flood crest to reach a given point by 
an amollllt equal to the time required to fill the conduit or channel. which 1s called the time of 
storage. The time of storage 1s usually small compared with the travel time. In order to help 
assure a conservative design. the time of storage shall be neglected 1n the design of storm runoff 
conduits. 

The statistical relationship between the rainfall intensity and duration for the 2-year, 5-year. 
10-year. 25-year. 50-year. and lOO~year frequency storms are shown in Figure 2.1. These curves 
are presented for durations from 5 minutes to 24 hours. Table 2.4 presents rainfall depths for a 
variety of durations and frequencies. The rainfall intensities plotted in Figure 2.1 are computed 
by dividing the point rainfall amounts listed in Table 2 .4 by the corresponding duration of rainfall. 
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TABLE 2.4 Point Rainfall Depths for Varying Durations and Frequencies 
Rafnfall Frequency 

Duration ts-year 10-year 25-year 

5-minute1 

10-mtnutet 
15-m1nutet 
30-minutet 
60-minutet 
2-hour 
3-hour 
6-hour 
12-hour* 
24-hour* 

0.56 
0.93 
1.19 
l.71 
2.26 
2.74 
3.04 
3.58 
4.12 
4.84 

0.63 
1.06 
1.36 
2.05 
2.77 
3.58 
3.92 
4.71 
5.67 
6.59 

Sources: t[Fredertck. 1977]; •(Hershfield, 1961) 

0.68 0.76 
1.16 1.31 
1.49 1.69 
2.30 2 .66 
3.14 3.66 
4.13 4.77 
4.61 5.35 
5.56 6.58 
6.72 8.19 
8.09 9.43 

2.4.1.3 Rational Method Drainage Area (A) 

fW..year 

0.83 
1.43 
1.84 
2.95 
4.09 
5.38 
6.00 
7.35 
9.15 
10.55 

PAGE 10 

100-year 
0.89 
1.55 
2.00 
3.23 
4.48 
5.88 
6.70 
8.32 
10.31 
12.17 

As mentioned previously, the drainage area used in determ1n1ng peak discharges 1s the portion 
of the area that contributes flow to the potnt of interest within the critical tune of concentration. 
The boundaries of the drainage area may be determined through the use of topographic maps, 
supplemented by field swveys where topographic data has changed or where the contour interval 
Is too great to distinguish the direction of flow. A drainage area map shall be provided for each 
project. The drainage area contrtbuting to the system being designed and the dram.age sub area 
contributing to each inlet point shall be identified. The boundartes of each drainage area must 
follow actual drainage divides rather than art:lfic1al land d1v1sions as used 1n the design of sanitary 
sewers. The drainage divide lines are determined by pavement slopes. downspout locations, 
grading of lawns, and many other features that are introduced by the urbanization process. 

2.4. 1.4 Example of Rational Method Analysis 
A storm drainage system. includes the four areas shown in Figure 2.2. Table 2.5 lists the drainage 
area. runoff coefficient. flow distance to the inlet, and average overland flow velocity for each 
sub-area. Table 2.6 lists the data for each pipe segment in the storm drainage system, including 
the computed full flow velocity and travel time for each pipe. 
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8.4 Ac. 
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® 

4 .4 Ac. 4 

FIGURE 2.2 Watershed for Rationof Method Example 

TABLE 2.5 Sub·Areas of Example Watershed 

Area Runoff Flow Distance Tlow Velocity tinlet Time 
Sub-Area (ac) Coefficient (ft) (fps) (min) 

A 7.0 0.5 550 0.5 18 
B 8.4 0.5 600 0.5 20 
c 3.5 0.6 420 0.7 10 
D 4.4 0.8 600 2.0 5 

'Computed Using Equation 2.6 
'Computed Using Equations 2.3 - 2.5. 
TABLE 2.6 Pipe Segments in Example Watershed 

Pipe Len~ Diameter Slope ~Flow Travel Time 
Segment (ft (in) (ft/ft) Velocity (fps) (min) 

1-3 380 30 0.003 5.0 1.3 
2-3 450 30 0 .003 5.0 1.5 
3-4 330 42 0.002 5.0 1.1 

'Computed Using Marming's Equation 
Table 2. 7 lists the results of the flow computations for the 5-year storm event. The sequence of 
computations iS as follows: 

1) Compute the product of the drainage area and runoff coefficient for each sub-area, a xC . Since 
this is a 5-year storm event. the frequency factor C1 equc..ls 1.0. 

2) Compute the total a x C value at each analysiS point, considering all drainage areas contributing 
to flow at that location. 
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3) Compute the total time of concentration at each analysis point, cons1der1ng inlet time as well 
as travel time. For points where two or more storm sewer branches come together, such as 
Point No. 3. the total tlme of concentration should be computed for each possible flow path. 
The longest ttme of concentration 1S used for flow computations. Never add peakjlow rates 
at junctions. 

4) Determine the 5-year rainfall intensity from the Intensity-Duration-Frequency cwves illus
trated in Figure 2.1 for each time of concentration. 

5) Compute the peak flow rate with Equation 2.1, using the total a x C value and the computed 
rainfall intensity for each analysis point. 

TABLE 2.7 Example Rational Method Calculations 

Area, a Coe1Dclcnt Inlet Tl.mo Travel Total Time IDtomlty Q 
Manhole (acre•) c axe t(axC) Route. [min) Tl.mo (min) (min) (lD/hr) (c:U) 

l 7.0 0.5 3.5 3.5 A 18.0 0.0 18.0 5.1 17.9 
2 8.4 0.5 4.2 4.2 B 20.0 0.0 20.0 4.9 20.6 
3 3.5 0.6 2.1 9.8 A.1-3 18.0 1.3 19.3 

3.5 0.6 2.1 9.8 B.2-3 20.0 1.5 21.5 4.7 46.l 
4 4.4 0.8 3.5 13.3 B,2-4 20.0 2.6 22.6 4.6 61.2 

2.4.2 Hydrogroph Development for Smell Watersheds 
Whenever the situation requires the determination of a complete flood hydrograph, and not just 
a peak discharge, Malcom's method, as described in SECTION 2.5.2, should be used. 

2.5 HYDROLOGIC ANALYSIS OF WATERSHEDS FROM 50 TO 640 ACRES 
.- Hydrologic analyses involving watersheds of greater than or equal to 50 acres and less than 640 

acres may be completed using one of two approaches. The £1.rst is the use of runoff rate cmves 
for Montgomery County to determine peak flow rates and the Malcom Method to develop runoff 
hydrographs. These methods are descrtbed in SECTlON 2.5.1 and SECTION 2.5.2. 
The second approach is the use of the HEC-1 computer program to compute complete runoff 
hyd.rographs. The use of the HEC-1 program ts descrtbed in SECTION 2.6. The HEC-1 method 
will be requtred whenever it is necessary to perform detailed analyses of watersheds With multiple 
sub-areas. 

2.5. 1 Montgomery County Runoff Rate Curves 
The Montgomery County Runoff Rate curves represent a simplified method for the determination 
of the peak d.1scharge in a relatively small watershed. The use of this type of analysis requires 
that the watershed and its physical charactertstlcs be relatively uniform and not contain complex 
hydrologic features such as ponding areas. storage basins, or watershed overflows. HEC· l should 
be used instead of the Runoff Rate curves if channel routing or hydrograph combination steps 
are required. 
The cwves developed for this manual for the 25-year and 100-year rainfall events, respectively, 
are shown in Figures 2.3 and 2.4. The curves are applicable to drainage areas between 50 and 
640 acres in Montgomery County. The curves may also be useful 1n providing prelfminary estimates 
of flow rates for larger areas. Since there ts such a great variation in the phySical charactertstics 
of partially d -:veloped watersheds along wt th a wide range of conveyance capacity (1.e. flood plain 
storage). these cuives are developed to consider some of the most Important physical charac
tenstics of the watershed. 
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FIGURE 2.3 Montgomery County Runoff Rate Curves for 25-Year Storm 
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FIGURE 2.4 Montgomery County Runoff Rate Curves for 100-Year Storm 
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Table 2.8 lists the equations used in plotting the curves for Figures 2.3 and 2.4. These equations 
may be used in computer programs or spreadsheet templates to compute Qc Without usJng the 
plotted curves. 

TABLE 2.8 Equations Used In Plotting Runoff Rote Curves 

Percent Impervious, I 21S~Year Equation for Qc 100-Year Equation for Qc 

0 (2c = 28.&A 0.7Sl (2c = 37 .5A 0.7" 

25 (2c = 72.A 0.711 Ck= 91A 0.791 

50 Qc= 145Ao.w QC = 178A 0.119 

75 Ck :::: 300A D.146 Ck = 36M D.M' 

NOTE: A = Drainage Area 1n Square Miles 

2.5. 1. 1 Use of Runoff Rate Curves 
To use the Curves in Figures 2.3 and 2.4 to compute the peak rate of runoff from a drainage area 
for the 25-year and 100-year storm events. the following steps are required: 
1) Determine the Drainage Area. Percent Impervious Cover, Average Channel Slope. Average 

Watershed Slope. and Weighted "n" Value for the channel. These arc some of the same values 
used in determ.1ning the unit hydrograph parameters for use With HEC-1, as described 1n 
SECTION 2 .6.3. 

2) Using the Drainage Area. determine y-axis values ~ from the two cwves which bracket the 
Percent Impervious Cover for the dra.t.na.ge area. For example, the curves which bracket a 
watershed condition of20% 1mpervtous are the curves for 0% 1mpervious and 25% impervious. 

3) Determ.1.ne the values of the X. Y. and Z coefficients from Table 2.9. 

TABLE 2.9 Parameters Used Wrth Runoff Rote Curves 

Percent Impervious. I X 

0 
25 
50 
75 

0.22 
0.16 
0.15 
0.13 

y 

0.21 
0.17 
0.16 
0.14 

z 
-0.61 
-0.54 
-0.47 
-0.39 

4) Compute the peak 25-year and 100-year flow rates for each of the two bracket values of percent 
1mperv1.ous ustng the following equation: 

QI'= '2c x csxs'{,Nz) 

in which: 

Q,. = Peak Flow Rate (cfs) 

Qc = Y-Axis Value from Figure 2.3 or 2.4 

S = Channel Slope (ft/m.1) 

X = Value from Table 2.9 

- S0 = Watershed Slope (ft/mi) 
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,,,-.. Y =Value from Table 2.9 

N = Weighted "n" 

-

Z =Value from Table 2.9 

5) Linearly interpolate the peak flow rate for the actual percent impervious value from the peak 
flow rates for the higher and lower percent impervious values. 

Figure 2.5 is a worksheet which aids 1n the use of Figures 2.3 or 2.4 for fiow rate computation. 
When flow rates for storm · events other than the 25-year and 100-year are required, plot the 
25-year and 100-year flow rates on log-probabil!ty paper and connect them with a straight line. 
Interpolate or extrapolate as needed to determine the peak flow rate for the required storm fre
quency. 
Applicable flow rates for existing conditions 1n the design of detention facilities should be deter
mined on a case-by-case basis working closely with the County Drainage Admin1strator [See 
SECTION 7). 
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STEP l: BACKGROUND INFORMATION 

Watershed Name: 

Location: 

Comments: 

STEP 2: WATERSHED DATA 

Item Symbol Value Source or Explanation 

Dra1nage Area (sq mil A See SECTION 2.6.3. 

Impervious Cover (%) I See SECTION 2.6.3. 

Channel Slope (ft/mi) s See SECTION 2.6.3. 

Watershed Slope (ft/mi) So See SECTION 2.6.3. 

Weighted "n" N See SECTION 2.6.3. 

STEP 3: PEAK FLOW RATES FROM CURVES FOR LOWER AND mGHER PERCENT IMPER-
,-. VIOUS 

Item Lower 11 Higher 11 source or Explanation 

Percent Impervious Cover(%). I O. 25, 50, 75. or lOOo/O 

Qc Figure 2.3 or 2.4 

x Table 2.9 

y Table 2.9 

z Table 2.9 

Peak Flow Rates, Q1 and Q2 Qi= Q2= Q, = ac x csx s'{,Nz) 

STEP 4: INTERPOLATE PEAK FLOW RATE FOR ACTIJAL PERCENT IMPERVIOUS 

Item Symbol Value Source or Explanation 

Peak Flow Rate Qp c-11 ) Qp =QI+ 11-11 X (Ql -QI) 

FIGURE 2.5 Blank Worksheet for Flow Rote Computation 
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2.5.1.2 Example Application of Runoff Rate Curves 
Figure 2.6 illustrates an example watershed. The total watershed area ts 535 acres or 0.84 square 
miles. A 54-acre development exists in the watershed. 

0 2000' 

FIGURE 2.6 Example Watershed for Curve Flow Rotes 
The Percent Impervious is computed assuming that the 54-acre developed area 1s 50% tmpeIVious. 
and the remainder of the watershed iS OOA> impervious: 

I :c 54 ac x 50% = S.1 % 
535ac 

The Channel Slope is computed for the middle 75% of the total watershed length. For this example, 
the measured elevations at the 10% and 85% points along the channel are used: 

s:; 12;~~5• = 0.0057ft/ft= 29.9ft/mi 

The Watershed Slope is computed using the change 1n elevation throughout the central part of 
the watershed. An average value 1s often obtained from measurements at several locations. 

So= 130' -90' =-0.0083 ft/ft= 44 ft/mi 
4800' 

TheWeightedManning'sn-Valueforthechannelisestimatedfromfieldobservatlonsofthechannel 
condition. For ..his example, the weighted n-value is assumed to be 0.06. The Weighted n-Value 
can also be computed from a HEC-2 analysis of the channel, if one 1s available. Til1s procedure 
is illustrated in SECTION 2.6.6. 
Figure 2. 7 presents a curve flow worksheet for the example watershed. 
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STEP l: BACKGROUND INFORMATION 

Watershed Name: Sample Watershed 

Location: Southern Montgomery County 

Comments: 

This is an example of a watershed analysis for a watershed larger than 50 acres 
but smaller than 640 acres. 

This is a 100-year storm analysis - Use Figure 2.4. 

STEP 2: WATERSHED DATA 

Item Symbol Value Source or Explanation 

Drainage Area (sq mi) A 0.84 Sec SECTION 2.6.3. 

Impervious Cover (%} I 5.1% Sec SECTION 2.6.3. 

Channel Slope (ft/mil s 29.9 See SECTION 2 .6.3. 

Watershed Slope (ft/mi) So 44.0 See SECTION 2.6.3. 

Weighted "n" N 0.06 See SECTION 2.6.3. 

STEP 3: PEAK FLOW RATES FROM CURVES FOR LOWER AND filGHER PERCENT IMPER
VIOUS 

Item Lower /1 Hlgher /2 Source or Explanation 

Percent Impervious Cover(%)./ 0% 25% 0, 25, 50. 75. or 100% 

f2c 32 78 Figure 2.3 or 2.4 

x 0.22 0.16 Table 2.9 

y 0.21 0.17 Table 2.9 

z -o. 61 -0.54 Table 2.9 

Peak Flow Rates, Q1 and Q2 Q,= 832 Q1 = 1,168 Q,. = Qc x (Sx s'{/Yz) 

STEP 4: INTERPOLATE PEAK FLOW RATE FOR ACTUAL PERCENT IMPERVIOUS 

Item Symbol Value Source or Explanation 

Peak Flow Rate Q,, 901 ('-~ ) Q.- ;;:;: QI+ 1, -1
1 
X{Q2-QJ 

FIGURE 2.7 Example Worksheet for Flow Rate Computation 
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2.5.2 Hydrogrcph Development 
A technique for hydrograph development which is useful 1n the design of detentionfacilltles serving 
relatively small watersheds has been presented by H.R Malcom [Malcom, Undated}. TiliS procedure 
can be used 1n conjunction with the dratnage area-cl1scharge cwves [discussed later) or the 
Rational Method. The methodology ut.1.Uzes a pattern hydrograph to obtain a curv:t.l.inear design 
hydrograph which peaks at the design flow rate and which contains a runoff volume consistent 
with the design rainfqll. The pattern hydrograph is a step function·appraximation to the cl1mcn
sionless hydrograph proposed by the Bureau of Reclamation and the Soil Conservation Seivice · 
!SCS, 1972J. 
Malcom's Method consists of the following equations: 

1n which: 

v 
T, = l.39Q, 

Q, = peak design flow rate 1n cfs 

T, = time to Q, 1n seconds 

V = total volume of runoff for the design storm in cubic feet 

Equation 2. 7 

t1 ~1.25T, Equation 2.8 

Equation 2.9 

The variables r, and q1 are the respective time and flow rates which determine the shape of the 

hydrograph. 
In Equation 2.8, the argument of the COS function must be e%pressedin radians, not degrees. 
A hydrograph plot which illustrates the parameters involved in the development of hydrographs 
using the Malcom Method 1s included as Figure 2.8. 
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FIGURE 2.8 Molcom Method Hydrograph 

2.5.2. 1 Peak Flow Rates for Hydrogrcph Development 
The peak design flow rate can be calculated clirectly, either from the Montgomery County Runoff 
Rate curves or the Rational Method. depending upon the size of the area considered. 

2.5.2.2 Total Runoff Volume for Hydrogrcph Development 
The total volume of runoff is dependent on the characteristics of the soil and the degree of 
urbanization of the area (Le. percent of1mpervious cover). Loss rate totals maybe estimated using 
the SCS Curve Number methodology developed by the Soil Conservation Service [SCS, 1972]. 
Figure 2.9 provides graphs for the determination of runoff volume for a given rainfall depth and 
SCS Curve Number. 
The SCS provides information on relating soil group type to curve number as a function of soil 
cover, land use type and antecedent moisture conditions. The SCS soil classification system uses 
four groups. as follows: 
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FIGURE 2.9 Determination ot Runoff Volume Using SCS Curve Number 
Group A: deep sand, deep loess, aggregated silts 
Group B: shallow loess, sandy loam 
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ID II 12 

Group C: clay loams. shallow sandy loam, soils low in organic content, and soils usually high in 
clay. 
Group D: soils that swell signiftcantly when wet. heavy plastic clays, and certain saline soils. 
All other factors being equal, Group A soils have the lowest runoff potential and Group D soils 
have the highest runoff potential. 
Usually. the best source of information for determ1n!ng the SCS soil group for a particular drainage 
area 1s the Soil Survey of Montgomery Col.U'l1y, Texas [SCS, 1972). 
Tables 2.10 and 2.11 of this manual lists appropriate values for the SCS Curve Number for each 
of the four SCS soil groups. The tables are also organized according to the SCS cover complex, 
which consists of three factors: land use. land treatment or practice, and hydrologic condition. 
For example. the land use for a particular area may be "Row crops". If the land treatment or 
practice 1s "Straight row'' and the hydrologic condition iS "Good", then the SCS Curve Number 
would range from 67 to 89. depending on the soil group. 
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-· ·--- TABLE 2.10 Values of SCS curve Number for Rural Areas 

Land Use Description 
Hydrolofc Soll Group: 
A C D 

Fallow 
Straight Row 77 86 91 94 

Row Crops 
Straight Row, Poor Condition 72 81 88 91 
Stra1ght Row, Good Cond1ti0n 67 78 85 89 
Contoured. Poor Condition 70 79 84 88 
Contoured. Good Condition 65 75 82 86 
Contoured and Terraced. Poor ConditiOn 66 74 80 82 
Contoured and Terraced. Good Condition 62 71 78 81 

Small Grain 
Straight Row, Poor Condition 65 76 84 88 
Straight Row. Good Condition 63 75 83 87 
Contoured. Poor Condition 63 74 82 85 
Contoured. Good Condition 61 73 81 84 
Contoured and Terraced, Poor Condition 61 72 79 82 
Contoured and Terraced, Good Condition 59 70 78 81 

Close-Seeded Legumes or Rotation Meadow 
89 Straight Row, Poor ConditiOn 66 77 85 

Straight Row. Good Condition 58 72 81 85 
Contoured, Poor Condition 64 75 83 85 
Contoured. Good Condition 55 69 78 83 
Contoured and Terraced. Poor Condition 63 73 80 83 
Contoured and Terraced. Good Condition 51 67 76 80 

Pasture or Range 
Poor Condition 68 79 86 89 

.-.. Fair Condition 49 69 79 84 
Good Condition 39 61 74 80 
Contoured, Poor Condition 47 67 81 88 
Contoured. Fair Condition 25 59 75 83 
Contoured, Good Condition 6 35 70 79 

Meadow. Good Condition 30 58 71 78 
Woods or Forest Land 

Poor Condition 45 66 77 83 
Fair Condition 36 60 73 79 
Good Condition 25 55 70 77 

Farmsteads 59 74 82 86 

Source: [Mccuen. 19821 
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TABLE 2.11 Values ot SCS Curve Number for Urban and Suburban Areas 

Byclrologic Soll Group 
Land Use Description A B C D 

Residential 
1/8 acre or less average lots (65% 1mpe1V1ous) 
1/4 acre average lots 138% impervious) 
l /3 acre average lots (35% impervious) 
l /2 acre average lots (25% impervious) 
1 acre average 1ots (200Ai impervious) 

Paved parking lots, roofs, driveways, etc. 
Streets and Roads 

Paved with curbs and storm sewers 
fil:tvel 

Commercial & Business Areas (85% ImpeIVious) 
Industrial Districts (72% Impervious) 
Open Spaces, Lawns. Parks, Golf Courses. Cemeteries, etc. 

good condition: grass cover on 75% or more 
fair condition: grass cover on 500.ib to 75% 

Source: [McCuen, 19821 

77 85 
61 75 
57 72 
54 70 
51 68 
98 98 

98 98 
76 85 
72 82 
89 92 
81 88 

39 61 
49 69 

2.5.2.3 Example of Hydrograph Development for Small Watersheds 

90 92 
83 87 
81 86 
80 85 
79 84 
98 98 

98 98 
89 91 
87 89 
94 95 
91 93 

74 80 
79 84 

As an example of the Malcom method of developing a hydrograph. we will develop a runoff 
hydrograph for the watershed used for the example application of the runoff rate curves (see 
SECTION 2.5.1.2). . 

According to Table 2.4. the 100-year, 24-hourrainfall total for Montgomery County is 12.17 incbes. 
Assume that the Soil Survey for Montgomery County indicates that the soils in the watershed are 
predominately SCS Soil Group C. The undeveloped portion of the watershed consists of woodlands 
in good condition. Therefore. according to Table 2.10, the SCS Curve Number should be about 
70. 

Referring to Figure 2.9, the total runoff volume from the undeveloped portion of the watershed is 
8.2 inches. However, there are no infiltration losses for the 5.1 % of the watershed which is 
impervious, so the runoff from that area is 12.17 inches. Therefore. the runoff volume 1n cubiC 
feet is computed as follows: 

V1 = 94.go;{i x 535 ac x 43.560 sf/ac x 8.20 in+ 12 in/ft= 15.11 m1111on cubic feet 

V1 = 5.1% x 535 ac x 43,560 sf/ac x 12.17 in+ 12 in/ft= 1.21 m.Jllion cubic feet 

v = vi + i'1 = 16.32 million cubic feet 

The time to peak is computed using Equation 2. 7: 

v 
T, = l.39Q, 

Tp = 16,320,000 cu ft+ (l.39 x 901 cu ft/sec x 60 sec/min)= 222 min 

The computed time interval for hydrograph computations is T,/10. 

t = 137 + 10 = 22 min 
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For convenience, the computed hydrograph will be based on 20-m1nute intervals. For t, :S: l.2ST,. 

(277.5 minutes). use equation 2.5. Fort;> l.25T,. (277.5 minutes), use equation 2.6. Table 2.12 

lists the computed runoff hydrograph. 
TABLE 2.12 Computed Runoff Hydrogroph for Example Watershed 

Time / (min) Time I (min) Flow Rate q (cfa) Equation Used 

0 0.00 0 2.8 
20 0.33 19 2.8 
40 0.67 73 2.8 
60 1.00 160 2.8 
80 1.33 270 2.8 
100 1.67 \395 2.8 
120 2.00 525 2.8 
140 2.33 649 2.8 
160 2.67 756 2.8 
180 3.00 838 2.8 
200 3.33 887 2.8 
220 3.67 901 2.8 
240 4.00 876 2.8 
260 4.33 816 2.8 
280 4.67 731 2.9 
300 5.00 648 2.9 
320 5.33 575 2.9 
340 5.67 510 2.9 
360 6.00 452 2.9 
380 6.33 401 2.9 
400 6.67 356 2.9 
420 7.00 316 2.9 
440 7.33 280 2.9 
460 7.67 249 2.9 

2.6 HYDROLOGIC ANALYSIS OF WATERSHEDS LARGER THAN 640 ACRES 
Hydrologic analyses of watersheds larger than 640 acres shall be completed using the HEC-1 
computer program. A stream network model which simulates the runoff response of a dralllage 
basin to rainfall over that basin can be developed with the HEC-1 computer program through the 
appropliate combination of runoff and routing computations. The followtng sections describe the 
elements required to develop a HEC-1 computer model 

2.6.1 Precipitation Data 
Design storm rainfall can be descr:ibed 1n terms of frequency, duration, areal extent and d.tstrt
bution of intensity With time. The distribution of design rainfall With respect to time is handled 
by the HEC-1 program by assuming a symmetrical. single·peaked design hyetograph (storm 
distribution). The engineer's choice of storm frequency and duration iS dependent upon the 
physical characteristics and location of the watershed, as well as the study objectlVes. In most 
cases, design computations will be based on a 24-hour duration storm even~ . 

The HEC-1 program has the capability to modify rainfall hyetographs to account for progressively 
smaller design ra.tnfall amounts as areal coverage increases. The HEC-1 users manual (HEC. 
1987) suggests methods for defining storm rainfall depth versus drainage area relationships based 
on Figure 15 in U.S. Weather Bureau Technical Paper No. 40 [Hershfield. 1961). which presents 
a means of reducing point rainfall amounts as drainage area increases. Figure 2.10 illustrates 
the storm distribution computed by HEC-1 for a 24-hour storm event In Montgomery County. 
assuming a 1-hour computation interva l 
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FIGURE 2.10 Typical HEC- 1 Storm Distribution 

It 1s often necessary to increment design rainfall hyetographs in intervals of less than one hour 
to meet the design needs of small drainage areas having short times of concentration. The TP-40 
rainfall isopluvial maps are limited to storm durations of 30 minutes or more. Table 3 ofTP-40 
then provides a method to calculate the rainfall amounts for shorter duration storms based on 
national average values. To more accurately define these rainfall quantities on a local basis, the 
National Weather Service issUed Technical Memorandum NWS Hydro-35 [Frederick. 1977). Thus, 
both TP-40 and Hyd.ro-35 are used to develop Table 2.4 in which rainfall depth vs. duratlon data 
are presented for a variety of storm frequencies. Table 2.41s also useful when utilizing the Rational 
Method. 
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2.6.2 Precipitation Loss Computations 
Only a portion of the rainfall which occurs over a watershed durtng a stomi event actually becomes 
runoff. The remainder is intercepted by infiltration. depression storage, evaporation and other 
mechanisms. The portion of rainfall which becomes runoff is termed the ucess rabifall The 
dJff crence between the observed total rainfall hyetograph and the excess ra1nfall hyetograph 1S 
termed abstraction. or loss. 
The recommended procedure for calculating abstractions 1n Montgomery County 1s the exponential 
loss rate function contained in HEC-1. Th1s is an empirical method tn which the loss rate is 
determined to be a function of both the raJnf all intensity and accumulated losses. The HEC-1 
user's manual contains a detailed discussion of the relevant equations and variables fHEC, 1981]. 
Figure 2.11 illustrates the HEC-1 exponential loss rate function and its parameters. 
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FIGURE 2. 11 HEC-1 Exponential Loss Rate Function 
Based on analyses conducted in the development of the hydrolog1c methodology for Hanis County 
and a consideration of soil characteristics 1n Montgomery County. Table 2.13 lists recommended 
values for the variables to be used with this methodology . 
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- TABLE 2.13 Recommended Values for HEC· 1 Loss Parameters 

HEC-1 Variable Name Recommended Values 

0.2 
2.5 
2.0 
0.55 

PAGE28 

STRKR 
DLKIR 
RTIOL 
ERAIN 
RI1MP (Percent Urban Development) x (Average Percent Impervious in Devel

oped Areal I l 00 

Note: The value of RI'IMP. which is expressed in percent, 1s equal to 100 ttmes the effectlve 
lmpeIVious ratio (/) in equation 2. 7. 

Typical values for the percentage of 1mpeIV1ous cover corresponding to vartous types of develop
ment are given in Table 2.14. These values should be used when only the general type of planned 
development is known: once the actual level of development has been determined for a specific 
area, a refined value should be used to reflect the actual percent of tmpeIVious cover. 
TABLE 2.14 Typical Average Values for Impervious Cover 

Type of Development 

Commercial and Business Areas 
Industrial Areas 
Residential Areas. Average lot siZe 1 /8 Acre or less 
Residential Areas, Average lot size l / 4 Acre 
Residential Areas, Average lot size l I 3 Acre 
Residential Areas, Average lot size 1 /2 Acre 
Residential Areas, Average lot size 1 Acre 

Source: SCS 1R-55 [SCS, 1986) 

2.6.3 Unit Hydrograph Procedure 

Percentage of Impervious Cover 

85 
72 
65 
38 
30 
25 
20 

Given the design storm excess rainfall. it is necessary to determine the storm runoff hydrograph 
at the point of interest utilizing the HEC-1 program. A unit hydrograph represents the hydrologt.c 
response of a watershed to excess rci.infall. The HEC-1 computer program can use several unit 
hydrograph methods, including the Clark method. Tue Hand.book of Applied Hydrology [Chow, 
1964] provides a detailed discussion of unit hydrograph theory and application. 

The Clark unit hydrograph for a drainage area 1s described by three parameters: TC, R and a 
time-area cmve. TC represents the time of concentration and R 1s a storage coeID.cient for the 
area The tlme·area curve defines the cumulative area of the watershed contributing runoff to the 
design point as a function of time. Figure 2.12 illustrates the Clark Unit Hydrograph and its 
parameters. 
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FIGURE 2.12 HEC-1 Clarie Unit Hydrograph 
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A statistical analysis ofhistortcal rainfall and runoff data taken from selected watersheds 1n Hanis. 
Fort Bend. and Montgomery- Counties was performed by Espey. Huston &Associates, Inc. in 1987 
to correlate TC and R to physical drainage area character1stlcs [EHA. 1987]. These characteristics 
include the length. slope and roughness of the basin's longest watercourse, the average overland 
slope, and the imperviousness of the basin. From this analysis. the folloWing equations were 
dertved: 

in which: 

128( !;,_)OSI (N)o.1 
TC + R = _ _,__-is_,__ __ 

(S
0
)0.11 (lOf 

TC = (TC + R) x 0.38(log S 
0

) 

R = (TC + R )-TC 

TC = Clark's time of concentration 

R = Clark's storage coefficient 

MONTGOMERY COUNTY DRAINAGc CRITERIA MANUAL 
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L = Length:. The length of the longest watercourse within the subarea to the watershed dtvide, in 
miles. · 

S = Channel Slope: The average slope of the middle 75% of the longest watercourse in the subarea, 
in feet per mile. 

N = Manning's Weighted. "n": The Manning's roughness coefficient as a weighted average value 
representative of flow roughness in the subarea's main watercourse. It should account for 
portions of the design flow contained in the overbanks as well as the main channel A rec
ommended simplifled procedure 1S to dtvide the basin into upstream and downstream halves, 
determine the representative composite "n" value for a typical section in each half, then weight 
the upstream value 25% and the downstream value 75%. 

s. = Average Basin Slope: The average slope of the land in the watershed, in feet per mile. 

I = Effective Impervious Ratio: Determined by: 

in which: 

~ = Total drainage area 

/=L(CD)xl0-2 
Ar 

C = Average percent of impervious cover of a developed area Un percent) 

D = Area that 1S developed 

Equation 2.13 

Determination of TC and R is canted out by the solution of Equations 2.10, 2.11 and 2.12. These 
parameters may then be input into the HEC-1 program to model the runoff process. A time-area 
curve is generated internally by HEC-1 unless the engineer specifies a particular time-area 
relationship. 

2.6.4 Adjustment for Ponding 
A ponding area is an area where runoff is retarded from reaching a watercourse due to 
obstructions or natural storage. Such obstructions include leveed fields (rice farms), swamps, etc. 
The presence of slgfiificant areas of ponding in a dra.tnage sub-area has a pronounced effect on 
the nature of the runo.ff hydrograph from that sub-area. Storage in ponding areas tends to cause 
peak fl.ow rates to be decreased and the' time at which the peak fl.ow occurs to be delayed. To 
account for this effect. an adjustment can be made 1n the Clark storage coefficient (R). 

The determiDation of adjusted storage coefilctents may be accomplished through a two-step 
process. First, the basic adjustment factor RM is determined using the equation: 

RM=XPr 

in which: 

P = Ponded Area: The area where leveed agricultural areas (especially rice fields) retard runoff 
from reaching a watercourse, expressed as a percentage. 

X. Y =Values defined 1n Table 2.15. 

For example, if a sub-area of ten square miles has two square miles of ponded area. the percent 
ponding would be 20%. Using the 100-year Adjustment Factor equation fron.. Table 2.15, the 
appropriate adjustment factor 1s computed as 1.80. 

For the second step of the ponding adjustment process. the basic adjustment factor RM 1s modified 
using the following equation: 
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TABLE 2.15 Coefficients tor Computing Ponding Adjustment Factor (RM) 

Storm Event 

5-Year 
10-Year 
25-Year 
50-Year 
100-Year 
500-Year 

Source: {EHA. 19871 

in which: 

x 
1.31 
1.28 
1.25 
1.23 
1.21 
1.17 

R,.=[ (RM-1.0)x( :)] + 1.0 

R,.: The modified adjustment factor 

y 

0.214 
0.199 
0.171 
0.153 
0.132 
0.086 

PAGE31 

AP = Area Ajf ected by Ponding; The total area aff ccted by ponding. including the ponded area 
itself and the area which must drain through the ponded area. expressed as a percentage of 
the total watershed area. 

If. for instance, an additional one square mile of the ten square mile sub-area drains through the 
two square mile ponding area. only 30% of the entire drainage sub-area is affected by ponding. 
The adjustment factor would thus be reduced by 70%: 

[(1.80- 1.0) x 0.30] + 1.0 = 1.24 

The adjusted Clark storage coefficient may now be computed as: 

R1o.=R xR,. 

2.6.5 Streamflow Routing Procedure 
As a flood wave passes downstream through a channel or detention facility. it is altered due to 
the effects of storage and travel tlme. The procedure for determ1n1ng how the shape of the flood 
hydrograph changes is termed.flood routing. 

Flood routing can be classified in.to two broad but related categories: open channel routtng and 
reservoir routing. Reservoir routing 1S generally used to determine the effectiveness of stormwater 
detention, which reduces downstream peak flow rates. Open channel routing is a refinement of 
the description of an area's rainfall-runoff process. It modifies the time rate of runoff due to storage 
and travel time witb.1n the channel and its overbanks . .Analysis of areas with very flat overbanks 
and wide flood plains should include channel routing to determine possible peak discharge 
attenuation and laggmg. 
The recommended technique for both channel and reservoir routing is the Mod(fied Puls method. 
The Modified Puls method is based on the assumption of an invariable discharge-storage rela
tionship and a constant level pool in the storage reach of interest. The HEC-1 program provides 
a routine for this flood routing technique. The required storage-dJscharge relationships for this 
routing technique. can be obtained through use of the HEC-2 backwater program for a variety of 
flow conditions. Care must be taken in developing these storage-d1Scharge relationships With 
HEC-2. Cross-sections should be provided to adequately define all of the flood plain storage 
available at vartous water levels. However, only the effective area of the cross-section should be 
used to establish the proper discharge-water level relationship. For a detailed discussion of the 
Modified Puls routing technique and other methodologies. the engineer is referred to the Handbook 
of Applied Hydrology [Chow, 1964]. 
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2.6.6 Example of HEC-1 Anolysls 
Figure 2.13 presents an example watershed and illustrates the methods used to determine values 
of the various watershed parameters. Table 2.16 lists the pertinent data for the watershed. 

TABLE 2.16 Parameters tor Example Watershed 

Watershed Parameter 

Watershed Area 
Percent Urban Development 
Average Basin Slope 
Average Channel Slope 
Longest Water Course Length 
Ponded Area 
Area Affected by Ponding 

PONDED AREA = 
.!C7 sq. Mil. 

2000' 

AREA AFFECTED BY 
PONDING D .J9B SQ. Mi. 
TOTAL BASIN AREA 2.13. 

MIDDLE 75/. OF LONGEST 
VATERCDURSE 120-65 Pt 
AVG. SLOPE CS) = 2.04 tii.<.75) '" 25.8 r\r 

AVERAGE BASIN SLOPE 
(So) ~ 36 ft,/MI, 

FIGU!lE 2.13 Example Watershed Map 

Symbol 

A 
D 
s. 
s 
L 
p 

Value 

2.13 sq mi 
57% 
36 ft/mi 
25.8 ft/mi 
2.84mi 
0.107 sq mi= 5.02% 
0.198 sq mi = 9.30% 

DENSITY OF EXISTING AND 
PROJECTED DEVELOPMENT 
YE!LDS 357. IMPERVIOUS 
COVER 

The composite "n" value for the watershed is computed considering average channel cross-sections 
1n the upstream and downstream portions of the watershed. Figure 2.14 illustrates an average 
channel cross-section in the upstream portion of the watershed. For the example watershed. this 
cross-section represents about 25% of the total channel length. At this cross-section, approxi
mately 65% of the total flow occurs in the main channel. Therefore the composite "n" value for 
the upstream cross-section iS: 
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0.65(0.04) + 0.35(0.10) ::: 0.061 

n 0.10 n = 0.04 n 0.10 

297 sq ft 499 sq ft 

o.reo. = 633 sq ft 
AGURE 2.14 Average Upstream Channel Cross-Section 

Figure 2.15 illustrates an average channel cross-sCctlon in the downstream portion of the 
watershed. For the example watershed, this cross-section represents about 75% of the total 
channel length. At this cross-section. approximately 55% of the total flow occurs in the main 
channel. Therefore the composite "n" value for the downstream cross-section is: 

0.55(0.04) + 0.45(0.06) ::: 0.049 

The composite "n" value for the entire channel is computed as follows: 

N = 0.25(0.061)+0.75(0.049) = 0.052 

n = 0.06 n = 0.04 n = 0.06 

o.reo. = 854 sq ft o.rea. = 1374 sq ft a.rec. = 808 sq ft 

FIGURE 2.15 Average Downstream Channel Cross-Section 

The Percent Impervious. 1. is computed from the percent urban development for the watershed 
by multiplying the percent urban development by 0.35. Fully developed areas of the watershed 
are assumed to be 35% impervious: 

1 = 0.57 x 0.35 = 0.20 

The value of TC+ R is computed using Equation 2 .10: 

( 
i.M )OSI 01 

128 .nrr (0.052) . 128 x 0.3725 x 0.09393 
TC +R = - - = 1 91 

(36)0.11 (10)0.:11> 1.4832 x 1.5849 . 

The Clark time of concentration. TC. is computed using Equation 2.11: 
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TC= 1.91x0.38(log36)=1.16 

The Clark watershed storage coefficient, R. is computed using Equation 2.12: 

R = 1.91- 1.16 = 0.75 

For the 100-year frequency storm, the Ponding Storage.Adjustment Factor, RM, is computed using 
the 100-year equation from Table 2.15: 

RM = 1.21 (5.02)o.u = 1.49 

The Mod1fled Storage Adjustment Factor, RM, is computed as follows: 

RM = [(1.49 - 1.0) x 0.()C)3] + 1.0 = 1.05 

The Mod1fled Clark watershed storage coefficient. R. is computed as follows: 

R = 0.75x1.05 = 0.79 

Figure 2 .16 illustrates the HEC-1 output from the analysis of the sample watershed for the 24-hour 
duration, 100-year frequency storm event, under proposed conditions. 
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SECTION 3 
OPEN CHANNELS 

ThiS section summanzes the pract1Cal considerations. technical prtnciples, and crttcrta necessary 
for proper design of open channels. The ana.lys1s of open channel flow also aids in detemnnmg 
other flow-related concerns. such as culvert tailwater depths, time of concentration calculations 
(travel ttmes), and flood elevations. 
In a major drainage system, open channels offer stgnUlcant advantages over closed conduits in 
regard to cost. flow capacity, flood storage, recreation, and aesthetics. However. open channels 
require considerable right-of-way and maintenance. Careful consideration must be given 1n the 
destgn process to insure that disadvantages are m1nlm1zed and benefits are mmdmiZed. When a 
design approach not covered in th1s manual is to be used. it should be reviewed and d1scusscd 
with the Montgomery County Drainage Administrator prior to commencing SigDificant portions 
of the design effort. 

3.1 OPEN CHANNEL HYDRAULICS 
Open-channel flow may be classified into a number of dJff erent types. Flow in an open channel 
1s said to be steady when the depth offlow does not change with time. The flow 1s termed unsteady 
1f the flow depth does change With t1me. Open-channel flow is said to be uniform. 1f the depth of 
flow is the same at all points along the channel. Non-wi(fonnflow occurs when the depth fluctuates 
from point to point along the channel 
Steady uniform flow is the type of flow assumed for most open-channel hydraulics problems. 

3. 1. l Critlccl Depth 

The celerity of small gravity waves in a shallow channel iS gtven by the term ..fiY where y is the 
depth and g is the gravitational constant. When the velocity of flow 1n a channel is equivalent to 
the velocity of a gravity wave, cri.ticaljlow at critical depth exists. Flow at or near critical depth 
is characterized by 1nstability and should be avoided 1n channel design except at specific flow 
transition points such as weirs and sluice gates. Near critical flow. small changes 1n hydraulic 
conditions will cause exaggerated changes 1n flow depth and velocity. 

From open channel hydraulics theory it is given that specffic energy (E = y + V212g) is at a minimum 
when the depth is critical. By differentiating the expression for specific energy and further 
manipulating the resulting equation. the depth (y) becomes crttical depth (y,) and the follow:tng 
expression is obtained for application to a trapezoidal channel: 

1n which: 

b = channel bottom width (ft) 

Q (by,+ z(y,)'')1"' 
..rg= ...)b+2zy. 

g = acceleration of gravity (32.2 ft/sec2
} 

y, = critical depth (ft) 

Q = discharge (cfs) 

Equation 3.1 

z = channel side slope where z equals the hortiontal displacement for one urut of vertical dis
placement. 
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,,-.... Thus, 1f Q, z, and b are known. the critlcal depth can be determined by solving Equation 3.1 to 
find y < by trial. 

3.1.2 Sub-crftlcal or Super-critical Flow 
When the velocity of flow Jn a channel exceeds the velocity at crttlcal depth, the flow is super
critical When it is less than this value, the flow is sub-crftfcal. Super-critical flow 1s generally 
characterized by high velocilles and shallow depths, while sub-critical flow is charactertzed by 
slower veloeities and greater depths. The most important d.1stinction between these two states of 
flow is that the effect of a disturbance Jn the channel. such as a brtdge constrtction, cannot be 
propagated upstream 1n super-crttical flow as it can in sub-crttlcal flow. Therefore, sub-crttical 
flow 1s controlled by downstream channel conditions while super-crttlcal flow is controlled by 
upstream channel conditions. 

3.1.3 The Manning Equation 
The Manning equation 1s an empirtcal relationship which relates friction slope. flow depth, channel 
roughness, and channel cross* sectional shape to flow rate. The .friction slope is a measure of 
the rate at which energy ts being lost due to channel resistance. When the channel slope and the 
friction slope are equal (S1=S0 ) the flow iS uniform and the Manning equation may be used to 
determine the depth for uniform flow, commonly lmown as the nonnal depth. 
The Manning equation is as follows: 

V=(1:9}21l~ Equation 3.2 

or 
Equation 3.3 

in which: 

Q =total discharge (cfs) 

V =velocity of flow (ft/sec) 

11 = Manning coefficient of roughness 

A = cross-sectional area of the flow (ft2) 

R = hydraulic radius of the channel (ft) (flow area/wetted pertmeter) 

S1 = friction slope, the rate at which energy is lost due to channel resistance 

Normal depth may be determined by using Equation 3.3. The area (A) and the hydraulic radius 
(R) are written in terms of the depth (y.). Knowtng the discharge (Q), Manning "n" value, and the 

channel slope (S.J. Equation 3 .3 can be solved by trial to find normal depth (y.). Exhibit l in 

AppendJx A of this manual provides a nomograph for the solution of Equation 3.3 for trapezoidal 
channels. 

3. 1.4 Manning "n" Values 
Manning "n" value ts an experimentally dertved constant which represents the effect of channel 
roughness ln the Manning equation. Considerable care must be given to the selection of an 
appropriate "n' value for a given channel due to its significant effect on the results of the Manning 
equation. Tables 3.1 through 3.3 provide a listing of "n" values for vartous channel conditlons. 
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TABLE 3.1 Manning Roughness Coefficient for Uned or BulH-Up Channels 

Type of Channel and Description Minimum Normal Maximum 

Metal 
Unpainted Smooth steel surface 0.011 0.012 0.014 
Painted smooth steel surface 0.012 0.013 0.017 
Corrugated metal 

Cement 
0.021 0.025 0.030 

Neat, surface 0.010 0.011 0.013 
Mortar 0.011 0.013 0.015 

Wood 
Planed. untreated 0.010 0.012 0.014 
Planed. creosoted 0.011 0.012 0.015 
Unplaned 0.011 0.013 0.015 
Wood plank with battens 0.012 0.015 0.018 
lined With roofing paper 0.010 0.014 0.017 

Concrete 
Trowel finish 0.011 0.013 0.015 
Float flru.sh 0.013 0.015 0.016 
Fl.nished, with gravel on bottom 0.015 0.017 0.020 
Unfinished 0.014 0.017 0.020 
Gunite concrete. good section 0.016 0.019 0.023 
Gunite concrete. wavy section 0.018 0.022 0.025 
Concrete on good excavated rock 0.017 0.020 
Concrete on irregular excavated rock 0.022 0.027 

Concrete bottom float 
finished with sides of dressed stone 1n mortar 0.015 0.017 0.020 
finished With sides of random stone in mortar 0.017 0.020 0.024 
finished with Sides of cement rubble masoruy, plastered 0.016 0.020 0.024 ,-. finished with sides of cement rubble masomy 0.020 0.025 0.030 
ftnished with sides of dry rubble or rip-rap 0.020 0.030 0.035 

Gravel bottom 
sides of Formed concrete 0.017 0.020 0.025 
sides of Random stone in mortar 0.020 0.023 0.026 
sides of Dry rubble or rip-rap 0.023 0.033 0.036 

Brick 
Glazed 0.011 0.013 0.015 
in cement mortar 0.012 0 .015 0.018 

Rubble Masonry 
Cemented 0.017 0.025 0.030 
Dry 0.023 0.032 0.035 

Dressed ashlar 0.013 0.015 0.017 
Asphalt 

Smooth 0.013 0.013 Ro1h 0.016 0.016 
Vegetate lining 0.030 0.500 

Source: [Chow, 1959] 
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TABLE 3.2 Menning Roughness Coefficient for Excavated or Dredged Channels 

Type of Channel and Description MJntmum Normal Ma:Dmum 

Earth. straight and uniform 
Clean, recently completed 0.016 0.018 0.020 
Clean, after weathering 0.019 0.022 0.025 
Gravel, uniform section, clean 0.022 0.025 0.030 
With short grass, few weeds 0.022 0.027 0.033 

Earth, Winding and sluggish 
No vegetation 0.023 0.025 0.030 
Grass, some weeds 0.025 0.030 0.033 
Dense weeds or aquatic plants 1n deep channels 0.030 0.035 0.040 
Earth bottom and rubble Sides 0.028 0.030 0.035 
Stony bottom and weedy banks 0.025 0.035 0.040 
Cobble bottom and clean sides 0.030 0.040 0.050 

Dragllne-excavated or dredged 
No veietatlon 0.025 0.028 0.033 
Light rush or banks 0.035 0.050 0.060 
Rock cuts 

Smooth and uniform 0.025 0.035 0.040 
Jagged and irregular 0.035 0.040 0.050 

Channels not maintained, weeds and brush uncut 
Dense weeds. high as flow depth 0.050 0.080 0.012 
Clean bottom, brush on sides 0.040 0.050 0.080 
Same, highest stage of flow 0.045 0.070 0.110 

Dense brush, high stage 0.080 0.100 0.140 
Source: [Chow, 1959) 

TABLE 3.3 Menning Roughness Coefficient for Minor Natwal Streams 

Type of Channel and Description MJnlmum Normal Ma:Elmum 

a. Streams on pla1n 
1. Clean, straight. full stage. no rifts or deep pools 0.025 0.030 0.033 
2. Same as above, but some stones and weeds 0.030 0.035 0.040 
3. Clean, w1nd.1ng, some pools and shoals 0.033 0.040 0.045 
4. Same as above, but some weeds and stones 0.035 0.045 0.050 
5. Same as above, lower stages, more ineffective slopes and 
sections 

0.040 0.048 0.055 

6. Same as 4. but more stones 0.045 0.050 0.060 
7. Sluggish reaches, weedy, deep pools 0.050 0.070 0.080 
8. Very weedy reaches, deep pools, orfloodways with heavy 0.075 0.100 0.150 
stand of timber and underbrush 

b. Mountain streams, no vegetation in channel. banks usually 
steep, trees and brush along banks submerged at high stages 
1. Bottom: gravels, cobbles, and few boulders 0.030 0.040 0.050 
2. Bottom; cobbles with large boulders 0.040 0.050 0.070 

Source: [Chow, 1959) Note: A "minor stream" is one which has a top width of less than 100 feet 
at flood stage. 

TABLE 3.4 Manning Roughness Coefficient for Major Natural Streams 

Type of Channel and Description Minimum Normal Ma:Elmum 

Regular section With no boulders or brush 
Irregular and rough section 

0.025 
0.035 

0.060 
0.100 

Source: [Chow, 1959] Note: A major stream is one With a top width of more than 100 feet at flood 
stage. The n value is less than that for minor streams of similar description because banks offer 
less effective resistance. 
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TABLE 3.5 Manning Roughness Coefficient for Aood Plains 

Type of Channel and Description Minimum Normal Ma%imum 

Pasture, no brush 
Short grass 0.025 0.030 0.035 
High grass 0.030 0.035 0.050 

Cultivated areas 
No crop 0.020 0.030 0.040 
Mature row crops 0.025 0.035 0.045 
Mature field crops 0.030 0.040 0.050 

Brush 
Scattered brush. heavy weeds 0.035 0.050 0.070 
Llght brush and trees, 1n winter 0.035 0.050 0.060 
Llght brush and trees, 1n summer 0.040 0.060 0.080 
Medium to dense brush, 1n winter 0.045 0.070 0.110 
Medium to dense brush, 111 summer 0.070 0.100 0.160 

Trees 
Dense willows. summer, straight 0.110 0.150 0.200 

0.030 0.040 0.050 Cleared land with tree stumps, no sprouts 
Same as above. but with heavy growth of sprouts 0.050 0.060 0.080 
Heavy stand of timber. a few down trees. little undergrowth, 0.120 0.080 0.100 
flood stage below branches 
Same as above, but with flood stage reaching branches 0.100 0.120 0.160 

Source: [Chow, 1959) 

TABLE 3.6 Parameters Used in Computing Manning Roughness Coefficient 

Parameter Accounts for 

~ Channel Material 

111 Degree of Irregularity 

Variation of Channel Cross-Section 

Relative Effect of Obstructions 

n, Vegetation 

m Degree of Meandering 

Source: !Chow, 1959] 

Representative Values 

0.020 for Earth 
0.025 for Rock Cut 
0.024 for F1ne Gravel 
0 .028 for Coarse Gravel 
0.000 for Smooth 
0.005 for Minor Irregularities 
0.010 for Moderate Irregulartties 
0.010 for Severe Irregufarttles 
0.000 for Gradual Variations 
0.005 for AlternatlnS! Occasionally 
0.010 to 0.015 for Alternating Frequently 
0.000 for Negllgible Obstrnctions 
0 .010 to 0 .015 for Minor Obstructions 
0.020 to 0.030 for Appreciable Obstructions 
0.040 to 0.060 for Severe Obstructions. 
0.005 to 0.010 for Low Vegetation 
0.010 to 0.025 for Medium Vegetation 
0.025 to 0.050 for High ~egetation 
0.050 to 0 .100 for Very High Vegetation 
1.000 for Minor Meandering 
1.150 for Appreciable Meandertng 
1.300 for Severe Meandering 

Equation 3.4 presents a method to compute a composite roughness coefficient based on various· 
channel charactertstics [Chow. 1959]. 

n = (!lo+ 11.i + n, + n, + nJm Equation 3.4 
1n which: 
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n = Computed Value of Mannmg Roughness Coefficient 

Table 3.6 defines and lists representative values for the other terms 1n the equation. 

3.2 OPEN CHANNEL DESIGN 
The proper hydraulic design of a channel 1s of prtmary importance 1n insurtng that fioodmg. 
sedimentation and erosion problems do not occur. The following general cr1terta should be utiltzed 
1n the design of open channels. 

3.2.1 Design Frequencies for Open Channel Design 
All open channels 1n South Montgomery County shall be designed to contain the runoff from the 
100-yearfrequency 24-hour duration storm within the right-of-way. In addition, the channel must 
be designed to have sufficient free board to provide for adequate drainage of lateral storm sewers 
durtng the 25-year storm. 
In those cases where channel modifications are necessary to control increased flow from proposed 
development. proposed water surf ace profiles are rest:r1ct.ed such that the 100-year flood profile 
under existing conditions shall not be increased. If the capacity of the existing channel downstream 
of the project ts less than the 100-year design discharge. consideration shall be given for more 
frequent events to ensure that the severity and frequency of downstreamfloodJng are not increased. 

3.2.2 Required Documentation for Open Channel Designs 
The followmg information must be submitted to the Montgomery County Drainage Administrator 
for the design of open channels: 
1) Vicinity Map: A Vicin.ity map of the site and subject reach. The subject reach 1s the stretch 

of channel necessary for any altered flow profile to match the upstream and downstream 
existing profiles. 

2) Slte Map: A detailed map of the area and subject reach with all pertinent physiograph1c 
information. 

3) Watershed Map: A watershed map showing existing and proposed drainage area boundaries 
along with all sub-area delineations and all areas of existing or proposed development. 

4) Discharge Calculations: Discharge calculations specifying the methodology and key 
assumptions used. along with computed d.1scharges at key locations. 

5) Hydraulic Calculations: Hydraulic calculations specifying the methodology used. All 
assumptions and values of design parameters must be clearly stated. 

6) Plotted Stream Profile: A stream profile of the subject reach which includes the followtng: 
al All pertinent water surface profiles. nus will minllnal.ly include the 25-year and 100-year 

frequency floods for both existing and proposed conditions. 
bl All existing and proposed bridge. culvert and pipeline crossings. 
c) The locations of all tributary and drainage confluences. 
di The locations of all hydraulic structures (e.g. dams, weirs, drop structures, etc.). 

7) Right-of-way Map: A right-of-way map illustrating all existing and proposed channel 
rights-of-way. 

8) Benchmark Information: A description of the benchmark used in obtaining field survey 
data. incJuding the location, elevation, datum, and year of adjustment 

9) Plotted Cross-Sections: Typical existing and proposed cross-sections. 
10) Soils Report: A soils report which addresses erosion and slope stability. 
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3.2.3 Channel Flow Velocltles 
Excessive flow velocities 1n open channels can cause erosion and destabilize side slopes, and may 
pose a threat to safety. Velocities which a.re too low may allow the deposition of sediment and 
subsequent channel clogging. Table 3. 7 provtdes desirable average and maximum allowable 
velocities based on 25-year flow rates. 

TABLE 3.7 Allowable 25-Year Flow Velocities for Channel Design 

Channel Description 

Grass Lined: Predominantly Clay Soil 
Grass Lined: Predominantly Sand Soil 
Rip-rap Lined 
Concrete Lined 

Source: {HCFCD, 19841 

3.2.4 Channel Flow·line Slope 

Average Velocity 
(Feet Per Second) 

3.0 
2.0 
5 .0 
6.0 

Maximum Velocity 
(Feet Per Second} 

5.0 
4.0 
8.0 
10.0 

Slope of the channel flow-line (invert) ls generally governed by topography and the energy head 
required for flow. Since flow-line slope directly affects channel velocities, channels should have 
sufficient grade to prevent stgnificant siltation. However. slopes should not be so large as to create 
erosion problems. In Montgomery County, the minimum recommended channel fl.ow-line slope 
ls 0 .05 percent. The use of flatter slopes must be approved by the Montgomery County Drainage 
Administrator. The maximum channel invert slope will be limited by the maxnnum flow velocities 
given in Table 3. 7. Approprtate channel drop structures may be used to limit channel invert slopes 
in steep areas. 

3.2.5 Channel Side Slope 
In grass-lined channels, the normal maximum side slope will be 3 horizontal to I vertical (3: 1), 
which is the practical limit for moWing equipment. In some areas, local soil conditions may dictate 
the use of side slopes flatter than 3: l to ensure slope stability. 

3.2.6 Channel Bottom Width 
In grass-lined channels. the m1n1mum channel bottom Width shall be s:tx (6} feet. In concrete-lined 
channels. the m1n1mum bottom width shall be eight (8) feet. 

3.2.7 Mc:mnlng Roughness Coefficient 
The values of the Manning roughness coefficient listed in Table 3.8 should be used in the design 
of channel .Improvements. Alternative values should be discussed With the Montgomery County 
Drainage Adml.n1strator. 
TABLE 3.8 Manning Roughness Coeffieient for Improved Channels 

Channel Cover 

Grass-lined 
Concrete-lined 
Rip-rap-lined 
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3.2.8 Channel Transitions 
Expansions and contractions should be designed to create rntntmal flow disturbance and thus 
m!nfmal energy loss. Transition angles should be less than 12 degrees. or about five units parallel 
to the channel center-ltnc to 1 unit perpendicular to the invert (5: 1). When connecting rectangular 
to trapezoidal channels, a warped or wedge-type transitlon 1S recommended. 

3.2. 9 Channel Confluences 
The angle of interscctlon between tributary and main channels should be between 15 degrees and 
45 degrees. Angles in excess of 45 degrees are permissible but are cUscouraged. Angles 1n excess 
of 90 degrees are not perm!tted. 

3.2.10 Channel Bends 
In general, center-line curves should be as gradual as possible and not have a radius ofless than 
three times the design top width. A smaller radius may be used where erosion protection is 
provided. but the radius may not be less than 100 feet. The maximum deflection angle for any 
cuive in a man-made channel should be 90 degrees. 

3.2. 11 Channel Maintenance 
Due consideration must be given to the maintainability of man-made channels. Channel designs 
which incorporate measures that may hinder the efforts of maintenance personnel should be 
avoided. Sufficient right-of-way should be provided to allow easy access by maintenance equip
ment. 

3.2.12 Channel Erosion Control 
Erosion protection is necessary to insure that channels maintain their capacity and stability and 
to avoid excessive transport and deposition of eroded material The three ma1n parameters which 
affect erosion are vegetation, soil type, and the magnitude of flow velocities and turbulence. In 
general, silty and sandy soils are the most vulnerable to erosion. 
The necessity for erosion protection should be anticipated 1n the following settings: 

1) Channel Bends: Areas of channel cmvature. espee1ally where the radius of the curve is less 
than three times the design flow top width. 

2) Bridges: Around bridges where channel transitions create increased flow velocities. 

3) Steep Sections: When the channel iD.vert is steep enough to cause excessive flow velocities. 
4) Sheet Flow: Along grassed channel side slopes where significant sheet flow enters the channel 

laterally. 
5) Channel Confluences: Where tributaries enter a channel 
6) Erosion· Prone Soils: In areas where the soil is particularly prone to erosion. 
Sound engineering judgement and experience should be used in locating areas which requ1re 
erosion protection. It 1S often prudent to analyze potential erosion sites folloWing a sign:lftcant 
storm event to pinpoint areas of concern. SECTION 6 of this manual contains detailed information 
on requirements for erosion control in open channels. 

3.2.13 Minimum Requirements for Grass-Lined Channels 
Figure 3.1 illustrates a cross-section of a typical grass-lined channel. The following are min1mum 
requirements to be used in the design of all grass-lined channels: 
1) Channel Side Slopes: Maximum (steepest) side slopes shall be 3:1. Slopes flatter than 3:1 

may be necessary in some areas due to local soil conditions. 
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2) Channel Bottom Width: M1n1mum bottom width is six (6) feet 
3) Channel Right-or-way: A minimum mamtenance berm is rcqwred on both sides of the 

channel The Width of the berms shall be between 15 and 30 feet depending upon channel 
size. For channel top Widths of 30 feet or less, 15-foot berms arc acceptable; for top Widths 
between 30 and 60 feet. 20-foot berms are required: and for top widths of 60 feet or ~ter, 
30-foot berms are required along both sides of the channel The elevation of the top of the 
berm should be at natural ground along the channel reach. See Table 3.10. · 

Req1w1ired 

Min. 

FIGURE 3.1 Typical Section - Grass-Uned Trapezoidal Channel 

4) Channel Backslope Drains: Backslope interceptor structures are necessary at a maximum 
spacing of 800 feet to prevent sheet fl.ow over the ditch side slopes. 

5) Channel Erosion Control: Channel slopes must be revegetatedimmediately after construction 
to mtntmize erosion. 

6) Ditch Interceptor Structures: Flow from roadside ditches must be conveyed to the channel 
through a roadside ditch interceptor structure and pipe. See the ditch interceptor structure 
and pipe detail on Figure 6.3 of this manual. 

7) Geotechnical Report: Unless waived by the Montgomery County Drainage Admlnistrator. a 
geotechn.ical investigation and report must be provided. 

3.2.14 Minimum Requirements for Concrete-lined Trope:oidol Channels 

::3 

~· 
20'-0' 

·1 

I. 8' riin. I 
' (or o.ny lo.rger 2 foot 

inc r e Me nt > 

FIGURE 3.2 Typical Section - Concrete-Lined Trapezoidal Channel 

10'-0' ~ ,. ·~ 

Figure 3.2 illustrates a cross-section of a typical concrete-lined channel. All partially or fully 
concrete-llned trapezoidal channels must meet or exceed the followmg minimum design 
requirements: 

.-. 1) Class A Concrete: All concrete shall be Class A concrete unless noted otherwise. 
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- 2) Channel Bottom Width: Fully lined cross-sections shall have a m1nimum bottom width of 
eight (8) feet 

3) Channel Rllbt-of-Way: A m1nimum maintenance berm 1s required on both sides of the 
channeL The width of the berm will be 20 f cet on one side of the channel and 10 feet on the 
other side. The elevation of the top of the berm should be at natural ground along the channel 
reach. See Table 3.10. 

4) Reinforcement: Concrete slope protection shall have the m1nimum thickness and rc1n
forcement lndicated ln Table 3.9. Cast-in-place concrete side slopes should not be steeper 
than 1.5:1. 

TABLE 3.9 Minimum Thickness and Reinforcement for Concrete Slope Paving 
Channel Side Slopes Minimum 

(H:V) Concrete Thickness MJnfmum. Reinf'orcement 

3: l 4 inehes 6 x 6 x W2.9 x W2.9 welded wire fabrtc 
2: l 5 inches 6 x 6 x W4.0 x W4.0 welded wire fabric 

1.5: l 6 inches 4 x 4 x W4.0 x W4.0 reinforcement 

Note: Reinforcement equivalent to the stated m1nimum will be acceptable. 
5) Toe Walls: All slope paving shall include a m1nimum 18-inch toe wall at the top and sides 

and a 24-inch toe wall across or along the channel bottom for clay soils. In sandy soils, a 
36-inch toe wall is required across the channel bottom. 

61 Backslope Drains: In instances where the channel is fully lined, backslope drainage structures 
may not be required. Partially lined channels will require backslope drainage structures. 

7) Weep Holes: Weep holes shall be used to relieve hydrostatic head behind llned channel sec
tions. The specific type, spacing and construction method for the weep holes w1ll be based on 
the recommendations of the geotechnical report. 

8) Seal Slab: Where construction 1s to take place under muddy conditions or where stand1ng 
water 1s present. a seal slab of Class C concrete shall be placed in the channel bottom prior 
to the placement of concrete slope paving. 

9) Control Joints: Control.Joints shall be provided at a spacing of approx:imately twenty-five feet 
on center. The use of a sealing agent shall be utilized to prevent moisture infiltration. 

3.2.15 Minimum Requirements for Rectangular Concrete Pilot Channels 
Figure 3.3 illustrates a cross-section of a typical concrete-lined channel with a rectangular low 
flow section. For purposes of illustration only, the channel in Figure 3.3 has one concrete-lined 
slope and one grass-lined slope. Normally, both slopes would be either concrete-lined or grass
lined. In areas where it 1s necessary to use a vertical-walled rectangular section, the folloWing 
m1nirnum requirements are to be addressed: 
1) Class A Concrete: All concrete shall be Class A concrete unless noted otherwise. 
2) Reinforcement: The structural steel design should be based onASTMA-615, Grade 60 steel. 
3) Channel Bottom Width: Minimum bottom width shall be eight (8) feet. 
4) Channel Bottom Slope: For bottom widths twelve (12) feet or greater. the channel bottom 

shall be graded toward the channel center line at a slope of 1 /2 inch per foot. 
5) Vertical Wall Height: Min1mum height of vertical walls shall be four (4) feet. Heights above 

this shall be in two (2} foot inc--ements. Exceptions shall be on a case by case basts. 

6) Escape Stairways: Escape stairways shall be located at the upstream side of all street 
crossings, but not to exceed 1.400 feet intervals. 
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FIGURE 3.3 Typical Section • Concrete-Lined Low Flow Channel 
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7) Future Slope Paving: For rectangular concrete pilot channels with grass side slopes. the 
top of the vertical wall should be constructed to allow for future placement of concrete slope 
paving. 

8) Weep Holes: Weep holes should be used to relieve hydrostatic pressures. The specific type, 
spacing and construction method for the weep holes will be based on the recommendations 
of the geotechnical report. 

9} Seal Slab: Where construction is to take place under muddy conditions or where standing 
water .Is present, a seal slab of Class C concrete should be placed 1n the channel bottom prior 
to the placement of concrete slope paving. 

30'-0' 

\ \ 
Bacl<slope Dr"ain L 

~ 

UnUnec:i sic:le 

rn 
Vo.,-;o.ble slope 
Mdx. 1-L/2•1 

FIGURE 3.4 Concrete-Lined Low Flow Channel with Maintenance Shelf 
l 0} Maintenance Shelves: Concrete pilot channels may be used in combination with slope paving 

or a maintenance shelf. as illustrated in Figure 3.4. Horizontal paving sections should be 
analyzed as one·way paving capable of supporting maintenance equipment havtng a con
centrated wheel load of up to 1.350 lbs. 

11) Control Joints: Control joints shall be provided at a spacing of apprOX1mately twenty-five 
feet on center. The use of a sealing agent shall be utilized to prevent moisture infiltration. 
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12) Structural Calculations: Structural calculations shall be provided for all concrete pilot 
channels. 

3.3 CHANNEL RIGHT·OF·WAY REQUIREMENTS 
The amount of right-of-way required for open channels shall be based on full development of the 
watershed and is dependent on channel top Width and channel type (grass-Uncd or concrcte-llned) 
as rcqu1red to accommodate the discharge rcsulttng from the 100-year, 24-hour rainfall event. 
Adequate area must be set aside for both the channel itself and the adjacent berm required for 
channel maintenance. Minimum right-of-way requirements for Montgomery County include the 
channel top width from bank to bank plus the maintenance berm areas on both Sides and shall 
be dedicated at the time of platting of the adjacent property. However, 1f additional right-of-way 
is required to serve upstream development prior to downstream platting, sufficient right-of-way 
must be dedicated to accommodate the improved channel and provide adequate maintenance 
berms. See Table 3.10. 

TABLE 3.10 Channel Right-of ·Woy Requirements 

Channel Type Top Width Maintenance Berm Width 

Grass-Lined Less than 30 feet 15 feet on both sides · 
Grass-Lined 30 feet to 60 feet 20 feet on both sides 
Grass-Lined 60 feet or greater 30 feet on both sides 
Concrete-Lined All 10 feet on one side, 20 feet on one side 

Note: If concrete linmg does not extend all the way up to the top of bank. the maintenance berm 
requirements for grass-lined channels apply. 

3.4 CHANNEL WATER SURFACE PROFILE COMPUTA1'10NS 
Several methods exist which can be used to compute water-surface profiles in open channels. 
The methodology selected depends on the complexity of the hydraulic design and the level of 
accuracy desired. 

For an existing or proposed channel with flow confined to uniform cross-sections, a hand
calculated normal depth or direct step computation is sufficient. Manning's equation should be 
used for computing normal depths. For evaluating non-uniform channels for exi.Sting conditions 
or designing a proposed channel with flow in the overbanks, the standard step method 1s rec
ommended. 

Two computer programs which make use of the standard step method are available: the HEC-2 
program developed by the U.S. Army Corps of Engineers and the WSP-2 program developed by 
the Soil ConseIVation Service. The use ofHEC-2 is encouraged because it is widely accepted and 
it offers flexibility 1n designing channels. The program also offers special enhancements which 
allow the determination of head losses at bridges and other structures. 
If an alternative design methodology, equation, or procedure not presented in th1s manual is 
applied to a specific problem, approval should be obtained from the Montgomery County Drainage 
Administrator prior to initiation of the analysis. 

3.4.1 Orientation of Channel Cross·Sectlons 
Channel cross-sections should be oriented from left to right, With these directiOns determined 
while looking downstream. Each segment of the cross-section should generatly be aligned so that 
it is perpendicular to the direction of flow across that segment. The end points of each cross-section 
should be higher than the computed energy grade llne elevation. 
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3.4.2 Channel Stationing 
Channel stationing should begtn With 0+00 at the downstream end of the channel (usually at the 
flow-line of the stream into whieh the channel being surveyed empties) and increase 1n the 
upstream direction. Stationing should be measured along the flow-line of the channel Channel 
cross-sections should be identified by the channel station at which the cross-section intersects 
the channel center-l1ne. · 

3.4.3 Channel Cross-Section Spacing 
The spacing of channel cross-sections is very important. as it can have a significant impact on 
computations of water surface elevations. In general, the maximum distance between cross
sections should be 500f eet for unimproved channels and 2 ,000 feetforlln.proved. regular channels. 
These distances should be measured along the center-llne of the stream. Additional cross-sections 
should be inserted wherever ctiscont1nu1ties or irregularities are encountered. These include 
transitions. curves and bends. drop structures. bridges. and culvert crossings. 

3.4.4 Number of Data Points 
A minimum of five (5) points is usually required for the channel portion of a surveyed cross-section. 
This includes one point at the top of each channel bank. one point at the toe of each side slope, 
and one point at the channel flow-llne. Additional points may be required when discontinuities 
1n channel cross-sections are encountered. Conversely, there arc some situations 1D which fewer 
points are required. The number of cross-section points required for overbank areas is dependent 
on the width of the cross-section and on the character of the terrain 1n the overbank. As a general 
rule. enough points should be obtained to give a true representation of the channel shape and 
overbank terrain. and to define any breaks or discont1nu1tles 1D topography which may exist. 

3.4.5 Starting Water-Surface Elevation 
The starting elevation for water surlace profile computations may be spec1fied in one of three ways: 
(1) as critical depth. (2) as a known elevation. and (3) by the slope-area method. Starting at critical 
depth 1s appropriate only at locations where critical or near-critical flow conditions are known to 
exist for the range of discharges being computed, e.g., a drop stiucture or weir. 
When an accurate rating curve is available, the appropriate starting elevation can be specified as 
a known value. Alternatively, the starting elevation may be specified as the water surface elevation 
1n the receMng stream. Care must be exercised when usmg the latter approach. however. It ts 
important to make sure that the use of the water surface elevation ma receiving stream does not 
result in a coincident storm frequency greater than the design storm frequency for the stream 
being analyzed. For instance. the use of 100-year flow rates 1n the analysis of a trtbutary stream 
along with a starting water surface elevation equal to the l 00-year water surface elevation 1n the 
receMng stream may result in a coincident storm retUill period of greater than l 00 years. 
If critical flow conditions do not e:o.st. and the starting water surface elevation for the stream 
cannot be determined from a rating curve or other source of information. the slope-area method 
must be used. For beginning backwater computations by this method, the slope of the energy 
~de line is specified . .As a first trial, the starting slope may be set equal to the physical slope of 
the channel. A trial and error approach should be used to refine the estimate of the slope of the 
energy grade line until the specified slope at the first channel cross-section is consistent with the 
computed energy slope at several subsequent cross-sections. 

3.4.6 Channel Friction Losses 
Manning's equation should be used to determine energy losses due to channel friction and 
resistance. A discussion of Manning's equation ts presented in 3.1.3 The Manning Equation. 
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.·,_ 3.4.7 Expansions and Contractfons 

-

Losses at transitions are generally expressed in terms of the absolute change in velocity head 
between channel cross-sections downstream and upstream of the transition. The head loss 1S 
given by equation 3.5. 

1n which; 

(Vi-Vt) 
h1=C-2-g-

h1 = head loss across the transition (ft) 

C = empirical expansion or contraction coefilcient 

Equation 3.5 

Vz, v1 = average channel velocity (fps) of the downstream and upstream sections, respectively 

g =acceleration of gravity (32.2 ft/sec2). 
Typical transition loss coefficients for sub-critical flow are shown in Table 3.11. 

TABLE 3.11 Typical Transitton Loss Coefficients for Sub-Critical Flow 
Type of Transition Contraction Coefficient E%panslon Coefficient 

Gradual or warped 
Brtdge SectiOns. wedge, straight-lined 
Abrupt or square-edged 

Source: [HEC, 1982]. 

0.1 
0.3 
0.6 

0.3 
0.5 
0.8 

These transition loss coefficients are also adequate for general design with super-critical flow; 
however, the effects of standing waves and other considerations make exact determination of 
losses in super-crttical flow difficult. Therefore, with important transitions, a more detailed analysts 
may be necessary. 

3.4.8 Channel Bends 
Head losses should be incorporated into the backwater computations for bends with a radius of 
cwvature less than three times the channel top width. Energy loss due to cmve resistance is 
computed using equation 3.6. 

1n which: 

he. = head loss (feet) 

C1 = coefficient of resistance 

vz 
h£::;Q

'2g 

V = average channel velocity (feet per second) 

g = gravitational acceleration (32.2 ft:/sec2
). 

Guidelines for selecting appropriate values of C1 are available [Chow, 1959). 

Equation 3.6 

The HEC-2 computer program does not incorporate a bend loss computation. If HEC-2 is used 
and bend losses ai:. significant. the loss must be added at the appropriate point in the computation. 
Bends with a radius of curvature greater than three times the top width of the channel generally 
have Jns!gn1ficant losses and no computation 1s required. 
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3.4.9 Bridges and Culverts 
There are numerous methods available to compute the energy losses associated with flow through 
brtdges or culverts. Sources of energy loss 1n these structures include flow resistance, channel 
transitions. and direct obstructions to the flow such as piers. Each structure should be examined 
individually to detenn1ne the best approach. The brtdge modeling routines found 1n HEC-2 are 
recommended for their versatility and flexibility. Brtef descrtptions of what they do and when they 
should be used arc as follows: 
HEC-2 Nonna! Bridge Method; The normal bridge method computes the water surface profile 
through the bridge in the same manner as 1n a natural rtver section, except that the !low area 
and wetted perimeter are modified. The normal bridge method should be used when friction losses 
are the predom.tnate consideration. This includes long culverts under low flow conditions and 
cases where the bridge and abutments are small obstructions to the flow. Because the special 
bridge method requires a trapezoidal apprOXimaUon of the bridge open1ng for low flow solutions, 
the normal bridge method can be used when the flow area cannot be reasonably approximated 
by a trapezoid. Also. when highly submerged well" flow occurs over a bridge, the normal brtdge 
method 1S pref erred. 

HEC-2 Special Bridge Method: The special brtdge method is capable of solving flow.problems 
where losses are due primarily to factors other than .friction. It uses a series of equations to 
compute energy losses depending on the existence oflow flow, pressure flow, weir flow, or some 
combination of these at the brtdge. Special care must be taken to ensure that the special brtdge 
method 1S used properly and its results arc reasonable. Whenever flow crosses Critical depth 1n 
a structure, the special bridge method should be used. 

The use of alternative means for computing bridge- and culvert-related losses 1S encouraged when 
,,-.. the engineer 1S properly aware of how and why such a strategy 1S appropriate and its results are 

reasonable. One example of such an alternative method tnvolves the use of the procedures 
described 1n Federal Highway Admin1stration's (FHWA) Hydraulics ofBrtdge Waterways [Bradley, 
19701. Another is presented in the FHWA's Hydraulic Design ofHtghway Culverts [FHWA, 1985]. 
Caution must be exercised to insure that the losses calculated by alternative methods are properly 
used in the HEC-2 program. For example, the FHWA technique provides the increase in water 
surface elevation above the normal water surface elevation without the brtdge. Therefore, it 
includes the effects of contraction and expansion losses and the loss caused by the structure, 
but it does not reflect the normal friction loss that would occur Without the brtdge. 
More details on the design and analysis of culvert and bridge structures are presented in SECTION 
4. 
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SECTION 4 
CULVERTS AND BRIDGES 

For small drainage areas. the most economical means of moving open channel flow beneath a 
road or railroad is generally with culverts. Discussion 1n this section w1ll address procedures for 
dctcnn1ning the most cost effecttve culvert size and shape gtven a design d1scharge and allowable 
headwater elevation. The design procedures for the culverts referenced in this section pertain only 
to those 1n the main channels and not those 1n roadside ditches. which arc covered 1Il SECTION 
5. 
This section will also include a brief discussion of the hydraulic and hydrolog.tc considerations 
pertinent to bridge design. This section considers all designs to be completed for ultimate 
development. Where appropriate, the actual construction of a crossing may be phased as devel
opment occurs. In this case. both the ultimate and the interim crossings must be shown on the 
construction plans. Calculations for each must be submitted for approval. The ultimate 
right-of-way is required even for an interim phase of construction. 

4.1 CULVERTS 

4. 1. l Design Storm Frequency 
All culverts in Montgomery County shall be designed to handle the 100-year flood .fiow for fully 
developed conditions without causing upstream or downstream water surface profiles to exceed 
max1mum levels as defined in SECTION 3. · 

4. 1.2 Culvert Alignment 
Culverts shall be aligned pafallel to the longitudinal axis of the channel to inSure max:lmum 
hydraulic efficiency and m1n:lmum erosion. In areas where a change in alignment is necessary, 
the change shall be accomplished upstream of the culvert crossing 1n the open channel Appro
priate erosion protection shall be provided. 

4. 1.3 Culvert Length 
Culverts shall be designed to completely span the road or railroad right-of-way. 

4.1.4 Culvert Headwalls end Endwclls 
Headwalls and endwalls shall be utilized to control erosion and scour, to anchor the culvert against 
lateral pressures. and to insure bank stability. All headwalls shall be constructed of reinforced 
concrete and may be either straight and parallel to the channel, flared. or warped, With or without 
aprons, as required by site and hydraulic conditions. Protective guardrails should be included 
along culvert headwalls. 
In general. the following conditions are favorable for the use of parallel headwalls and end.walls 
!City of Austin. undated!: 
1) Approach velocities are less than 6 fps. 
2) Backwater pools may be permitted. 
3) Approach channel is undefined. 
4) Ample rtght-of-way or easement is available. 

5) Downstream channel protection is not required. 
The wings of flared headwalls and endwalls should be located With respect to the direction of the 
approaching flow instead of the culvert axis. The following conditions are favorable for the use of 

- a flared headwall and endwall: 
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-. 1) Channel is well defined. 

2) Approach velocities are greater than 6 fps. 
31 Medium amounts of debris exist. 

PAGE54 

Warped headwalls are effective with drop-down aprons to accelerate flow through culvert, and 
are effective headwalls for transit1on1ng flow from closed conduit flow to open channel fl.ow. Til1s 
type of headwall should be used only where the drainage strncture ts large and right-of-way or 
easement 1s limited. The following conditions are favorable for the use of a warped headwall and 
endwall: 
l) Channel is well defined and concrete lined. 
2) Approach velocities are greater than 8 fps. 
3) Medium amounts of debris exist . 

.4. 1.5 Minimum Culvert Sizes 
The minimum pipe culvert diameter shall be 24 inches and the minimum box culvert dimensions 
shall be 2 feet by 2 feet. These restrictions are made to guard against flow obstrnction. Sizes less 
than these shall be considered on a case by case basis. 

4.1.6 Manning's ·n· Values for Culverts 
The minimum Manning's "n" value to be used in concrete culverts shall be 0.013. For corrugated 
metal, the "n" value shall be as follows: 

TABLE 4. l Manning Roughness Coefficient for Corrugated Metal Pipe 

Corrugation (Span :z: Depth) 

2-2/3" x I /2" 
3" x 1" 
5" x 1" 
6"x2'' 

4.1.7 Erosion at Culverts 

''n" 

0.024 
0.027 
0.027 
0.030 

Culverts, because of their hydraulic charactertstlcs, generally increase the velocity of flow over 
that found in the natural channel. For this reason, the tendency for erosion, especially at the 
outlet, must be addressed. In general, culvert discharge velocities in unprotected channels should 
not exceed allowable channel velocities as defined in Table 3. 7. SECTION 6 contains information 
concernmg erosion protection requirements for open channels. 

4. 1.8 Structural Requirements for Culverts 
The following structural requirements. taken from Criteria Maruwlf or Design of Ffood. Control and 
Drainage Facilities in Hams County, Texas IHCFCD, 1984]. shall be met for culvert design in 
Montgomery County: 
1) Concrete Pipe Culverts: All precast reinforced concrete pipe shall be.ASTM C-76 [m.1llllnum). 
2) Boz: Culverts: All precast reinforced concrete box culverts with more than two feet of earth 

cover shall be ASIM C789 -79. All precast reinforced concrete box culverts with less than two 
feet of cover shall be ASTM 850-79. · 

3) Corrugated Metal Culverts: All corrugated metal pipes shall be ASTM A-760. 

4) Loading: ASSHTO HS20-44 loading should be used for all culverts. 
5) Guardrails: Guardrails are suggested at all roadway culvert crossings. The approach ends of 

the guardrail shall be flared away from the roadway and properly anchored. 
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FIGURE 4.1 Profile of Typical Culvert 
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FIGURE 4.2 Section of Typical Culvert 
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,-... FIGURE 4.3 Typicol Culvert Outlet 
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6) Joint Sealant: Joint sealing material for precast concrete culverts shall comply With the 
"AASHTO Destgnation M-198 74 I, Type B, Flexible Plastic Gasket (Bitumen)" spcC1ficat1on. 

7) Backflll: 'I\vo-sack-per-ton cement-stabilized sand shall be used for backfill around culverts. 
8) Bedding: A 6-tnch bedding of two-sack-per-ton cement-stabilized sand Js required for all 

precast concrete box culverts. 

4.1. 9 Hydraulic Design of Culvert lnstallatlons 
.The hydraulic capacity of a culvert Js said to be either inlet-controlled or outle.t-controlled. Inlet 
control means that the discharge in the culvert ts llm1ted by the hydraulic and physical char
actenstlcs of the inlet alone. These include headwater depth, culvert barrel shape, barrel cross
sectlonal area, and the type of inlet edge. For inlet control. the barrel roughness, length, and slope 
are not factors in determining culvert capacity. 
Under outlet control. the discharge capacity of the culvert Js dependent on all of the hydraulic 
variables of the structure. These include headwater depth, ta1lwater depth as well as barrel shape, 
cross-sectional area, barrel roughness, slope, and length. 
In all culvert design, headwater, or depth of ponding at the entrance to the culvert, ts an important 
factor in culvert capacity. The headwater depth (HW) 1s the vertical distance from the invert at the 
culvert entrance to the energy grade line of the approaching flow. Due to low velocities in most 
entrance pools and the difficulty in determ1ning velocity head in any flow. the energy line can 
often be assumed be the same as the water surlace. 
For culverts under outlet control, tailwater depth is an important factor in computing both 
headwater depth and the hydraulic capacity of the culvert. If flow in the channel downstream of 
the culvert 1S sub-critical, a computer~aided backwater analysis or calculation of normal depth 
iS warranted to determine the tailwater elevation. If the downstream flow is super-critical, tailwater 
depth ts not a factor 1n determm1ng the culvert's hydraulic capacity. 

4.1.9. l Inlet-Controlled Flow 
Under Inlet control, the culvert entrance may or may not be submerged. However, in all cases 
inlet-controlled flow through the culvert barrel is free surlace flow. When the culvert inlet 1s 
submerged. the most reliable means for determining discharge 1S with standard empirtcal rela
tionships. Nomographs which plot headwater vs. discharge for various culvert sizes and shapes 
under inlet control have been developed on the basts of laboratory research With models and full 
scale prototypes. Exhibit 2 in Appendix A 1S an example of such a nomograph. 

4.1.9.2 Outlet-Controlled Flow 
Culverts with outlet control flow With the culvert barrel full or partially full for part or all of the 
barrel length. Both the headwater and tailwater may or may not submerge the culvert. 
If the culvert ts flowing full. the energy required to pass a given quantity of water ts stored in the 
head (HJ. From energy considerations it can be shown that H is the difference between the hydraulic 
grade line at the outlet and the energy grade llne at the inlet (expressed 1n feet). 
When a given discharge passes through a culvert. stored energy, represented by the total head 
(H) 1s dissipated in three ways. A portion 1s lost to turbulence at the entrance (H,): a portion is 

lost to frictional resistance in the culvert barrel (H1); and a portion ts lost as the kinetic energy of 

flow ~hrough the culvert 1s dissipated in the tailwater (H.J From this. the following relationship ts 
evident: 

Equation 4.1 
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The entrance loss (H.) is determined by multiplying the culvert velocity head by an entrance loss 

coefficient k,.-Table 4.2 through 4.4 llst values for the entnmce loss coeftlctcnt. In these tables. 
the entrances described as "End section conforming to fill slope" are the sections commonly 
available from manufacturers. From limited hydraulic tests they are equ1valent 1n operation to a 
headwall in both inlet and outlet control. Some end sections, incorporating a closed taper 1n their 
design. have a superior hydraulic performance. 
TABLE 4.2 Entrance Loss Coefficients for Concrete Pipe Culverts 

Type of Structure and Design of Entrance 

Projecting from flll. socket end (groove-end} 
Projecting from fill. square cut end 
Headwall or headwall and WingWalls 
Socket end of pipe (groove-end) 
Square-edge 
Rounded (radius = 0.50) 
Mitered to conform to fill slope 
End section conforming to fill slope 
Beveled edges (33.7 degree or 45 degree bevels) 
Side- or slope-tapered Inlet 

Source: IFHWA. 1985] 

TABLE 4.3 Entrance Loss Coefficients for Corrugated Metot Culverts 

Type of Structure and Design of Entrance 

Projecting from fill (no headwall) 
Headwall or headwall and wingwalls (square-edge) 
Mitered to conf onn to fill slope (paved or unpaved slope) 
End section conforming to fill slope 
Beveled edges (33. 7 degree or 45 degree bevels) 
Side- or slope-tapered inlet 

Source: IFHWA. 19851 

TABLE 4.4 Entrance Loss Coefficients for Concrete Box Culverts 

Type of Structure and Design of Entrance 

Headwall parallel to embankment (no wingwalls) 
Square-edged on 3 edges 
Rounded on 3 edges to radius of l / 12 barrel dimension 
or beveled edges on 3 sides 

Wingwalls at 30 degree to 75 degree to barrel 
Square-edged at crown _ 
Crown edge rounded to radius of l I 12 barrel dllnension 
or beveled top edge 

Wingwalls at 10 degrees to 25 degrees to barrel 
Square-edged at crown 

Wingwalls parallel (extension of sides) 
Square-edged at crown 

Side- or sloped-tapered Inlet 

Source: [FHWA. 1985) 

coemctent k, 

0.20 
0.50 

0.20 
0.50 
0.20 
0.70 
0.50 
0.20 
0.20 

Coefficient k, 

0.90 
0.50 
0.20 
0.50 
0.20 
0 .20 

Coefficient k, 

0.50 
0.20 

0.40 
0.20 

0.50 

0 .70 
0.20 

The exit loss (H.J is generally set equal to the culvert velocity head. the downstream flow velocity 
being assumed to be zero. An expression for the friction loss (H1) is derived from Manntng's equation: 
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in which: 

H = [29n2L) V1 

I Ri:» 2g 

n = Manning's roughness coefficient 

L = culvert barrel length (ft) 

R = the hydraulic radius (ft) 

g =the gravitational constant (32.2 ft/sec2) 

V = mean velocity of flow 1n the culvert (ft/ sec). 

Rearranging Equation 4.1 it ls seen that for full flow: 

H=l+K + -- -(29n2L) v2 

• Ru3 2g 

PAGE58 

Equation 4.2 

Equation 4.3 

Equation 4.3 may be solved using the full flow nomographs located in Appendix A of the manual. 
Each nomograph iS drawn for a particular barrel shape and material and a single value of Manntng'.s 
"n" as noted on the respective charts. These nomographs may be used for other values of ''n" by 
modifytng the culvert length as directed in the instructions for use of the full-flow nomographs. 

v:2 
I.I 

FIGURE 4.4 Hydraulic Elements of Pressur~ Flow Through Culverts (Sowce: (FHWA, 1985)) 

Figure 4.4 represents the various hydraulic elements of pressure. or full, flow through a culvert 
and reveals graphically that the head (H) iS equivalent to the vertical distance between the energy 
grade llne at the inlet and the energy grade llne at the outlet It also reveals the following relationship 
for full flow conditions: 

V' Equation 4.4 
H =H +H1+H =HW+S L-

2
d -TW 

in which: 

HW = headwater depth (feet} 

TW = tailwater depth (feet) 

• • • g 

s. = culvert barrel slope (ft/ft) 

If the downstream flow velocity is neglected. equation 4.4 becomes: 

H=HW+S
0
L-TW 

MONTGOMERY COUNTY DRAINAGE CRITERIA MANUAL 

Equation 4.5 

November 1989 



SECTION 4 CULVERTS AND BRIDGES PAGE59 

In culvert design 1t is generally required that the depth of the headwater (HW) be dcterm.1ned. 
Rearra.ngtng Equation 4.5, the following expression for HW 1S dertved: 

HW =H +1W-LS. Equation 4.6 
When the culvert outlet 1s submerged by the tallwater. the above equation can be solved directly 
to determine HW. However. when the tailwater is below the crown of the culvert. it becomes 
necessary to redefine d,. which ts taken as the greater of the following two values: 

ll 1W 

2) (d, +D)/2 

1n which: 

d, = crttical depth 1n the culvert as read from the appropr1ate chart (ft) 

1W = tailwater depth above the .Invert of the culvert outlet (ft) 

D = height of the culvert (ft). 

4.1.9.3 Step by Step Culvert Design Procedure 
It is possible by involved hydraulic computations to determine the probable type of flow under 
which a culvert will operate for a given set of conditions. However. such computations can be 
avoided by determ1ning the headwater necessary for a given discharge under both inlet and outlet 
flow conditions. The larger of the two will define the type of control and the corresponding headwater 
depth. 
The culvert design procedures presented here are based on information provided in the Federal 
Highway Administration publication Hydraulic Design of Highway Culverts [FHWA. 1985]. The 
nomographs included 1n AppencUx A of this manual cover the range of pipe and box culverts 
commonly used in drainage design. These nomographs correspond to Charts 1 through 15 and 
29 through 40 in Hydraulic Design of Highway Culverts. 
The following is the recommended procedure for selection of culvert size: 
Step 1: List design data. 

al Destgn discharge (Q), in cfs. With return period. 

b} Approximate length (L} of culvert. in feet. 

c) Slope of culvert. If grade is given 1n percent. convert to slope in feet per feet. 
dl Allowable headwater depth, in feet. which is the vertical distance from the culvert invert 

(flow-llne) at the entrance to the water surface elevation permissible in the headwater pool or 
approach channel upstream from the culvert. 

el Flow velocities in the channel upstream and downstream of the proposed culvert location. 
f) Type of culvert for firSt trial selection, including barrel material, barrel cross-sectional shape 

and entrance type. 
Step 2: Determine the first trial culvert size. 

Since the procedure given is one of trial and error, the initial trial size can be determined in several 
ways: 

a) Past experience and engineering judgement. 

bl By using an approx:lmating equation such as Q/6 =A from which the trial culvert dimensions 
are determined. A is the culvert barrel cross-sectional area and 6 is an estimate of barrel 
velocity in feet per second. 
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c) Initially, utillzc the inlet control nomographs for the culvert type selected. An HWID must be 
assumed. say HWID = 1.5, along With the gtven Q to determine a trial sJze. 

Note: If any trtal size is too large in dimension because of l.tmited height of embankment or 
availability of size. multiple culverts may be used by dMd1ng the discharge appropriately among 
the number of barrels used. Raising the embanlanent height or the use of pipe arch and bax: 
culverts with width.greater than height should also be con.sidered. Final selection should be based 
on applicability and costs. 
Step 3: Find headwater depth for trial size culvert. 
a} Assuming Inlet Control 

1) Using the trtal size from Step 2, find the headwater depth (HW) by use of the appropriate 
inlet control nomograph. TaUwater (1W) conditions are to be neglected in this determination. 
HW in this case 1S found by multiplying HWID obtained from the nomographs by the height 
of cuJvert (D). 

2) If HW 1s greater or less than allowable, try another trial size until HW 1s acceptable for inlet 
control before computing HW for outlet control 

bl Assuming Outlet Control 

1) ApproXlmate the depth of tail water (1W). in feet, above the invert at the outlet for the design 
flood condition in the outlet channel 

2) For tailwater (1W) elevation equal to or greater than the top of the culvert at the outlet, set 
dl equal to TW and find HW by equation 4. 7. 

HW::::H+c4-LS. Equation 4.7 

in which: 

HW =vertical distance in feet from culvert invert at entrance to the pool surface 

H =head loss in feet as determined from the appropriate nomograph (Charts 8-14) 

dz = vertical distance in feet from culvert invert at outlet to the hydraulic grade line 

S0 = slope of barrel (feet/feet) 

L = culvert length [feet). 

3) For tailwater (7W) elevations less than the top of the culvert at the outlet. find headwater 
HW by Equation 4. 7 as in Step b(2) above except that: 

dz= (d, + D )12 or 1W (whichever is greater) 

In which: 

de = critical depth in feet. Note: de cannot exceed D 

D = height of culvert opening (feet). 

Note: Headwater depth determ.tned in Step b(3) becomes increasingly less accurate as the 
headwater computed by this method falls below the value: 

~ 
D +(1 + k,)i; 

c) Compare the headwater depths obtained in Step 3a and Step 3b (Inlet Control and Outlet 
Control). The higher headwater governs and indicates the flow control existing under the gtven 
conditions for the trial size selected. 
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d) If outlet control governs and the HW ts higher than is acceptable, select a larger trtal size and 
find HW as instructed under Step 3b. (Inlet control need not be checked, since the smaller 
size was satisfactory for this control as determined under Step 3a.) 

Step 4: Try additional culvert types or shapes. 

Determine their sJze and HW by the above procedure. 

Step 15: Compute outlet velocities for size and types to be considered 1n selection and 
determine need for channel protection. 
a) If outlet control governs in Step 3c above, outlet velocity equals Q!A0 , where A. is the cross

sectlonal area of flow in the culvert baITel at the outlet. If d. or 1W 1s less than the height of 

the culvert baITel, use A. corresponding to d. or 1W depth, depcndmg on whichever gives the 

greater area of flow. A0 should not exceed the total cross-sectional area A of the culvert barrel. 

bl If inlet control governs in Step 3c. outlet velocity can be assumed to equal mean velocity 1n 
open-channel type flow in the barrel as computed by Manning's equation for the rate of flow, 
barrel size. roughness and slope of culvert selected. 

Step 6: Record final selection of culvert with size, type, required and computed headwater, 
outlet velocity and economic justification. 
Figure 4.5 provides a culvert design form which may be used to record the culvert computations 
and related data. 

4.1.9.4 Example of Culvert Design Procedure 
This section contains a complete example of the step-by-step culvert design procedure presented 
in the previous section. 
Step 1: List design data. 

al Design discharge (Ql = 200 cfs for the 25-year storm event. 

bl Approximate length (Ll of culvert = 200 feet. 

cl Natural Stream Bed Slope = 1% = 0.01 ft/ft. Set the inlet invert at the natural streambed 
elevation (no fall). 

d) Base the design headwater on the shoulder elevation of 110.0 with a two foot freeboard. 
Therefore, the design headwater is lqs.o - 100.0 = 8.0 feet. 

e) Flow velocities in the channel upstream and downstream of the proposed culvert location. 
fl Design a circular pipe culvert for this site. Consider the use of a corrugated metal pipe with 

standard 2-2/3 by 1/2 inch corrugations and beveled edges and concrete pipe with a groove 
end. 

Step 2: Determine the first trial culvert size. 
The l.nitial trial size for the corrugated metal pipe culvert may be computed using the apprmdmation 
of A = 2006 = 33.3 square feet Therefore, the pipe diameter, D = ../4 x 33.3ht = 6.5 ft = 78 inches. A 
more standard pipe size of 72 inches will be used for the first trial. 

Step 3: Find headwater depth for trlal size culvert. 
al Assuming Inlet Control 

Using a pipe d1ameter of 72 inches, the headwater depth (HW) ls determined using FHWA 
Chart 2 in Appendix A The computed headwater depth HW = 0.96 x 72 = 69 .12" = 5.80'. 

b) Assuming Outlet Control 
1) Assume that the tailwater depth for 25-Year Flood is 3.5 feet. 
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2) The tailwater elevation is less than the top of the culvert. 

3) Crttlcal depth de is determined using FHWA Chart 4 tnAppendix.A For tll1s culvert. de= 3.9 

feet. Therefore, d:z=(d,+D)/2==(3.9+6)12=4.9 feet. The headwater depth is computed usmg 

equation 4.7: 

HW =H +d,,-LS. = 2.5 +3.9-200x0.01=5.7 

c) Since the computed Inlet Control Headwater (5.8 feet) is h1gher than the computed Outlet 
Control Headwater (5. 7 feet) for this culvert, the Inlet Control Headwater governs. 

d) The computed headwater for the 72-inch corrugated metal pipe culvert Js lower than the 
allowable headwater. Therefore, it 1s appropriate to reduce the pipe diameter for the second 
trial. 

Step 4: Try additional culvert types or shapes. 
The culvert design form shown in Figure 4.6 shows the sequence of trial sizes and configurations 
for the example culvert. As indicated, the second trial indicates that the computed headwater 
depth for a 60-inch corrugated metal pipe culvert is greater than the allowable value. Therefore, 
a third trial 1s performed ustng a 60-inch groove end concrete pipe. For the fourth and final trial, 
the diameter of the concrete pipe 1s reduced to 54 inches, wh1ch proVides a reasonable headwater 
value. 
Step 5: Compute outlet velocities for size and types to be considered in selection and 
determine need for channel-protection. 
a) Inlet control governs the pipe size for the final trial. 

bl Outlet velOCity is computed assuming normal depth in the culvert barrel. The computed normal 
depth for a flow rate of 200 cfs in a 54-inch concrete pipe at a 1% slope 1s 3.5 feet, and the 
resulting flow velocity is 15.2 feet per second. This outlet velocity high enough to require 
erosion protection at the culvert outlet. 

Step 6: Record final selection of culvert with size, type, required and computed headwater, 
outlet velocity and economic justification. 
Figure 4.6 presents an example of a culvert design form wh1ch has been completed for the example 
described in this section. 

4.2 BRIDGES 

4.2. 1 Design Storm Frequency 
At a minimum. bridges must be designed to pass the fully developed 100-year design flow without 
causing backwater problems. structural damage, or erosion. No increase Jn 100-yearwater surlace 
elevations will be allowed either upstream or downstream of the brtdge unless authortzatlon 1s 
given by the Montgomery County Drainage Administrator. 

4.2.2 Bridge Alignment 
Wherever possible, bridges shall intersect the channel at an angle of 90 degrees. 

4.2.3 Bridge length 
Newly constructed brtdges must be designed to completely span the existing or proposed channel 
so that the channel will pass und!!r the brtdge without modification. Brtdges and bents constructed 
on existing or inter1m channels shall be designed to accommodate the ultimate channel section 
with a minimum of structural modification. Energy losses due to flow transitions shall be mini
mized. In addition, provtsion must be made for future channel enlargements should they become 
necessary. 
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4.2.4 Piers and Abutments 
Bents and abutments must be aligned parallel to the longttud1nal axis of the channel so as to 
m1nJ.m1zc obsbuction of the flow. Bents shall be placed as far away from the channel center-line 
as possible and if possible should be elimtnated entirely from the channel bottom. 

4.2.5 Minimum Low Chord Elevation 
The low chord of all bridges must be located at least one foot above the 100-year flood elevation, 
or at or above the level of natural ground. whichever is higher. 

4.2.6 Erosion Control 
Increased turbulence and velocities associated w1th flow 1n the v1c1nity of bridges requires the use 
of erosion protection in affected areas. SECTION 6 of this manual containS information concerning 
erosion protection requirements for open channels. 

4.2.7 Hydraulic Design of Bridges 
Three c:Uff erent regimes are possible for flows through a bridge structure. These regimes are denoted 
Class A. Class B, and Class Clow flow. Class A Low Flow occurs when the water surlace through 
the bridge 1S above critical. In other words. the flow 1S sub-critical. Class B Low Flow can exist 
for either sub-critical or super-crttical flow conditions. For either condition. Class B Low Flow 
occurs when the water surface profile passes through crttical depth within the bridge constriction. 
Class C Low Flow occurs where the water surface profile stays super-critical through the bridge 
constriction. 
The following basic procedure should be followed in the hydraulic design of bridge structures: 
1) Right-of-Way: Determine the ultimate right-of-way width and the dimensions of the required 

ultlmate channel cross-section at the crossing location. 
2) Water Surface Elevations: Determine existing and ultimate 100-yearwater surface elevations 

at the proposed crossiilg location. 
3) Bridge Elevation: Establish the min1mum low chord elevation of the bridge as the higher of: 

al at least one foot above the existing lQO.year flood elevation, b} at least one foot above the 
ultimate lQO.year flood elevation, or c) at or above the level of natural ground. 

4) Bridge Length: Establish the total length of the bridge to allow the accommodation of the 
ultimate channel section wtth a m1nimum of structural modification. 

5) Bridge Piers: Locate the brtdge pier bents 1n such a way as to keep piers as far away from the 
channel center-line as possible or. if possible, to elim1nate them entirely from the channel 
bottom. Due consideration should be gtven to the existing as well as the ultimate channel 
sections when locating the pier bents. 

6) Effects of Bridge: Use the HEC-2 computer program, or appropriate alternative methods 
approved by the Montgomery County Drainage Adm1nistrator', to determ1ne the effect of the 
bridge structure on existing and ultJmate 100-year flood elevations upstream of the crossing. 

7) Erosion Protection: Use the results of the HEC-2 or alternative hydraulic analysis to deten:nine 
e.."'Cl.sting and ultmiate flow velocities through the bridge opening. Determine the extent of slope 
protection required to prevent erosion damage 1n the vicinity of the bridge. 
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SECTION 5 
SECONDARY DRAINAGE AND OVERLAND FLOW DESIGN 

It is often infeasible in certain areas to convey the runoff from extreme rainfall events entirely Via 
an underground storm sewer system. Local flooding will occur in areas away from the primary 
dra.1nage channels because 1t is simply uneconomical to provide a storm sewer pipe large enough 
to totally cany the infrequent, severe storm events. For this reason, a sheet flow analysis 1s required 
so that street design and alignment assure that excess runoff from extrenie storm events will be 
safely conveyed to primary drainage channels. Sheet flow corrtdors shall be designated and all 
required right-of-way dedicated to the County. Special consideration must also be given for off-Site 
sheet flows and their impacts on planned developments. 
The discussion presented 1n this section will be directed primarily at curb-and-gutter streets with 
underground storm sewers. Roadside ditch systems are acceptable in certain inStances, but are 
not preferred. 

5.1 RUNOFF ANALYSES 

5.1. l Design Storm Frequencies 
Flooding in Montgomery County is generally associated with one of two types of severe rainfall 
events. The first type is a localized high-intensity rainfall of short duration which floods a small 
localized area and causes ponding of water and interruption of traffic flow. The second type 1s a 
more generalized rainfall of longer duration which can cause more widespread flooding and can 
result in severe damage and loss of life. Tills second type of storm event 1s generally used to design 
drainage channels which serve large watersheds. 
In designing storm sewers for dralll1ng small developments. it is the localized high intensity, short 
duration rainfall event which is used. However. since these storm sewers usually drain into open 
channels. which are used to convey the runoff from larger areas. the design must take into 
consideration the interaction of these two systems. 

LHyoroul;c Grode Une 

FIGURE 5. l Effect of Low Storting Elevation on Stonn Sewers 

Figured 5.1 through 5.3 illustrate the effect of three outlet conditions on the hydraulic grade line 
of a storm sewer. Assuming the outlet channel is at its 25-ycar water level. 1t can be seen from 
Figure 5 .1 that the hydraulic grade line for the standard design condition remainS at or below the 
gutter level at the furthest inlet. For this condition, there 1S no street ponding and the storm sewers 
are functioning at or below their design capacity. 
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Hydro.ul>c Gro.de Line 
Storr-1 Sewt'r-

FIGURE 5.2 Effect of Medium Starting Elevation on Storm Sewers 

Street Ponding 

StorM Sewer 

FIGURE 5.3 Effect of High Starting Elevation on Storm Sewers 
Figures 5.2 and 5.3 illustrate cases where the tailwater condition 1S above the design level. Street 
ponding begins to occur throughout the storm sewer drainage system, as the storm sewers are 
unable to operate at their design capacity. Til1s local flooding situation could also occur when the 
tailwater is below design conditions if local rainfall is in excess of that used in the design of the 
storm sewer system. As this widespread street ponding starts to occur, provisions must be made 
to limit the depth of pond.Ing to a level below that which will cause stgntficant property damage. 
In general, 100-yearflood elevations shall be considered unacceptable when they exc~d the lowest 
of the follOWing: 1) one foot above natural ground: 2} one foot over top of curb: or 3) one foot below 
the lowest slab elevation. 

5. l .2 General Design Criteria 
Storm sewers shall be designed to carry the design storm peak flow. Use of the Rational Method 
for drainage areas less than 50 acres or the drainage area-discharge curves for areas between 50 
and 640 acres is acceptable. A detailed description of these techniques is contained in Section 2 
of this manual. 

For all storm sewer systems or enclosed reaches of open channels, hydraulic calculations and 
hydraulic profiles along With the construction plans of the closed-conduit system must be sub
mitted to the County Drainage Administrator for review. 
A prellln1nary design should first be performed utll1zing the design storm and the Rational Method 
in conjunction With the design curves shown in F1gure 5.4. Then. if necessary, adjust the sizes 
of the pipes or boxes to meet the required criteria outlined in SECTION 5.2.1. 
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TABLE 5.1 Curve Numbers for Rainfall-Runoff Curves 
.curve Number Land Use 

1 
2 
3 

Highly developed business areas (Downtown. Shopping Centers. etc.). 
Multi-family residential areas (Apartments. Townhouses, etc.). 
Composite areas (Single & Multi-family Residential, Commercial. etc). business 
and industrial parks. 

4 
5 
6 

S.tngle-family residential areas. 
Raifroad yards, suburban residential areas (Min1mum 1-acre lots). 
Developed park areas. 

Source: City of Houston 
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FIGURE 5.5 Typical Storm Sewer Outfall Structure (24-inch to 42-inch) 
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5.2 STORM SEWER DESIGN 

5.2.1 Design Criteria for Storm Sewers 
The following specific criteria and requ.1rements shall apply to the design and construction of 
storm sewers in Montgomery County. The following criteria were taken prtmarily from General 
Destgn.Requ.trementsfor Sanitary Sewers. St.orm. Sewers, Water Unes, and.Pavtng, [City of Houston. 
1983): 

1) Stiirtlng Elevation: Calculation of the hydraulic grade line for design conditions Jn a specific 
branch of storm sewer shall proceed upstream from the level of the 25-year water surface 
elevation 1n the outfall channel. 

2) Mlnimum Diameter: The minllnum diameter of a pipe in a storm sewer line shall be 24". 

3) Manning Coefficient: The Manning's "n" value to be used 1n a reinforced concrete pipe storm 
sewer shall be 0.013. For corrugated metal pipe, the "n" value shall be as shown in Table 
5.2. 

TABLE 5.2 Values of Manning Roughness Coefficient for Corrugated Metal Pipe 

Corrugation (Span x Depth) 

2-2/3" x 1/2" 
3"x I" 
5" x l" 
6"x2" 

Source: IHCFCD. 1984] 

0.024 
0.027 
0.027 
0.030 

4) Flow Velocities: The mtnimum velocity of flow to be allowed in a section of storm sewer 
,-... floWing full shall be 3 fps. The maximum velocity shall be 10 fps. 

5) Overland Flow: Provisions must be made for all adjacent undeveloped areas with natural 
drainage patterns directing overland flow into and across planned areas of development. 

6) Required Items: Before a particular storm sewer design will be reviewed, the following items 
must be presented: 
a) Drainage Area Map: A contour and dra1nage area map showing all pertinent sub-areas, 

including contributing off-site areas. 
b) Flow Calculations: A listing of all relevant hydrologic design :flow calculations, which 

shall include all contributing off-site flows. 
c) Hydraulic Calculations: Calculations for determining the hydraulic gradient, along w1th 

a profile which illustrates the results. 
d) Plan View Drawing; A plan showing the location of all manholes and inlets, and the 

alignment of all storm sewers in the right-of-way. 
e) Profile View Drawing: A profile shoW1ng the placement of storm sewers and the locations 

of all pipe size changes, grade changes. and pipe intersections. 
7) Construction Specifications: All storm sewers and appurtenant construction shall conform 

to the City of Houston Form E-14-62 [City of Houston. 1980), City of Houston Drawing Nos. 
529-S-l. 530-S-l. 530-S-2, and all subsequent revisions, or approved equivalent. 

8) Concrete Pipe: All s torm sewers shall be constructed With reinforced concrete pipe or 
approved equal. Corrugated galvanized metal pipe. or other approved equal. may be used 
only at the storm sewer outfall into grass-lined channels. 
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9) Alignment: All cast-in-place concrete storm sewers shall follow the alignment of the right
of-way or easement All precast concrete pipe storm sewers shall be typically designed 1n a 
straight line or shall conform to the City of Houston Form E-14-2 (City of Houston. 19801. 
Drawing Numbers 529-S-l, 530-S-l, 530-S-2 and all subsequent revisions, or approved 
equal. 

10) Inlet Lead Alignment: All storm sewer inlet leads shall be designed in a strrught line 
alJgnment. 

l l} Right-of-Way: Storm sewers shall be Ioc·\ted in public street rights-of-way or in easements 
that will not prohibit future maintenance access. In most cases where easements are restricted 
to storm sewers, the pipe should be centered Within the llmits of the easement. 

12) Soll Borings: For all storm sewers having a cross-sectional area equivalent to a forty-two 
inch (42") inside diameter pipe or larger, soil borings with logs shall be .made along the 
alignment of the storm sewer at intervals not to exceed five hundred feet (5001 and to a depth 
not less than three feet (3') below the proposed invert of the sewer. The required bedding of 
the storm sewer as determined from these soil borings shall be shown in the profile of each 
respective storm sewer. The design engineer shall inspect the open trench and may authorize 
changes in the bedding indicated on the plans. Such changes shall be shown on the record 
drawings and. along with soil bortng logs. submitted to the County Drainage .Adm1n1stratot's 
Office. All bedding shall be constructed as specified in the City of Houston Form E-14-62 
[City of Houston, 1980) and all subsequent revisions. or approved equal. 

13) Outfall Erosion Control: All storm sewer outfalls shall conform with the requirements and 
specifications defined 1n SECTION 6 EROSION AND SEDIMENT CONTROL. and Figures 5.5 
and 5.6. 

5.2.2 General Design Methods 
Design of a storm sewer system should proceed as follows: 
1) Starting Elevation: Detennine the 25-year water surface elevation in the receiving channel 

at the storm sewer outfall using appropriate backwater calculations. 
2) Peak Flow Rates: Detennine the design flow rates for all sections of storm sewer based on 

drainage area size. tlme of concentration, density of development, and the design curves shown 
on Figure 5 .4. 

3) Size Pipes: Assuming storm sewer pipes are full at design flows, determine the appropriate 
sizes for all sections of storm sewer using Manning's equation and assuming uniform flow 
conditions. 

4) Compute Backwater: Begin backwater calculations at the 25-year water swface elevation in 
the outfall channel and plot the hydraulic gradient through the system for the design storm. 
Include all relevant energy losses. The hydraulic gradient must not exceed the roadway gutter 
flow-line elevation. 

5.2.3 Specific Design Flow Frequency Criteria 
The recommended design flow frequency criteria to be used for continuous closed-conduit systems 
are given below: 
1) General Requirement: For all drainage areas. the design flows shall be determined util1z:ing 

the Rational Method (With a 5-year rainfall intensity) and storm sewer curves shown 1n Figure 
5.4 as a minimum. The conduit shall be designed Jn accordance with the methodology outlined 
in Section 5.3.2. 
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2) Areas Over 100 Acres: For portions of the system serving areas between 100 acres and 200 
acres, 1t is additionally requtred that the 25-year hydraulic grade line be at or below the gutter 
line for the portion of the system which drains 100 or more acres. For this computation. the 
25-year discharge for fully developed conditions based on the drainage area versus peak 
discharge curves for Montgomery County (See SECTION 2) should be used. A 25-year design 
water surface should be assumed 1n the outfall channel. 

3) Areas Over 200 Acres: For portions of the system se:rving an area larger than 200 acres. the 
100-year flow for fully developed conditions shall be used (based on the dra1nage area versus 
discharge curves in Section 2) to insure that the 100-year hydraulic grade line will be below 
the natural ground elevation at all points along this portion of the closed system. A 25-year 
design water surface should be assumed in the outfall channel. 

4) Inlet Capacity: For systems designed in accordance with {2) or (3), sufficient additional inlet 
capacity shall be provided to allow for entry into the closed-conduit system of runoff in excess 
of the runoff conveyed through the storm sewer system up to the design capacity of the 
closed-conduit system. 

5) Overland Flow: For all areas. overland flow shall be considered as discussed in SECTION 5.3. 
Closed systems adjoined to an upstream open channel shall be designed for the 100-year 
ulUmate discharge. 

5.2.4 Starting Water Surface Elevation 
Storm sewers generally drain into open channels. In the design of storm sewer systems, therefore, 
it 1s required that the existing and ultimate 25-yearwater surface elevations be computed for the 
outfall channel. With the higher being used as the starting point for hydraulic grade line com
putations for the design of storm sewers. 

5.2.5 Friction Losses in Storm Sewers 
Friction losses in storm sewer systems shall be computed using Mann1ng's equation. 

5.2.6 Minor Losses in Storm Sewers 
Head losses at structures such as inlets and manholes. usually termed ''mirior losses." shall be 
determined in the design of closed conduits. The design engineer should determine the relative 
significance of the minor losses and their applicability to the design. If they are 1ns1gnificant. they 
may be omitted. 
The equation for head loss at the entrance to a pipe is given as follows: 

in which: 

v2 
H eadLoss = K -

2g 

K = entrance loss coefficient. (See Table 5.3) 

V = flow velocity 1n pipe (fps). 

The equation for the head loss (feet) at an inlet or manhole is as follows: 
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TABLE 5.3 Coefficients for Entrance Losses 

Type of Entrance 

Pipe, Concrete 
Projecting from fill, socket end (groove-end) 
Projecting from fill, sq. cut end 
Headwall or headwall and wtngwalls 

Socket end of pipe (groove-end) 
Square-edge 
Rounded (radius = l/12D) 

Mitered to conform to fill slope 
Inlet or Manhole at beginn1ng of line 

Sources: [FHWA. 19851, [City of Waco, undated} 

in which: 

Vf-KV~ 
HeadLoss = 2g 

V1 = velocity 1n the upstream pipe (fps). 

V1 = velocity in the downstream pipe (fps}. 

K =junction or structure coefficient of loss. (See Table 5.4). 

TABLE 5.4 Coefficients for Losses at Structures 

Type of Structure 

Inlet on main line 
Inlet on main line with branch lateral 
Manhole on main line with 22-1/2 degree lateral 
Manhole on main line with 45 degree lateral 
Manhole on main line with 60 degree lateral 
Manhole on main line with 90 degree lateral 

Source: [City of Waco. undated) 

5.2.7 Appurtenant Storm Sewer Structures 

PAGE 76 

Coefficient (K) 

0.20 
0.50 

0.20 
0.50 
0.20 
0.70 
1.25 

Equation 5.2 

/ 

Coefficient (K) 

0.50 
0.25 
0.75 
0.50 
0.35 
0.25 

Appurtenant storm sewer structures include storm sewer manholes, inlets, and outfall. 

5.2.7.1 Storm Sewer Manholes 
Manholes shall be placed at the location of all pipe size or cross section changes, pipe sewer 
intersections, pipe sewer grade changes, street intersections. at maximum intervals of 500 feet 
measured along the center-line of the pipe sewer, and at all inlet lead intersections with the pipe 
sewer where precast concrete pipe sewers are designed. 

5.2.7.2 Storm Sewer Inlets 
Two types of inlets are recommended for use 1n Montgomery County; the Type "BB" Inlet and the 
Type "C-1" Inlet. All inlets shall be constructed as specified in the City of Houston Form E-14-62 
[City of Houston, 1980] and all subsequent revisions. 
The capacity of inlets shall be determined as shown in Step 7 of SECTION 5.3.4 of this manual. 
All inlets shall be designed to carry at least the design storm frequency runoff. 
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Curb inlets must be spaced to handle the design storm discharge so that the hydraulic gradient 
does not exceed the roadway gutter elevation. Inlets shall be spaced so that the maximum travel 
distance of water 1n the gutter will not exceed six hundred feet (6001 tn one dtrectlon for residential 
streets and three-hundred feet (300') 1n one direction on major thoroughfares and streets within 
commercJal developments. Curb inlets shall be located on side streets which intersect major 
thoroughfares 1n all oI1g1nal designs or developments. Special conditions warranting other loca
tions of inlets shall be determined on a case-by-case basis. 

5.2.7.3 Storm Sewer Outtalls 
Storm sewer outfalls shall be designed 1n accordance with Figures 5.5 and 5.6. 

5.3 OVERLAND FLOW DESIGN 
When the capacity of the underground system is exceeded and street ponding begins to occur, 
careful planning can reduce or ellm1nate the flood hazard for adjacent properties. Street layout 
and pavement grades are tile key components in developing a successful system which can convey 
excess storm runoff to an outfall channel designed to canythc 100-yearstorm runoff. The following 
design methodology and example are derived from the Criteria. Manual for the Design of Flood 
Control and Drainage Facilities tn Harris County, Texas [HCFCD, 1984]. 

5.3. 1 Land Plan and Street Layout 
Designing an effective overland drainage system must begin with the land plan and street layout. 
Awareness of overland flow problems in this early phase of the development process can reduce 
costly revisions and delays later on 1n the project. When designing drainage systems, attention 
should be given to special problems created by the topography. Excessive street cuts which can 

,,-.. create ponding levels that hamper vehicle access and/ or present a flood hazard must be avoided. 

-

Proper engineering foresight in the design of items such as emergency relief swales or underground 
systems can solve these potential problems. 
The maximum allowable ponding level 1n a street ts the lowest of the followmg elevations: 

1) one foot above natural ground 
2) one foot above top of curb 
3) one foot below the lowest slab elevation. 
The design engineer must detennine whether the storm sewer system can convey flows from a 
1 OD-year storm event without ponding water in the street at levels that exceed the maximum 
allowable level. The 100-year clischarge can be obtained by following the procedures outlined in 
Section 2. A 25-year tailwater condition should be assumed in the outlet channel If storm sewer 
backwater calculations indicate that the allowable level is exceeded, the engineer must analyze 
the street system and verify that the excess flows will be able to reach the outfall channel without 
exceeding the maximum allowable ponding level. In making this analysis, the engineer can account 
for the portion of flows that would be canted by the sewer system 1n addition to the street system, 
assuming a 25-year tailwater condition. 
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Figure 5. 7 illustrates a cul-de-sac street which slopes downhill and is designed so that sheet flow 
can only escape through building lots. Ftgure 5.8 illustrates a more acceptable alternative. 

FIGURE 5.7 Undesirable Overland Flow Pattern for Cul-de-soc Street 

FIGURE 5.8 Acceptable Overland Flow Pattern for Cul-de-sac Street 
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Figure 5.9 illustrates a curve or tum in a roadway which 1s placed 1n a low area such that sheet 
flow entering that cwvc or tum can escape only through ex1Sting build1ng lots. F1gure 5.10 
illustrates an acceptable alternative. 

FIGURE 5.9 Undesirable Overland Flow Pattern at Roadway Curve 

FIGURE 5. 10 Acceptoble Overfond Flow Pattern at Roadway Curve 
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Figure 5.11 illustrates a situation tn which many streets intersect a single street whJch is lower 
than the tntersectlng streets so that sheet flow down the streets can escape only through exiSttng 
building lots. Figure 5.12 illustrates an accept~ble alternative. 

Dro.ina.ge Right-of-'Wo.y 

FIGURE 5.11 Undesirable Overland Flow at Street Intersections 

StorM Sewer ond 
Inlets Designed 
for ExtreMe Storn 
Event. 

Dro.ino.ge Right-of-'Wa.y 

FIGURE 5.12 Acceptable Overland Flow ot Street Intersections 

5.3.2 Conveyance of Surface Flow to Primary Channels 
Once it has been determined that ponding levels are excess!Ve and where the collective sheet flow 
iS going to go, provisions must be made to get the overflows into the appropriate drainage channel. 
This may be done through the use of additional pipe capacity and tnlets or by using a surf ace 
swale. An underground conveyance system can be included in the storm sewer construction and 
maintenance program With minimal cost increase. Also, landowners are less likely to ~turban 
underground pipe than a surface swale. However, the surface swale will function for a wider range 
of flow conditions than the pipe system. 
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If surface swales arc used, they should be concrete-lined to reduce the possibility of adjacent 
landowners disturbing them. The swfacc flow conveyance system shall be cootaJned W1th1n an 
easement dedicated to the County. The easement shall be of sufficient width to operate and 
maintain the system. 
Since a surf ace swale system would act only under emergency conditions and would not function 
under normal cil'Cumstances, all precautions must be taken to tnsure that the relief system w1ll 
function when needed. The recommended design procedure for stz1.ng pipe outfall structures for 
sheet flow conveyance is presented in SECTION 5.3.3 Roadside Ditch Drainage. The design 
procedure recommended for s!z1ng of the swface swale is s1m1lar to the procedure for the pipe 
outfall as described in SECTION 5.3.3 Roadside Ditch Drainage. First, the appropriate values 
from steps one and two are computed, then the required swale cross-section 1s determined by 
normal depth calculations, sizing the swale such that an acceptable water surlace 1s achieved. 

5.3.3 Roadside Ditch Drainage 
Under certain conditions, roadside ditch dra1nage 1s acceptable as an alternative to curb-and
gutter systems. However, a s1m1lar potential for flooding exists when flow in roadside ditches 
exceeds capacity. Provisions must be made to assure that the amount of water ponded belUnd 
an elevated roadway does not reach damaging levels. {See Figure 6.3 for typical roadside ditch 
interceptor drain detail}. 

Prellminmy approval for the use of roadside ditch systems must be obtained from the Montgomery 
County Drainage Admtntstrator prior to the submittal of contour and drainage area maps, and 
hydrologlc and hydraulic calculations. 
The following requirements taken from the General Design Requirements for Sanitary Sewers, 
Storm Sewers, Water lines and Paving [City of Houston. 1983) must also be met in the design of 
roadside ditch systems in Montgomery County: 

1) Design Flow: Tue design flow shall be determined based on the projected land use and the 
rainfall-runoff curves from Figure 5.4. 

2) Side Slope: Min.!mum acceptable ditch section shall have a side slope no steeper than 3 
hortzontal to 1 vertical 

3) Bottom Width: The DJinimum bottom width for roadside ditches shall be two feet. 
4) Manning Coefficient: The "n" coefficient for the ditch calculations shall be a m1.n1mum of 

0.040. All values must be justified. 
5) Mtntmum Grade: The m.i.nimum grade or slope of the ditches shall be 0.10%. 

6) Hydraulic Computations: Hydraulic design computations must be submitted for each 
drainage ditch system. 

7) Freeboard: The computed water surface of the ditches shall be a mtn1mum of 0.5 foot below 
natural ground elevations along the street right-of-way )jnes. 

8) Erosion Control: The entire ditch must be revegetated immediately after construction to 
mmimize erosion. Erosion control methods shall be utilized where velocities of flow are cal
culated to be greater than five feet per second or where soil conditions dictate their need. 

9) Depth: The mJ.nimum depth of the ditches shall be 18 inches and the maximum depth shall 
be 4 feet. 

5.3.4 Extreme Event Storm Sewer Design 
This section outlines the procedure recommended for designing an underground pipe system to 
convey overflows to a primary drainage channel. Because the majority of subdivisions in Mont
gomery County are designed with curb-and-gutter streets. modification of the last storm sewer 
reach 1s generally all that 1s necessary to handle the overflow. 
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The recommended procedure 1s given below along with an example based on the drainage system 
presented In Figure 5.3. 
l.J Peak Flow Rate: Determine the 100-year peak flow at the point of concentration from all 

ex1Sting and future contributing drainage areas for 100% development conditions. In the 
example. the contrtbutlng drainage area is 40 acres and the 100-year discharge is 147 cfs. 

2) Starting Elevation: Determine the 25-year frequencywater-swface elevation 1n the drainage 
channel at the pipe outfall point. Based on a 25-year backwater profile. the water surface 
elevation 1n the channel for the example is 97.0 feet. 

3) Compute Available Head: Determine the mrudmum energy head, H. available between the 
outfall point and ponding area by subtracting the maximum allowable ponding elevati-0n 1n 
the ponding area from the channel's 25-year water surface elevation. With a slab elevation of 
101.5 feet and a top of curb and natural ground elevation of 100.0 feet in this example. the 
maximum allowable ponding elevation ls the lowest of the following: 1) one foot over natural 
ground; 2) one foot over the top of curb: or 3) one foot below the lowest floor elevation. In th1s 
case. the max1mum elevation 1s controlled by the lowest floor elevation and Is l 00. 5 feet. There 
are 3.5 feet of head available (H). 

4) Compute Pipe Loss: Establish a slze of the storm sewer pipe and compute the head loss using 
the following equation: 

in which: 

HP = head loss in feet 

Q = 100-year d1scharge ln cubic feet per second 

n = Manning's "n" value 

D = diameter of pipe in feet 

L = length of pipe ln feet 

Equation 5.3 

For this example. 65 linear feet of 60-inch corrugated metal pipe (CMP) with a Manning's n 
value of 0.024 and 120 linear feet of 60-inch reinforced concrete pipe (RCP) with a Manning's 
"n" value of 0.013 1s selected. The he(/.d loss is as follows: 

HL 
= 

66 
Q2(n~Ml'Lc1o11• + n;~11c,.) __ 

4 66 
{147)2 ((0.024)1 (65) + (0.013)2 (120)] = 

1 
09'ft 

P 
4· D 1613 • 51613 • 

5) Compute Lead Head Loss: Compute the head loss through the leads, h1, using Equation 5.3. 
Experience has shown that 24-inch diameter leads generally ca use excessive head loss. 30-tnch 
cllarn.eter leads are satisfactory 1n most cases, while 36-lnch leads are too large for the most 
common street inlets type "B-B" and "C-1." Therefore. the 30-inch diameter Is selected. 
Estimate the percentage of 100-year runoff flowing through each lead. Assume the 147 cfs to 
be dMded between three leads as follows: 
Lead 1: 20-foot lead with a flow of 56 cfs. 
Lead 2: 20-foot lead with a flow of 56 cfs. 
Lead 3: 45-foot lead with a flow of 37 cfs. 

HL
1

::: 4.66 Q
2

~:; = 4.66 c56)2 co.o;~)
2

C20) = o.37/c 
D 2.5 
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HL.z=HL,, 

Hf.., =4 66 (37)i(0.013}2(4S) = 0 37/t 
· 2.s•lllS · 

6) Compute Inlet Head: Determine the energy head available at each inlet using the equation: 

Hi=H-H,-HL Equation 5.4 

If H; Is negative, the hydraullc grade line is above the max:tmum ponding elevation. Increase 

the capacity of the system and repeat steps 4, 5. and 6 . If H; is positive, check the elevation 
of the hydraulic grade line relative to the max:tmum ponding elevation. For grade lines above 
the gutter line, use H1 as the energy head on the inlet: otherwise, make the value Of H1 equal 
to the maximum ponding elevation minus the gutter elevation. For this example, assume the 
hydraulic grade line is above the gutter elevation. Since the head loss through the three leads 
in the example are similar, the available head at each inlet is: 

H1 = 3.5 - 1.1-0.37 = 2.03 

7) Determine Inlet Type: Determ1ne the type of inlets required to handle the portion of the 
100-year flow reaching the ponding area. The flow through the inlet(s) must be equal to or 
greater than the flows estimated in Step 5 for each lead. Use the following orifice equation to 
compute the flow into each inlet. 

Q = CA../2gH1 Equation 5.5 

in which: 

~ Q = discharge in cubic feet per second. 

C =orifice coefficient (0.8 for inlets}. 

A= area of inlet opening. (Type "B-B" 2.14 square feet and '!YPe "C-1" 6.50 square feet.) 

g = acceleration of gravity [32.2 ft/ sec2
) 

H; =as defined in Step 6. 

Type "C-1" inlets are selected for Inlet 1 and Inlet 2 and. '!YPe "B-B" inlets are selected for Inlet 
3 across the street. 

Qc _ 1 = 0.8(6.50N(64.4) (2.0) = 59cfs 

2Q8 _8 = 2(0.8) (2.14N(64.4) (2.0) = 38cfs 

Thus, a Type "C-1" inlet at Inlet 1, a '!YPe "C-1" inlet at Inlet 2, and two Type "B-B" inlets at 
Inlet 3 will convey the 100-year sheet flow to the channel with the energy head available. If 
this inlet choice is adequate , the design is complete. 

8) Repeat .Analysis if Necessary: Repeat Steps 4 through 7 until the combination of storm sewer 
pipe. leads, and inlets adequately conveys the 100-year sheet flow to the channel with the 
energy head available. and is the most economical. 

5.3.5 Off-Site Overland Flow 
Sheet flow from undeveloped areas into an existing or a proposed subdivision can create a loca11zed 
flood hazard by overloading street inlets and/ or flood1ng individual lots . .Any dra1nage plan for a 
proposed subdivision submJtted for review and approval by the Montgomery County Drainage 
Admtnistrator must address the drainage of all adjacent lands, both under undeveloped and fully 

~ developed conditions. A plan which may be adequate under conditions of ultimate development 
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can be severely deficient during intermediate conditions of development due to sheet flow from 
adjacent undeveloped land. Provisions must be made to divert 100-ycar sheet flows to a channel 
system or to the secondary street and storm sewer system. 
Redirection of the sheet flow can usually be achieved through the use of drainage swales located 
in temporary drainage easements along the periphery of the subdivtsiOn. As the adjacent area 
develops to the point at which the street system can effectively handle the sheet flow condition. 
the temporary drainage swales and easements may be abandoned. The drainage swales should 
be relatively shallow, with the excavation spoiled continuously along the subdivision side of the 
swale to prevent flow from overrunning the swale. The swale should have suffic1ent grade to avoid 
standing water, but not enough to create eroSion problems. Generally, a m1Ililnum grade of O. lOOh 
should be maintained with the max1mum grade strongly dependent on local soil conditions. 
Such temporary draJnage swales may be directed to inlets tn the storm sewer system or, preferably, 
to the appropriate primary outfall channel. If an undeveloped area is to be drained to a storm 
sewer, additional inlet and storm sewer capacity must be provided to prevent prolonged street 
ponding in the subd1Vis1on resulting from flow from the undeveloped area ProviSions for this flow 
must also be included in the design of the street drainage overflow system. The design of temporary 
drainage swales directed to Montgomery County drainage channels must include adequate pro
visions to drop the flow into the channel through an approved structure 1n order to avoid excessive 
erosion of the channel banks. 
Outfalling the temporary swale into the backs] ope drainage system for the channel is unacceptable 
because the backslope drainage interceptor structures are not adequate to convey flow from an 
off-site swale. A typical approved structure is shown in Figure 6.3, with the exception of the pipe 
dimension. The pipe must be sized to handle the 100-year flow from the off-site area. 
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SECTION 6 
EROSION AND SEDIMENT CONTROL 

This section provtdes recommended criteria for control of channel cros10n and siltation. The 
pI1maly objective is to maJnta1n the capacity and stability of open channels. The erosion potential 
must be addressed in all designs of open channels or hydraulic structures. 

6.1 SOIL CONDITIONS 
Two basic considerations which must be analyzed are pie flow characteristics 1n terms of velocity 
and turbulence. and the properties of the affected soils. For all new channels and for major channel 
improvements, a soils report which addresses erosion and slope stability must be submitted. 
Erosion protection should be installed 1n areas where recommended by the geotechnlcal engineer. 
For minor channel alterations, check with the Montgomery County Drainage Adrntntstrator to 
determine whether eros10n control measures are necessary. 

Substantial amounts of sands and silts exist 1n Montgomery County. Naturally, more extensive 
erosion protection measures are needed for sands and silts than for clays. Particularly d!fficult 
stability problems exist where a sand or silt scam overlayed by clay 1S located near the toe of a 
channel slope. 

6.2 CHANNEL EROSION 
Channel erosion is generally caused by excessive velOdties 1n the channel: by flow over the banks 
of the channel; or by secondary flows at junctions, bends, and transitions. Each of these sources 
of erosion can be minimJ.zed if erosion protection measures are included in the design and con
struction of the channel and its appurtenances. Adequate grass cover or a structural lining in the 
channel often can roin1miZe problems due to excessive velocities and secondary flow. Backslope 
drainage systems can intercept flow within the right-of-way to prevent overbankflow and erosion. 

6.2.1 Grass Establishment 
A good grass cover must be established on all areas within the right-of-way (except the channel 
bottom) disturbed by channel improvements or by any type of construction. An adequate grass 
stand on the banks helps stabilize the channel and m1n1rntzcs erosion caused by overbank flow 
and high velocities 1n the channel. 
Establishing a good grass cover requires preparing the seedbed, seeding properly, keeping the 
seed in place. fertilizing, and watering regularly. As a minimum requirement. the Harris County 
Flood Control D1Strict specification entitled Hydro Mulch Seeding must be followed on all reseeding 
operations. Other methods of reta1n1ng the soil and seeds such as asphalt mulch, jute mesh. or 
papermesh may be used With prior approval from the Montgomery County DrainageAdmlntstrator. 
Solid sodding or spiigging are two recommended methods in areas where hydro mulch may not 
be successful. 

6.2.2 Minimum Erosion Protection for Confluences 
Figure 6.1 presents the min1mum requirements for determ1ning when erosion protection or 
channel lining are necessary given the angle of the confluence of two channels. A healthy cover 
of grass must also be established from the top edge of the lining to the top of the channel bank. 
The top edge of the lining shall extend to the 25-year water surface elevation. 
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e i 90° in all cases 

FJGU~E 6.1 Typicol Chonnel Confluence 
TABLE 6.1 Minimum Erosion Protection tor Channel Confluences 

Angle of Intersection e 
,..-- 25-Yee.r Velocity 

in Side Channel (fps) 15 to 4:S degrees 415 to 90 degrees 

4 or more Protection Required Protection Required 
2 to 4 No Protection Required Protection Required 
2 or less No Protection Required No Protection Required 

Source: [HCFCD. 1984] Note: See Figure 6.1 for illustration of 8. 

TABLE 6.2 Minimum Extent of Erosion Protection for Chonnel Confluences 

Location 

a 
b 
c 

Minimum Distance 

20 ft 
larger of 50 ft or 0.75T ,./tan e 
20 ft 

Source: IHCFCD, 1984) Note: See Figure 6.2 for illustration of a. b. R, and T. 

6.2.3 Minimum Erosion Protection Requirements for Bends 
Slope protection is required for channel bends with a radius of curvature measured from the 
center-line of less than three times the top width of the ultJmate channel. When required, erosion 
protecuon must extend along the outside bank of the bend and at least 20 feet downstream of il 
Additional protection on the channel bottom and inside bank. or beyond 20 feet downstream. will 
be required if max.1mum allowable velocities are exceeded. See Table 6.4 for allowable 25-year flow 
velocities. Figure 6.2 illustrates the minimum erosion protecUon requirements for channel bends. 
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1~0· HlN;I 

Deflection 

-- -- -- Angle (e) j 
Ro.dius of -- _f ; 
Curvo.ture <R) _J 

FIGURE 6.2 Typical Chcnnel Bend 

TABLE 6.3 Minimum Erosion Protection for Channel Bends 

' ' 

Ro.clius of 
Curvo. ture <R) 

Location Erosion Protection Requirements 

PAGE 87 

a 

b 

Slope protection required if Rrr ~ 3.0, or if 25-year flow velocities exceed allowable 
values given in Table 6.4 
Slope protection required if 25-year flow velocities exceed allowable values given 1n. 
Table 6.4 

Source: IHCFCD. 19841 Note: See Figure 6.2 for illustration of a, b, R, and T. 

TABLE 6.4 Allowoble 25-Yeor Flow Velocities for Channel Design 

Channel Description 

Grass Lined: Predominantly Clay Soil 
Grass Lined: Predominantly Sand Soil 
Rip-rap Lined 
Concrete Lined 

Source: [HCFCD. 1984) 
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Average Velocity 
(Feet Per Second) 

3.0 
2.0 
5.0 
6.0 

Maximum Velocity 
(Feet Per Second} 

5.0 
4.0 
8.0 
10.0 
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6.2.4 Minimum Erosion Protection for Culverts 
In areas where ouUet velocities exceed five feet per second into a grass-lined channel, channel 
lining or an energy dissipation structure will be required. 

6.2.5 Structural Measures tor Erosion and Sediment Control 
In areas of the channel where the maximum velocities given 1n Table 6.4 are exceeded. or where 
determ1ned by rn.1n1mum erosion protection requirements. a structural erosion protection such 
as cellular concrete articulated mats, concrete slope paving, r1p-rap. revetment mats. gab1ons. 
etc. must be installed. The slope protection must at least extend up the banks to the 25-year flood 
level. 

6.2.5. l Rip-Rap 
Rip-rap 1s broken concrete rubble or well-rounded stone. The use ofr1p-rap 1s encouraged because 
of its proven past performance. its flexibility. and its high Manning"s "n" value (approximately 
0.04). which reduces channel velocities. A discussion of r1p-rap design can be found in Corps EM 
1110-2-1601 [USACE, 1970]. 

M1n.lmurn requirements and crtter:!a for rtp-rap tnstallation 1n Montgomery County have been 
taken from the Crit.eri.a. Ma.nualfor Design of F1.ood. Control and Dratna.ge Facilities tn Harrts County. 
Texas, [HCFCD, 1984] and are as follows: 
1) Mat Thickness: Min.tmum mat thickness is 18 inches. Thickness of layer at toe of slope should 

be increased below the anticipated scour depth. 
2) Block Description: Use evenly graded, 80-pound to 150-pound blocks. Minimum 6-inch 

thickness per block. No exposed steel in broken concrete rubble. 
,--.. 3) Side Slope: Maximum steepness of the side slope is 2 (horizontal) to l (vertical). 

4) Bedding: Gravel bedding or filter fabrtc is required for extensive tnstallations or where war
ranted by soil conditions. 

6.2.5.2 Concrete Slope Paving 
For concrete slope paving in the channel. rnin1mum structural requirements are presented in 
SECTION 3. In most cases, a min1mum 10-foot rip-rap protection blank.et located on the down
stream side of the paving will be necessary to protect concrete toe walls. Min.tmum requirements 
for partially or fully concrete-lined channels are presented in SECTION 3.2.14. 

6.2.5.3 Straight Drop Spillway 
The straight drop spillway 1s commonly installed in drainage channels to adjust channel gradients 
which are too steep for design conditions. This type of spillway design is based on the hydraulics 
of the aerated free-falling nappe. Figure 6.3 Wuso-ates the configuration of a typical straight drop 
spillway constructed of steel sheet piling. 
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6.2.5.3.1 Hydraulics of Straight-Drop Spillways 
Figure 6.6 illustrates the flow geometry of a straight drop spillway. The aerated free falling nappe 
in a stra.tght drop spillway will reverse its curvature and turn smoothly into super-critical flow on 
the apron. The flow geometry at stra.1ght drop spillways can be described by functions of the drop 
number. D. which is defined as: 

in which: 

q ls the discharge per unit Width of the crest of overfall. 

g ls the acceleration of gravity (32.2 ft/sec 2
). 

h ls the height of the drop. 

FIGURE 6.6 Flow Geometry of Straight Drop Spillway 

The functions of the drop number used to descrtbe the flow geometry are: 

L 
: ==4.30D0.%7 

y 
; = 1.00DQ.ll 

in which: 

L0 = drop length, or distance from the drop to the position of the depth Y1 

YP = pool depth under the nappe 

Yi :: depth at the toe of the nappe or the beginn1ng of the hydraulic jump 

Y1 =the tailwater depth sequent to Yi. 
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Equation 6.1 

Equation 6.2 

Equation 6.3 

Equation 6.4 

Equation 6.5 
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If the tailwater depth 1s less than Y1 , the hydraulic jump will recede downstream. If the tailwater 

depth 1s greater than Y1 , the jump will be submerged. As the tailwater rises. the spillway crest 

may finally be submerged. The spillway will still be effective if the submergence does not reach 
the control depth on the spillway crest. 
These relationships consider the Oow at the straight drop spillway to be a two-dimensional Oow 
that practically corresponds to the Oow near the center of a Wide channel That is. the spillway 
crest 1s assumed to be the same width as the charmel. The design of the approach channel should 
analyze carefully the effects of any end contractions which may cause the ends of the nappe to 
land beyond the basin apron and the side walls. The flow geometry at the drop depends on the 
discharge per unit Width. q. the height of drop, h. and the depth of uniform flow 1n the channel 
upstream and downstream from the drop structure. Aeration of the nappe ls important to the 
proper functioning of the drop and the structural stability of the drop structure. 

Expertmental studies have demonstrated that the depth, Y0 , at the brink of the drop is approxi

mately 70 percent of critical depth, and that critical depth actually occurs a distance of about 
four times the critical depth upstream from the brink. For example. a typical channel section 
carrying 3,000 cfs has a critical depth of 6 to 8 feet. If the drop structure opening was designed 
With the same dimensions as the channel. crttical depth could occur 30 to 40 feet upstream of 
the br1nk. Due to tlUs draw down. velocities at crttical depth and upstream of crttical depth would 
be in excess of acceptable velocities for grass·lined channels in Montgomery County. 

In order to avoid excessive d.rawdown of the upstream water surlace and resulting high velocity. 
the opening 1n the structure must have less cross-sectional area than the channel. Crttlcal depth 
is a function of the discharge rate and geometry. By reducing the area of the openJ.ng. crttlcal 
depth will be forced to occur at the structure rather than in the upsrream channel. thereby creating 
a backwater condition. The structure opening can be designed from the bottom up ustng a range 
of flows 1n an iterative process. Special attention must be gtven to the energy grade line during 
design. An analysis of the water-surface drawdown should be performed to determine the lim.1ts 
of erosion protection required upstream of the structure. 
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The length of the downstream hydraulic jump carmot be easily detennined by theory, but it has 
been investigated exper1mentally. Vartous technical references gJve experimental results for jump 
lengths. Figure 6.7 illustrates a curve based on data and recommendations of the U.S. Bureau 
of Reclamation IUSBUREC. 1984). This cUIVe allows the determ1nation of jump lengths 1n rect
angular channels. In the absence of more extensive data. this curve may be used to approximate 
jump lengths in trapezoidal channels. 

6.2.5.3.2 Design Procedure for Straight Drop Splllwoys 
The following procedure may be used to design straight drop spillways: 
l) Design Flow Rate: Determine the peak 100-year flow rate at the drop structure. This may be 

accomplished through a HEC· l analysis or by using drainage area versus peak flow rate curves 
for the particular watershed in which the stream under consideration 1S located. 

2) Channel Hydraulics: Compute the normal depth (DN). flow velocity (V/'{). and energy head (HN) 

in the channel upstream of the structure for 20% of the peak 100-yearflowrate using Manning's 
Equation. 

3) Determine Lowest Opening Wldth: Design the lowest opening of the drop for 20% of the 
.peak 100-year flow using the followmg equations: 

in which: 

2 
d, =JHN 

v, = -fti:i" 

Q 
A=

V, 

A 
W=-

1 d, 

d, = approx1mate depth of critical flow 

V, = approx1mate velocity of critical flow 

g = acceleration due to graVity (32.2 ft/sec/sec) 

A =area of flow 

W1 =width of single opening to produce necessary area for critical flow. 

Equation 6.6 

Equation 6. 7 

Equation 6.8 

Equation 6.9 

4) Determine Other Opening Widths: Detemtlne opening widths for several percentages of the 
100-year flow by completing steps 2 and 3 for each flow rate. Use the following equation to 
determine the widths of multiple openings: 

Equation 6.10 

In which: 

w, =Width of successive openings in drop structure. when more than one are used 

d,, = depth of critical flow for successive openings in drop structure 

A; = area of successive openings 1n drop structure 
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5) Design Openings: Use the results of steps 2 through 4 to determine the dimensions of a 
number of openings (usually from 2 to 5) in the sheet piling which will yield a configuration 
s!m11ar to that indicated by those results. 

6) Compute Profiles: Use HEC-2 to compute water surface profiles 1n the channel for several 
dilierent flows. Adjust the drop structure configuration as necessary to yield the desired water 
surface elevations and velocities upstream of the drop. 

7) Upstream Slope Protection: Examine the HEC-2 results to determine the required length of 
upstream slope protection. The slope protection should extend far enough upstream to reach 
a point where the flow velocity is below the accepted ma:omum for all nows (see SECTION 3). 
The m1nimum length of upstream protection 1S 40 feet. At least 20 feet of the total length 
should be np-rap. With the balance being concrete slope paving. The lip-rap should be placed 
upstream of the concrete pav1ng. 

8) Downstream Slope Protection: Compute the drop number and functions of the drop number 
using equations. 6.1 through 6.5 (all parameters are defined on figure 6.6). Using the depth 
at the toe of the nappe (Y1). compute the area at the toe of nappe CA,) and the correspond.1ng 

velocity [V1). Then. compute the Froude number (F1) using the formula 

Equation 6.11 

Usfngthe Froude number F1 to determine a value ofL/Y1from the curve on figure 6. 7 illustrating 

the relationship between these parameters. compute the jump length L1 using the values of 

L;IY2 and Y2 which have already been determined. Compute the total length of slope protection 

requ.ired by comb1n.ing the drop length L0 with the jump length L, . 

LSI'= L0 +L, Equation 6.12 

Repeat this procedure for several percentages of the peak 100-year flow rate. Choose the 
maximum value of Ls!' as the required length of slope protection. 

9) Downstream Rip-rap: Break the total length of downstream slope protection into a length of 
concrete slope paving and a length of lip-rap. The m1nimum total length of slope protection 
downstream of a straight drop structure is 50 feet. with a min.1.muro of 20 feet of lip-rap 
included in the total. The rtp-rap should be placed downstream of the slope paving on the 
downstream side of the drop structure. 

6.2.5.3.3 Example of Straight Drop Spillway Design 
This section provides an e.xample of the procedure recommended for des1grung a straight drop 
spillway. The procedure below is based on the channel and drop structure shown in Exhibits 6.3 
and 6.4. For this example, a 5-foot vertical drop is kl be accommodated in a channel With upstream 
bottom width = 15 feet. side slopes= 3: 1 (H:V). channel invert slope S = 0.08%. and Manning's 
n -Value = 0.04. 

l) Design Flow Rate: Determine the 1 OD-year frequency flow to the design point from all exiSting 
and future contributing drainage areas for 100% development. for this example the d.ra.inage 
area is 3.500 acres. and the 100-year flow iS 2.000 cfs. (See SECTION 2 for determ.tnatlon of 
flow.) 

2 ) Channel Hydraulics: DetermJne the normal depth. DH. normal velocity. V". and energy head. 

H,,. in the channel upstream of the scructure forvartous percentages of the 100-year flow using 
Manning's Equauon: 
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Rearranging and solving for ARw yields: 

AR21l 

For 20% of the 100-year flow rate. 

nQ 

1.486.../S 

ARlll = 400x0.04 380.7 
l .486 x ../0.0008 

PAGE 94 

Equation 6.13 

Determine the normal depth, DH. using hydraulic tables. graphs. or by trial and error using 

equations for A and R For this example. DH= 5.38 ft. and the corresponding area, A = 168 sq ft. 

After determining normal depth, the normal velocity, VH is determined using the following 

equation: 

Q 400 
V,y =A= 168 = 2.38 

The energy head at normal depth. HN, is computed as follows: 

v; (2.38)2 

H,y = D,y + a. 2g = 5.38 + 1.1x 2 x 32.2 = 5.47 

In this equation. a = the energy coefilcient. For trapezoidal channels. a = 1.1. 

Table 6.5 lists the computed values for Normal Depth. Normal Velocity, and Velocity Head for 
vartous flow rates up through the 100-year flow rate. 

TABLE 6.5 Exomple of Computed Hydraulic Values 

Q Q DH VH H,y 
(%) (cfs) ARw (ft) (fps) (ft) 

20% 400 380.7 5.38 2.38 5.48 
40% 800 761.4 7.46 2.86 7.60 
60% 1,200 1.142.0 8.99 3.18 9.16 
80% 1,600 1.522.7 10.23 3.42 10.43 
100% 2,000 1.903.4 11.29 3.62 11.51 

3) Determine Lowest Opening Wldth: Design an operung of the st:raight drop spillway for 20016 
of the 100-year flow, using Equations 6.6 through 6.9. Note: The equations for crttical depth 
and critical velocity are apprax:imations which simplify in1t1al calculations. These results will 
be checked later. 

For Q'2D'lo = 400 cfs. H. = 5.48 ft. Using Equation 6.6. de= 5.48 x 213 = 3.65 ft. Equation 6. 7 Is used 

to determine v, = ../3.65 x 32.2 = 10.84 fps. Equation 6.8 1s applied to compute the Area, 

A = 400/10.84 = 36.9 sq ft. Therefore, the width of the lowest opening. w1 = 36.9/3.65 = 10.1 ft. 

4) Determine Other Opening Widths: Similar computations are performed for 40%. 600/a, 800h. 
and 1000..U of the 100-year peak flow rate. Equation 6.10 is used to compute successive Widths 
of multiple openings. Table 6.6 lists the computed widths for each flow rate. 
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TABLE 6.6 Example of Computed Opening Widths 

Q H,, d, v, A WI W; 
(cfs) (ft) (ft) (fps) (ft~ (ft) (ft) 

400 5.5 3.7 10.8 36.9 10.l 10.l 
800 7.6 5.1 12.8 62.5 12.3 17.9 

1.200 9.2 6.1 14.0 85.4 13.9 22.9 
1.600 10.4 7.0 15.0 106.7 15.3 23.6 
2.000 11.5 7.7 15.8 126.9 16.5 28.8 

5) Design Openings: For more practical construction. the five opening widths listed 1n Table 6.6 
are simplified to the three Widths listed 1n Table 6. 7. 

TABLE 6.7 Exompfe of Simplified Opening Widths 

Depth (ft) 

4 
7 
9 

Width (ft) 

10 
22 
28 

6} Compute Profiles: As noted. the critical depth computed in Steps 3) and 4) above are based 
on an approx:1mation. The critical depth for use 1n backwater calculations may be calculated 
by solving equation 6.14. 

in which: 

Q = the flow in cfs 

Qi AJ 
C!.-=-

g B 

A = the actual area of drop structure operung at the trtal depth 

B = the top Width of the opening at the trial depth 

g = the acceleration due to grav:tty 

ex = energy coefficient 

Equation 6.14 

For a flow rate of 2.000 cfs. cx.(/lg = l.l x(2000)1 +32.2= 136.645 ft5
. By solving for A. the crttical 

depth of 8.80 produces (l0x4+22x3+23xl.80)3 +28 = 136,632 ft5
. Therefore. 8 .80 ft is the 

beginning 100-year water surface elevation at the drop structure. 
7) Upstream Slope Protection: Analyze the upstream water surface profiles and determine the 

point upstream of the drop structure where velocities fall below the maximum allowed as gtven 
tn Table 6.4. A range offlow conditions should be checked. However. the 100-year flow generally 
results in the highest upstream velocities. Assume that Table 6.8 lists the results of a HEC-2 
analysis of the channel upstream of the drop structure. These results are computed assuming 
a contraction loss coefficient of 0.6. 

TABLE 6.8 Example HEC-2 Results for Upstream Channel 

Upstream Chan- Water Surface Energy Grade Del:_th Flow Velocity 
nel Station (ft} Elevation (ft} Elevation (ft) ( ) {fps) 

0+00 108.8 111.59 8.8 12.78 
0.;.20 112.9 113.14 12.88 3 .8 
0+40 113.38 113.51 13.36 2.71 
10 ... 00 113. 75 113.74 12.78 2 .93 
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It ts apparent that the velocities are low enough such that there should be no erosion problem 
beyond 40 feet upstream. Therefore. the concrete slope protection should extend 20 feet 
upstream with 20 feet of rtp-rap beyond that. 

8) Downstream Slope Protection: The final consideration 1n the hydraullc design of the stra.1ght 
drop structure is the design of downstream slope protection. The length of slope protection is 
the sum of the drop length, l 0 , and the length of the hydraulic jump, L1• The greatest drop 

length. L0 , is determined ustng Equations 6.1 through 6.5. Table 6.9 lists the results. 

TABLE 6.9 Example of Computed Drop Lengths 

Q w q h Lo 
(cfs) (ft) (cfs/ft) [ft) D (ft) 

400 10 40.0 5.0 0.3972 16.75 
800 22 36.4 9.0 0.0564 17.80 

1,200 22 54.5 9 .0 0.1265 22.14 
1,600 22 72.7 9 .0 0.2252 25.87 
2.000 28 71.4 12.0 0.0916 27.06 

The length of the hydraulic jump is determined usJng F.lgure 6. 7. The jump is dependent on 
the Froude number, which iS computed using Equation 6.11. The Froude number will be 
greatest for the 100-year flow: 

Y1 = 0.54Do..42Jh = 0.54 x (0.0916)0"2.1x12.0 = 2.35 ft 

Y2 = l.66D 0.2'1h = 1.66x(0.0916)<U7x12.0 = 10.44 ft 

The cross-sectional area at the jump may be computed using the following equation: 

W7 +Ws 2. (15+6x2.35)+15 
518 A = Y1 x 

2 
- 35 x 

2 
= · 

1n which: 

Wr =top width of flow (feet) 

W8 =bottom width of channel {feet) 

The velocity at the Jump, v1 = Q!A = 2000/51.8 = 38.6 fps 

Therefore, the Froude number may be computed using Equation 6.11: 

F =2= 38.6 
I Wi .../32,2 X 2.35 

4
·
44 

According to Figure 6. 7, L;IY1 = 5.9. Therefore. the length of the hydraulic jump 
L1 = L;IY1 x Y1 = 5.9 x 10.44 = 61.6 ft. Total length of slope protection should then be 
61.6/z + 27. lfr = 88 .7 ft. or about 90 feet downstream of the drop structure. 

9) Downstream Rip-Rap: The slope protection should consist of 70 feet of 6-inch concrete slope 
paVing and 20 feet of rip-rap. 
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6.2.5.4 Sloped Drop Structures 
Sloped drop structures are recommended when the required drop elevation Js small. generally 
from 1 to 4 feeL They tend to be the most economical and topographically versatile means to 
accomplish a drop. Sloped drops should be no steeper than 2: 1 and no flatter than 4: 1 (measured 
along the channel invert). 

Sloped drops shall be constructed of concrete slope pavtng or of cellular concrete articulated mats. 
R1p·rap or appropriate alternate erosion protection shall be provided upstream and downstream 
of the drop. 

When sub-critical flow approaches a drop, depth decreases and velocity increases as the flow 
nears critical depth. Accordingly, appropriate erosion protection must be provided sufficiently 
upstream such that flow velocities are not excesstve 1n any unprotected reach of channel. The 
mln1mum recommended distance 1s 20 feeL · 
Downstream of the drop, the required length for protection ls dependent on the length of the 
hydraulic Jump. As a rough estimate the Jump length may be assumed equal to q/2, one-half of 
the design flow per unit Width of channel. The use of rip-rap or a combination of rip-rap and 
concrete slope pavmg 1S recommended downstream of the drop to force the jump closer to the 
drop. A IDinimum of 20 feet of rip-rap is requ.1.red downstream of any slope pavtng used at a drop 
structure to help reduce velocities and protect the concrete toe. The m.1nimum recommended 
length of slope pavtng downstream of a sloped drop ls 40 feet. 

6.2.5.5 Baffled Chutes 
Bailed chutes are used 1n drainage ways when a relatively large change 1n elevation is necessary. 
The bafile blocks prevent undue acceleration of the flow as it passes down the chute. Bafiled 

._,-... chutes are generally laid out on a 2: 1 slope (no steeper) and can be designed to d1scharge up to 
60 cfs per foot of channel Width. The lower end of the chute is constructed to below stream bed 
level and backfilled as necessary. thereby m1n1miZ1ng degradation or scour of the stream bed. No 
tailwater or stilling basin 1s required. as velocities will remain moderate. Figure 6.8 illustrates a 
bafiled chute. 
The following simplified step-by-step procedure developed by the Bureau of Reclamation [US
BUREC. 1961) 1S recommended forthe designofbafiled chutes. Bureau ofReclamationEngineeriilg 
Monograph No. 25 IUSBUREC. 1984) contains an even more detailed discuSSion. A step-by-step 
design procedure is presented below: 

1) Design Discharge: The baffled apron should be designed for the 100-year discharge, Q. The 
unit discharge q = QIW may be as high as 60 cubic feet per second per foot of chute Width. 
W. Less severe flow conclitions at the base of the chute ex1St for 35 cubic feet per second and 
a relatively mild condition occurs for unit discharges of 20 cubic feet per second and less. 

2) Entrance Velocity: Entrance velocity. V1 should be as low as practical. Ideal conditions e.xist 

when V1 = (gq)l/J- 5 (See Curve D. Figure 6.9) . Flow Conditions are not acceptable when 

V: "'(gq)L" (See Curve C. Figure 6.9). 

3) Chute Design: The vertical offset between the approach channel floor and the chute is used 
to create a stilling pool or desirable V1 and will vary in individual installations; Figure 6.8 
shows a typical approach pool. Use a short radius cwve to provide a crest on the 2: 1 sloping 
chuie. Place the first row of baffie piers close to the top of the chute no more than 12 inches 
1n elevation below the crest. 
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Row I 
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,-... FIGURE 6.8 Typical Baffled Chute 
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Loco. tion optiona.I 

4) Baffie Height: The bafile pier height. H. should be about 0.8D, (see CUIVe B, Figure 6.9). The 
crttlcal depth on the rectangular chute ls De= (qllg)l/3 [see Curve A. Figure 6.9). Baffle pier 
height is not a critical diinension but should not be less than recommended. The height 
maybe 1ncreased to 0.9Dc critical. 

5) Baffle Wldth: Baille pier widths and spaces should be equal, preferably about l.5H. but not 
less than H. Other baffie pier dmlensions are not critical: suggested cross section 1S shown 
in Figure 6.8. Partial blocks. width 0.33H to 0.67H. should be placed against the tra1n.1ng walls 
ln Rows 1, 3, 5, 7. etc .. alternating With spaces of the same width in Rows 2. 4. 6. etc. 

6) Baffle Row Spacing: The slope distance between rows of baffle piers should be W, twice the 
baffle height H. When the baffle height 1S less than 3 feet. the row spacing may be greater 
than 21f but should not exceed 6 feet. 

7) Baffle Alignment: The baffle piers are usually constructed with their upstream faces normal 
to the chute surface: however. piers with vertical faces may be used. Vertical face piers tend 
to produce more splash and less bed scour. but differences are not significant. 

8) Chute Length: Four rows of baffle piers are generally required to establish full control of the 
flow. although fewer rows have operated successfully. Additional rows beyond the fourth 
maintain the control established above, and as many rows may be constructed as 1s necessary. 
The chute should be extended to below the normal downstream channel elevation. At least 
one row of bafiles should be buried in the l ackfill. 

9) Wall Height: The chute train1ng walls should be three umes as high as the bafile piers 
(measured normal to the chute floor} to contain the main flow of water and splash. It is 
impractical to Increase the wall heights to contain all the splash. 
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FIGURE 6.9 Recommended Bettle Pier Heights and Allowable Velocities (Source: !USBUREC, 1961)) 
10) Downstream Rip-rap: Rip-rap consisting of 6-inch to 12-inch stones should be placed at 

the downstream ends of the training walls to prevent eddies from undermining the walls. 

6.2.5.6 SAF-Type Stilling Basins 
The SAF stilling basin was developed by the Saint Anthony Falls Hydraulic Laboratory at the 
University of M.!nnesota. SAF ·type basins are intended for use on small drainage structures such 
as those built by the U.S. Soil Conservation Service. Typical SAF stilling basin configurations. 
dimensions. and design terms are illustrated on Figures 6.10 through 6.15. The folloWing design 
procedure is taken from Open Channel Hydraulics [Chow. 1959): 

1) Basin Length: The length LB of the stilling basin for Froude numbers between F1 = 1.7 and 
F; = 17 is detenn1ned by L8 = 4.5y2/F~76• 

2) Block Height: The height of the chute blocks and floor blocks is y1• and the Width and spac1ng 

are approximately 0.75y1• 

3) Block Location: The distance from the upstream end of the stilling basin to the floor blocks 
is L613. No floor block should be placed closer to the side wall than 3y1/8. The floor blocks 

should be placed downstream from the openings between the chute blocks. 
4) Block Wldth: The floor blocks should occupy between 40 and 55% of the stilling basin Width. 

The Widths and spacings of the floor blocks for trapezoidal stilling basinS should be increased 
L"'l proportion to the increase in stilling basin Width at the floor block locat::1on. 
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5) End Sill: The height of end sill is gtven by c = 0.07y2• where YJ 1s the theoretical sequent depth 

corresponding to Yi · 

6) Tailwater Depth: The depth of tailwater above the stilling basin floor 1S given by: 

y1' == (1.10- F1
1/l 20)y1 

Y1
1 = 0.85yl 

y1' = (l.00-Ftl800)y1 

forF1 = l.7to5.5 

for F1 = 5.5 to 11 

for F1 = 11 to 17. 

7). Side Wall Height: The height of the side wall above the mrud.mum tailwater depth to be 
expected during the Uf e of the structure is given by z = }'/3. 

8) Wing Wall Height: Wing walls should be equal in height to the stilling basin side walls. The 
top of the wing wall should have a slope of 1 on 1. 

9) Wlng Wall Alignment: The wing wall should be placed at an angle of 45 degrees to the outlet 
center Une. 

10) Side Wall Allgnmen t: The stilling basin side walls may be parallel (as in a rectangular stilling 
basin) or they may diverge as an extension of the transition side walls (as in a trapezoidal 
stilllng basin). 

11) Cutoff Wall: A cutoff wall of nominal depth should be used at the end of the stilling basin. 
12) Entrained Air: The effect of entrained air should be neglected in the design of the stilling 

basin. 
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FIGURE 6.15 Downstream Elevation of Trapezoidal SAF-Type Stilling Bosin 

6.3 SECONDARY DRAINAGE SYSTEMS 

6.3. 1 Backslope Drainage Systems 
,.,.-. The use ofbackslope drains and swales 1S required 1n Montgomery County. These systems collect 

overland flow from channel overbanks and other areas not dra1n1ng to the storm sewer collection 
system. Their purpose is to prevent excessive overland flow from passing over the banr.s of 
grass-lined channels and eroding the side slopes. Subject to County approval. backslope drains 
may not be required 1n undeveloped or sparsely developed areas. 
The design engineer should carefully conslder the drainage area to be intercepted by such systems. 
particularly when the channel passes through large areas of undeveloped acreage where large 
quantities of naturally occurring sheet flow could overload the backslope swale and dralllage 
system. in these areas. the minllnum requirements for drain spacing and backslope drainage pipe 
d1Scussed below may not be adequate. Refer to Figure 6.16 for backslope drain design. 

Documentation of drainage area for each backslope drain system as well as hydraulic pipe and 
swale sizing calculations must be provided by the engineer. 
General requirements for backslope drains and swales have been taken from the Crtteiia Marwa.1 
for Design of F1ocxt Control and Drainage Facilities in Harris County. Texas IHCFCD. 19841. and 
are as follows : 

ll Minimum Pipe Size: Ml.niroum backslope drain pipe shall be 24" in diameter. 
2) Maximum Spacing: Maximum spacing 1s 800 feet (or 400 feet to the swale high point). 

3) Location: The drain structure and swale center-line should be five feet inside the channel 
nght-of-way line. 

4) Design Depth: MJ.rumurn design depth in swale 1s 0.5 feet. Maximum design depth in swale 
is 2.0 feet. 

SJ Grade: Minimum gradient for swale invert is 0.2%. 
6) Side Slope : Swale should have a maximum (steepest) side slope of 1.5: 1. 
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6.3.2 Pipe Outtalls 
A major source of erosion in channels 1s around pipe outfalls. either from storm sewers or from 
backslope interceptor structures. Erosion can occur 1n the channel bottom and on the opposite 
bank due to high !lows from such pipes. ln add.men. improperly tnstalled pipes result in seepage. 
piping, and erosion around the outside wall of the pipe. The best way to prevent seepage is to 
construct tight pipe joints, to backfill with cement stabilized sand. and to compact the backfill 
properly. Figures 5.5 and 5.6 contain m1nJ.murn requirements for pipe outfall construction. 
Erosion downstream of the pipe can be prevented by inStalling rtp-rap or concrete slope paving. 
The use of rip-rap is recommended because it is .flexible and it reduces the water velocity coming 
out of the pipe. Problems have occurred in the past with concrete slope pavtng breaking off the 
outfall pipe due to underm1n.1ng of the slope paving. 
Erosion protection is required for all pipes 48 inches in diameter and larger. For pipes less than 
48 inches. erosion protection is optional. except in channels where severe erosion problems ex1St 
or are anticipated. 
Figure 5.6 illustrates the requirements for erosion protection placement at the end of the pipe. 
The distance the rtp-rap or slope paVing needs to extend across the ditch is given as s1Jc times the 
diameter of the pipe or up to the elevation of the top of pipe on the opposite bank.. whichever 
results in a shorter distance. The purpose of this dual guideline is to attempt to cover most 
combinations of pipe and channel sizes. For example, a 6-foot diameter pipe outfalling into a 
6-foot wide bottom channel definitely needs opposite bank protection. but the same ptpe in a 
40-foot wide bottom channel would not need opposite bank protection. 
The purpose of installing outfall pipes one foot above the channel flow-line or normal water level 
1s to insure continued operatJon of the pipe if the charmel silts up. A distance larger than one foot 
would create erosion problems in the channel under the end of the pipe. 

6.3.3 Roadside Ditch Interceptor Structures 
A roadside ditch interceptor structure and adequately sized pipe should be used to convey Dow 
from relatively small ditches into major drainage channels (Figure 6.1 7}. Flow over the banks of 
grass-lined channels Is not acceptable due to potential erosion problems. The interceptor pipe 
should be sized based on the dramage area served by the small ditch and design frequency for 
the ditch. 
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6.4 SEDIMENT CONTROL DURING CONSTRUCTION 
Erosion control measures should be applied during construction of any development to prevent 
siltation of any affected channels and/or storm sewer systems. Channel siltation caused by 
construction activities ls a major problem 1rt Montgomery County, resulting 1n reduced channel 
capacity and an additional financial burden on Montgomery County maintenance funds. 
Upon completion of a new channel or channel improvements in a subdtvision, the County Drainage 
Adm1nlstrator will inspect and accept only the channel portion of the project. Inspectors will not 
accept the storm sewer outfalls until a request is made for acceptance of the subdivision streets 
and storm sewers. At that time, the storm sewer outfall must be free of silt and backwater. /my 
sedimentation which occurs during construction of a subdiv1s1on or development must be removed 
and the channel restored to its design condition. 
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SECTION 7 
DETENTION DESIGN 

The introduction of impervious cover and improved runoff conveyance serves 1n many cases to 
increase flood peaks quite dramatically over those for existing conditions. When physical, topo
graphic. and economic conditions allow it, channel improvements downstream of the development 

' are often used to prevent increased .flooding. When this 1s not feasible, a widely used practice is 
runoff detention or retention storage, wherein the storm volume 1s held back 1n the watershed 
and released at an acceptable rate. This section of the manual presents information on storage 
techniques, including guidance for the design of appropriate storm runoff storage facilities. 
Development in a watershed can have complex and far-rcachJng consequences on the overall 
hydrolog1c regime. For this reason. careful plans for anticipating and meeting the long term flood 
control and drainage needs of Montgomery County have been drawn up on a watershed-by
watershed basis. Each watershed "master plan" has been formulated to provide the most practical 
and efficient basin-wide approach to the hydrologie consequences of ongoing or future 
development, including proper coordination of storm detention facilities and channel improve
ments. Accordingly. the Montgomery County Drainage Adm1ntst:rator must be consulted con
cerning preferred watershed flood control strategies and alternatives . 

. 7.1 TYPES OF STORAGE FACILITIES 
Storage systems may be classified as either on-line or off-line facilities. They may be designed for 
either detention or retention of stormwater. Figures 7.1 and 7.2 illustrate a typical detention 
facility. 

7.1.1 Off-Line Facilities 
An off-line detentionfacility 1s one in which storm runoff does not begin to flow into the storage 
facility until the diScharge in the channel reaches some crttical value above which unacceptable 
downstream flooding will occur. An off-Une facility serves to store only the runoff volume associated 
with the high flow rate portions of the flood event. 

7.1.2 On-Line Facilities 
An on-line detentionfacility 1s one in whieh the total storm runoff volume passes through the 
retention or detention facility's outflow structure. 
An in-stream detention facility 1s a special type of on-line facility created by rest:rtcting the 
diScharge of a segment of a drainage channel. In-stream detention facilities are acceptable jf the 
drainage channel receives runoff only from the property for which the detention capacity is being 
provtded. However, in-stream detention facilities which receive runoff from other upstream 
properties will not be approved. 
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FIGURE 7.1 Cross-Section of Typical Detention Basin 
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FIGURE 7 .2 Typical Detention Basin Configuration 
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7. 1.3 Retention Storage 
In a retention storage facility, runoff 1s captured and released only after the storm event 1s over 
and the downstream water surface has subSided. A retention storage system 1s seldom used. 
Special outlet devices or pumps arc usually required for such systems. Figure 7 .3 illustrates the 
effect of retention storage on developed conditions runoff hydrographs. 

I 
):: 
0 
_J 

L.... 

Hydrogro.ph 

Outflow Hyclrogro.ph 

;--......._ 

' 
/ 

TIME--
FIGURE 7 .3 Effect of Retention Storage on Hydrographs 

7. 1.4 Detention Storage 

........... 
........... 

The vast majority of flood control storage is handled by detention facilities. The purpose of 
detention storage 1s to hold storm runoff back but release it continuously at an acceptable rate 
through a flow-limiting outlet structure. thus controlltng downstream peak flows. Figure 7.4 
illustrates the typical effect of detention storage facilities on developed conditions runoff hydro
graphs. 

~ 
D 
--' 
L 

Inflow Hydrogro.ph 

Outflow Hyclrogroph 

TIME--
FIGURE 7 .4 Effect of Detention Storoge on Hydrogrophs 

MONTGOMERY COUNTY DRAINAGE CRrrERlA MANUAL November 1989 



-
SECTlON 7 DETENTION DESIGN 

7 .2 DESIGN CONSIDERATIONS 

7 .2. 1 Location of Faclllty 

PAGE 112 

Detention basins should be located on or near prtma.Iy drainage channels. Th1s allows for a direct 
connection between the basin and the stream which receives discharges from tt. In addition. 
detention basin locations should be chosen to facilitate the drainage of storm runoff into the basin. 
Care should be cxercJscd to insure that detention facilities are constructed 1n locations which 
allow easy access for maintenance purposes. 

7 .2.2 Storm Sewer Hydraullc Gradients 
The hydraulic gradients 1n storm sewers shall be determ.lned using procedures outlined 1n 
SECTION 5. The starting water surface elevation for these calculations shall be the 25-year 
maxiIIlum pond elevation. 

7 .2.3 Allowances for Extreme Storm Events 
Design consideration must be given to storm events 1n excess of the 100-year flood. An emergency 
spillway, overflow structure. or swale must be provided as necessary to effectively handle the 
extreme storm event. In places where a dam has been utilized to provide detention directly 1n the 
channel, due consideration must be given the consequences of a failure, and if a signJ..ficant hazard 
exists. the dam must be adequately designed to prevent such hazards. 
In addition. detention facilities which measure greater than stx feet 1n height are subject to reg
ulation by the Texas Water Cornm1sS1on !'IWC. 19861. The height of a detention facility or dam 1s 
the distance from the lowest point on the crest of the dam (or embankment), excluding spillways. 

,-..- to the lowest elevation on the center-line or downstream toe of the dam (or embankment), 1ncluding 
the natural stream channel. Water Commission regulations classify dam sizes and hazard potential 
and specify required failure analyses and spillway deSign flood Criteria (1WC, 19861. 

--

7 .2.4 Multi-Purpose Use of Detention Facilities 
The amount of land required for a stormwater detention facility 1S generally quite substantial. For 
this reason, storage facilities may serve a secondary role as parks or recreational areas whenever 
posSible. Conversely. parking areas may serve a secondary role as storage facilities as long as the 
100-year ponding depth within the parldng area Js stx inehes or less where cars are parked. Such 
dual use areas will be allowed only after proper review of the desigll scenario and approval of the 
specific project by the Montgome:ry County Drainage Administrator. 

When a dual use facility Js proposed. a joint use agreement 1S required between Montgome:ry 
County and the entity sponsoring the secondary use. This agreement must specify the maintenance 
responsibilities of each party. 
For privately maintained or dual use systems. each storm.water detention facility will be reviewed 
and approved only if: 1) The facility has been designed to meet or exceed the requirements contamed 
within this manual: and 2) ProvJsions are made for the facility to be adequately matntained. 

7 .2.5 Aesthetic Aspects of Detention FoclIIty Design 
Due consideration should be given to aesthetic aspects of detention facility design. The use of 
reduced (flatter) side slopes. landscaping, and other measures to improve the appearance of 
detention basins should be considered. 
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7 .2.6 Safety Considerations In Detention Faclllty Design 
Safety should also be given careful consideration in detention basin designs. Embankment slopes, 
railings. fences. grates. and other features should be incorporated into the design of the facility 
wherever appropriate. Appropriate warnJ.ng signs should be placed around the perimeter of the 
facility. 
Designs of detention outlet structures should, wherever poSS1ble, incorporate grates and other 
appropriate sa!ety features. Flow velocities should be llm1ted to avoid the formation of dangerous 
undertows. 
Wherever possible, the depth of water near the edge of the basin should be limited to reduce 
hazards to persons venturing near the water's edge. !Jmtttng the embankment slope to a value 
which would allow a person to easily escape from the basin should also be considered. 

7 .2.7 Erosion Control Measures for Detention Facilities 
The erosion potential for a detention basin is slln.llar to that of an open channel. For this reason 
the same types of erosiOn protection are necessary. including the use of backslope swales and 
drainage systems (as outlined in SECTION 6), proper revegetation. and pond surface l1n1ng where 
necessary; Proper protection must especially be provided at pipe outfalls into the facility. pond 
outlet structures and overflow spillways where excessive turbulence and velocities will cause 
erosion. 

7 .2.8 Maintenance of Detention Facilities 
In general, Montgomery County will only be responsible for maintenance of stormwater detention 
basins which serve public facilities such as dedicated public streets or parks and recreational 

.- areas. Responsibility for the maintenance of any portion of a facility not designed for :flood control 
will not rest with Montgomery County, nor will the County be responsible for any damage which 
may occur resulting from flooding of the facility. 

.-

A 30-foot wide access and maintenance easement shall be provided around the entire detention 
pond. nus is in addition to the dedication required for the pond itself. 

7 .3 DETENTION DESIGN PROCEDURES 

7.3.1 Detention Design Frequencies 
All detention facilities in South Montgomery County shall be designed to attenuate developed 
conditions peak flow rates from the 25-year and 100.year frequency, 24-hour duration storm to 
e."dsting conditions levels. No increase tn downstream flow rates or flood levels will be allowed. 
The maximum 100-year water surface elevation in all detention facilities shall be a minimum of 
l foot below the minimum top of bank elevation of the basin. In addition, all detention facilities 
must be aesigned to have sufficient freeboard to provide for adequate drainage of lateral storm 
sewers durtng the 25-year storm. 

7 .3.2 Required Documentation for Detention Facility Designs 
The following 1.nf ormation must be submitted to the Montgomery County Drainage .Adm1nistrator 
for the design of detention facilities: 
ll Vicinity Map: A vicinity map which illustrates the location of the proposed development and 

detention site. 
2) Site Map: A detailed map of the proposed development and detention site with all pertinent 

physiographic information. 
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3) Watenhed Map: A watershed map showing existing and proposed drainage area boundaries 
along with all sub-area delineations and all areas of existing or proposed development. 

4) Dacharge calculations: Discharge calculations specifytng the methodology and key 
assumptions used.. along with computed peak flow rates or hydrographs. 

5) Hydraulic calculations: Hydraulic calculations for outlet structure design. specifying the 
methodology used.. All assumptions and values of design parameters must be clearly stated. 

6) Right-of-Way Map: A map illustrating all existing and proposed rights-of-way. 
7) Benchmark Information: A description of the benchmark used in obtaining field swvey data. 

inclucUng the location. elevation. datum. and year of adjustment. 
8) Facility Layouts: Plan View and typical cross-sectlon(s) of proposed detention facillty. 
9) Soils Report: A soils report which addresses erosion and slope stability. 

7 .3.3 Detention Design For Drainage Areas of Less Thon 50 Acres 
The maxttnum allowable release rate from the detention facillty during the 100-year storm event 
1s the 100-year peak flow rate from the watershed of the detention facility under pre-development 
conditions. This flow rate should be determined using the Rational Method.. 

Required Deten-tion VoluMe 

( 

1 

Ro.te 

Hydrogro.ph (Area. equals total 
inflow voluMe) 

2 

Discharge Hydrogro.ph 
Cso.rie voluMe o.s inflow) 

3 

FIGURE 7.5 Required Detention Volume for Less Then 50 Aeres 
The volume of flood control storage to be provided by the facility for the 100-year storm event is 
to be determined using the triangular hydrograph method illustrated 1n Figure 7.5. The required 
volume may be computed usi'"lg the followtng formulas: 
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in which: 

43560Vi 
B"" O.SI 

S = 0.5B(l-0) 
43560 

B = duration of inflow to the basin (seconds) 

V" =total basin inflow volume (acre-feet) 

S = required flood storage volume (acre-feet) 

I = peak inflow rate (cubic feet per second) 

0 =peak discharge rate (cubic feet per second). 
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Equation 7.1 

Equation 7.2 

This storage volume must be provided below the proposed max1mum 100-year water surface 
elevation in the basin. The required storage volume for the 25-year storm event should be computed 
1n the same way. The 25-year ponding elevation should be determined as the elevation below 
which the computed storage volume may be provided Within the detention basin. 
The size of the outlet pipe that is require to pass the maximum allowable release rate durtng the 
100-year storm is to be computed assum.1ng outlet control (See SECTION 4), by establishing a 
maximum ponding level in the detention facility during the 100-year storm and determining the 
appropriate a tailwater elevation in the outfall channel 

7 .3.4 Detention Design For Drainage Areas of 50 Acres to 640 Acres 
.~ For drainage areas greater than or equal to 50 acres but less than 640 acres (one square mile), 

an inflow hydrograph must be developed and routed through the detention facility. The inflow 
hydrograph may be assembled using the drainage area versus peak discharge cmves for Mont
gomery County and the Small Watershed Method ofhydrograph development, both of which are 
described in SECTION 2. Alternatively, the inflow hydrograph may be developed using the HEC-1 
computer program and the guidelines for HEC-1 applications presented 1n SECTION 2. 

.. -

Routing of flows through the detention facility may be accomplished using the Mod(fied Puls 
method. This method is described by the equation: 

in which: 

I = instantaneous in!low rate at the beginning of a routing period (cfs) 

0 = 1nstantaneous outflow rate at the begin.ning of a routing period (cfs) 

S = instantaneous storage volume at the beginning of a routing period (cfs) 

61 = duration of routing period (seconds). 

Equation 7 .3 

The HEC-1 computer program may be used to perform detention routing computations using the 
Modified Puls method. Other programs which utilize the Modified Puls method are available. The 
routing equation gtven above may also be solved graphically and used in manual rout.mg com
putations . 
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The existence of flooding problems in downstream areas may make the use of the HEC-1 program 
essential for the design and analysis of some detention basiDS which fall within this category. The 
Montgomery County Drainage Adm1n1strator should be consulted to determine whether a detailed 
analysis of downstream impacts using the HEC-1 program is requtrcd for a particular watershed 
or detention basin location. 

7 .3.5 Detention Design For Drainage Areas of 640 Acres or More 
For dra1nage areas greater than or equal to 640 acres (one square mile). the HEC-1 computer 
program will be used to analyze the operation of the proposed detention facility and to insure that 
downstream flooding conditlOns will not be increased. An extsting conditions HEC-1 model of the 
entire watershed should flrSt be established in conj unction With the Montgomery County Drainage 
Administrator. Once existing conditions arc established. the proposed development and detention 
facility will be analyzed for the 10·, 25-and 100-year storm events (and smaller events 1f the 
downstream channel has less than 10 year capacity). The detention factllty will be sized to allow 
an appropriate release rate that will not cause any increase 1n flood levels in downstream areas. 

7 .3.6 Design Tallwater Depth for Detention Facilities 
There are two tailwater conditions which may be applied to detention basin desJ.gn: a constant 
tailwater elevation or tailwater elevations which vary with time. In reality. the water level 1n the 
outfall channel will always vary with tJme durtng a runoff event due to flow from the watershed 
upstream of the detention pond outfall as well as the outflow from the pond. Routing a hydrograph 
through a detention pond should incorporate the effect of the variable tailwater on the outflow. 
However, in most cases the development of a storm hydrograpb Jn the outfall channel requires 
extensive watershed modeling. · 
For detention facilities which outfall at a location on a channel where the upstream drainage area 
ls greater than 2.000 acres. the use of variable tailwater elevations ls recommended. Check With 
the Montgomery County Drainage Admin1strator to flnd out what hydrologic information 1S 
available for the subject watershed and. if necessary, to discuss procedures for developing 
hydrographs. 
For detention facilities which outfall at a location on a channel where the upstream drainage area 
ls less than 2.000 acres, the use of a constant tailwater elevation 1S allowed. For the 100-year 
storm. the tailwater elevation used should be two feet below the maximum l 00-year water surlace 
elevation in the detention pond or the max:lmwn 100-year water surface elevation Jn the outfall 
channel. whichever is lower. For the 25-year storm. the tailwater elevation should be equal to the 
maximum 25-yearwater surface elevation in the outfall channel. In no instance, however, should 
the design tailwater elevation should be less than that of the top (crown) of the outlet pipe. 

7 .3. 7 Detention Outlet Structure Design 
The primary detention outlet structure shall be designed to convey the max:tmum 100-year 
detention discharge. The following types of detention outlet structures may be utilized: 
1) Outflow Pipes or Culverts 
2) Horizontal Weirs 
3) V-Notch Weirs 
4) Orifices 
5) Outlet Pipes with Risers 
The use of othe:- types of outlet structures should be approved by the Montgomery County Drainage 
Admtnistrator prior to the completion of any detailed design computations. 
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7.3.8 Outflow Pipes or Culvert 
Figure 7.6 illustrates a typical detention outlet pipe. The min1mum cross-sectional dllnenston is 
24 inches. The m.1n1mum culvert slope ts that required for a flow velocity of 3 fps at full gravity 
flow condltlons. Detention outflow pipes are generally examples of culverts operating under outlet 
control conditions. and may thus be analyzed using the methods described in SECI10N 4.1.9.2. 

" ---
~t / ~ DC TENTION 

" BASIN 

/ OUTLET 
CHANNEL 

I' 11<n. for- PIP E OR BOX CUL VERT 
t Ct>r-~,.,..,, Q..,t( GU 

. I 
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-Slope "\~ 

J. 
t X\'C.~ 

L 

FIGURE 7 .6 Typical Pipe or Box Culvert Outlet Structure 

7.3.9 Horizontal Weir 
Figure 7. 7 shows a typical sharp-crested horizontal weir. Horizontal weirs are useful when a large 
rate of discharge must be developed with a relatively small head loss. 

I 
I 

4~ ~4 H I CREST 1 1 

J I 
L 

i< 
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I 

I I I I I I I I I I I I 
FIGURE 7.7 Sharp-Crested Rectangular Weir 
The 4: 1 side slope on the sides of the weir offset the effects of end contractions and allow the full 
width of the weir (L) to be used in the weir flow equation: 
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In which: 

Q =the flow capacity of the weir (cfs). 

C = the weir flow coefficient. Values are avaJlable 1n most hydraullcs textbooks. 

H =the head on the weir (ft}, measured above the crest of the weir. 

FJgurc 7.8 shows a sharp-crested weir 1n cross-section view. 

FLD\J H 

I 

I 
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Equation 7.4 

CREST 

I I I I ,1 I I I I I I I 
FIGURE 7 .8 Section Through Sharp-Crested Weir 
The flow capacity of a weir decreases under tailwater conditions high enough to result in sub
mergence. Figure 7 .9 illustrates the adjustments necessary to account for submergence for 
various types of weirS. 
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FIGURE 7.9 Capacity Adjustments for Submerged Weirs 

7.3. lO V-notch Weir 
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Figure 7.10 illustrates a V-notch weir. These types of weirs are useful when the flow rate must 
increase more slowly with each increment of head. 
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I H I 
CREST 

I 

//////////// 
FIGURE 7.10 Sharp-Crested V-Notch Weir 

The following equation is used to compute the flow capacity of a V-notch weir: 

Q = 2.5tan~H2.5 Equation 7.5 

in which: 

Q = the flow capacity of the weir (cfs). 

0 =the angle illustrated in Figure 7.10 (radians). 

H = the head on the weir (ft). measured from the lowest point in the notch. 

7 .3. 11 Orifices 
Orillces may be of any shape and may be used in lieu of pipes under certain conditions. C:lrcular 
and rectangular orillces are illustrated in Figures 7.11 and 7.12. respectively. Orifices may be 
submerged or unsubmerged, as illustrated in Figures 7.13 and 7.14. 
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FIGURE 7 .11 Circular Orifice 
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FIGURE 7 .12 Rectangular Orifice 
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The capacity of an unsubmerged orifice may be computed using the following equation: 

Q = CA,/2gh
1 

Equation 7.6 

in which: 
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Q = the flow capacity of the or1!lce (cfs). 

C = the orifice flow coefildent, which may be determ.J.ned from most hydraulics textbooks. 

A =the cross-sectional area of the orifice (sq ft). 

g =acceleration of gravity= 32.2 ft/sec:i . 

h1 = head on the ortfice (ft), measured from the centroid of the cross-sectional area (see F1gure 
7.13). 

FIGURE 7.13 Unsubmerged Orifice 

If the orifice is submerged, the following equation may be used to compute the capacity: 

Q = CA y2g (h1 - h,) = CA .../2g t.n Equation 7. 7 

in which: 

Q = the flow capacity of the orillce (cfs). 

C = the orifice flow coefficient, which may be determined from most hydraulics textbooks. 

A = the cross-sectional area of the orifice (sq ft). 

g = acceleration of gravity= 32.2 ft/sec2. 

h1 =the upstream head on the orifice (ft). measured from the centroid of the cross-sectional area. 

hi= the downstream head on the orifice (ft), measured from the centroid of the cross-sectional 
area. 
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FJGU~E 7.14 Submerged Orifice 

7 .3. l 2 Pipe spillway with riser 
Pipe spillways With risers are useful 1n certain situations. Figure 7 .15 illustrates a typical rtser 
pipe configuration. Hydraulically. the rtser pipe acts as a weir as long as the outlet pipe has 
sufficient capacity to prevent submergence. The riser crest may be analyzed using Equation 7.4 
[the weir flow equation). When the rtser pipe itself begins to fill; however. the entire structure 
beg.ln.s to act as a pressure conduit and should be analyzed using the methods descrtbed 1n 
SECTION 4.1.9.2. 

Tro.sh ra.c:k o.nd o..nti-vor"tex plo te 
E~ergency Sptiwo..y Crest 

water- surfa.ce <c:lt>sign) 

Anti-seep collars 

F'ree Du"tlei: H 

Riser Dp 
Pipe conduit or barrel 

IE L >I 
FIGURE 7. 15 Pipe Outlet Structure with Drop Structure Inlet 
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7 .3. 13 Extreme Event Design 
In order to accommodate extreme storm events which arc less frequent than the 100-year design 
storm. an emergency overflow system shall be provided for all detention basins in Montgomery 
County. This system. which may consist of an overflow swale. a weir, or other structure approved 
by the Montgomery County Drainage Adm1n1strator, shall be designed to cany the 100-ycar 
allowable detention basin discharge at full-bank conditlOns (water surface elevation equal to 
m.1n1mum basin top of bank elevation). The emergency overflow system shall direct flows into an 
outfall channel and prevent flow in the direction of developed areas. 

7.4 PUMP DETENTION FACILITIES 
Pumped detention systems will not be main.tamed by Montgomecy County under any C1rcum
stances and will be approved for use only under the following conditions (taken from the Cr1terta 
Manual.for Design of Flood Con.trot andDratnage Facfllttes tnHarrts County, Texas [HCFCD. 1984) 
and also applicable to Montgomery County}: 
1) A graVity system is not feasible from an engineering and economic standpoint; 
2) At least two pumps are provided, each of which is sized to pump the design flow rate; 1f a 

trtplex system is used. any two of the three pumps must be capable of pumping the design 
flow rate; 

3) The selected design outflow rate must not aggravate downstream flooding. (Example: A pump 
system designed to discharge at the existing 100-year flow rate each time the system comes 
on-line could aggravate flooding for more frequent storm events). 

4) Fencing of the control panel is provided to prevent unauthorized operation and vandalism: 
- 5) Adequate assurance is provtded that the system will be operated and maJntatned on a con-

tinuous basis; 
6) Emergency source of power is provided. 
If a pump system is desired, review of the preliminary conceptual design by the Montgomery 
County Drainage Administrator 1S recommended before any detailed engineertng is performed. 

7.5 GEOTECHNICAL INVESTIGATION 
Before :ln.itiating final design of a detention pond. a detailed soils investigation by a geotechnical 
engineer should be undertaken. The following minimum requirements. taken from the Crtterta. 
Manualjor Destgn of Flood ControLand.Dra.inage Facilities tnHarrls County. Texas {HCFCD, 1984}. 
shall be addressed: 
l) The ground water conditions at the proposed site; 
2) The type of material to be excavated from the pond site and its suitability for additional use: 
3} If a dam is to be constructed. adequate investigation of potential seepage problems though 

the dam and attendant control requirements. the availability of suitable embankment material 
and the stability requirements for the dam itself: 

4) Potential for structural movement or areas adjacent to the pond due. to the induced loads from 
existing or proposed structures and methods of control that may be requtred; 

5) Stability of the pond side slopes. 

7 .6 GENERAL REQUIREMENTS FOR DETENTION POND CONSTRUCTION 
The structural design of detention facilities is very similar to the design of open channels. For this 
reason. all requirements from SECTION 3 pertaining to the design of concrete-lined or grass-lined 
channels shall also apply to concrete-lined or grass-lined detention facillties. 
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In addition, the following guidelines taken from the Crtterla. Manual for Destgn of 1'1ood Control 
and Dm.tnage Fa.dl.t.ttes tn Hanis County. Texas IHCFCD. 19841 arc applicable: 
l} Pond Bottom: A pilot channel shall be provided in detention facilities to insure that proper 

and complete drainage of the storage facility will occur. Concrete pilot channels shall have a 
minimum depth of two inches and a ID1ntmum !low-line slope of 0.0005 ft/ft. Grass-lined pilot 
·channels shall have a m1nimum depth of two feet. a min1mum !low-line slope of 0.00 l ft/ft, 
and maximum side slopes of 3:1. 

The bottom slopes of the detention basin should be graded toward the pilot channel at a 
m1nimum slope of 0.005 ft/ft. and a recommended slope of 0.0075 ft/ft. 
Detention basins which make use of a channel section for detention storage may not be required 
to have a pilot channel. but should be built 1n accordance With the requirements for open 
channels as outlined in SECTION 3. 

2) Outlet Structure: The outlet structure for a detention pond is subject to higher than normal 
head water conditions and erosive velocities for prolonged periods of time. For this reason the 
erosion protective measures arc very important 

Rein.forced concrete pipe used in the outlet structure should conform to ASTM C-76 Class m 
With compression type rubber gasket joints conforming to ASTM C-443. Pipes. culverts and 
conduits used in the outlet structures should be carefully constructed with su:filcient com
paction of the backfill material around the pipe structure as recommended 1n the geotechnical 
analysis. Generally, compaction density should be the same as the rest of the structure. The 
use of pressure grouting around the outlet conduit should be considered where soil types or 
conditions may prevent satisfactory backfill compaction. Pressure grouting should also be 
used where headwater depths could cause backfill to wash out arowid the pipe. 
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SECTION 8 
LEVEED AREAS 

Flood platn areas may be developed to the llmits of the flood.way ff a levee system ls constructed 
to protect the area from high water levels on the adjacent watercourse. The components of the 
levee system shall include an internal drainage system. a levee, a pump station or adequate storage 
capacity, and a gravity outlet With an outfall channel to the adjacent watercourse. The Montgomery 
County design cr1terta for each component are defined 1n the followtng sections. The County's 
m1nimum design standards shall be governed by the rules and regulations as established by the 
Federal Emergency ManagementAgency (FEMA) including any updates as they occur. The engineer 
is adviSed to check the current FEMA rules and regulations. Maintenance of these facilities 
generally Will not be the responsibility of Montgomery County. 
Figures 8.1 and 8.2 illustrate typical levee arrangements. Figure 8.3 illustrates a typical levee 
cross-section. 
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FIGURE 8. 1 Typical Layout of Levee Entirely Within Flood Plain 
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AR!:A 

---
FIGURE 8.2 Typical Layout of Levee Tied Into High Ground 
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FIGURE 8.3 Typlcol Levee Cross-Section 

8. l INTERNAL DRAINAGE SYSTEM 
The internal drainage system for the levee area shall include the network of channels, lakes. and 
storm sewers which drain the leveed area to the outfall structure. Refer to SECTION 3 OPEN 
CHANNELS. SECTION 5 SECONDARY DRAINAGE AND OVERLAND FLOW DESIGN, and SEC
TION 7 DETENTION DESIGN. for Montgomery County construction requirements and dcs1gn 
crtteria. 

8.2 LEVEE SYSTEM 

8.2. 1 Frequency Criteria tor Levee Systems 
The levee system shall include a levee embankment that will protect the development from the 
100-year frequency flood event on the adjacent watercourse. Protection from the 100-year fre
quency event shall include protection from the 100-~ear water surface elevation on the water
course. as well as protection from any associated Wina and wave action. 

8.2.2 Design Criteria for Levee Systems 
The following specific crtterta and requirements shall apply to the design and construction of a 
levee 1n Montgomery County, Texas: 
l) Geotechnical Report: A geotechn.ical investigation shall be required on the levee foundation 

(the existing natural ground). Soil borings shall be required with a maximum spac1ng of 1.000 
feet and a minimum depth equal to twice the height of the levee embankment. 

2) Foundation: The foundation area shall be stripped for the full width of the levee. Strtpping 
shall include removal of all grass. trees. and surface root systems. 

3) Embankment Material: Embankment material shall be CH or CL as classified under the 
Unified Soil Classlfication System and shall have the following properties: 
a) Liquid Limit greater than or equal to 30. 
b) Plasticity Index greater than or equal to 15. 
c) Percent Passing No. 200 Sieve greater than or equal to 50. 
A geotechnicaJ investigation shall be required on the embankment material to determine the 
levee side slopes and methods employed to control subsurlace seepage. 

4) Compaction: The embankment material shall be compacted to a min1mum density of 95 
percent using the standard proctor compaction test at approx:imately plus or minus three 
percent optimum moisture content. The embankment material shall be placed in 11.fts of not 
more than 12 inches thick. 
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5) Erosion Control: The levee top and side slopes shall be adequately protected by grass caver 
or other suitable matcrial. 

6) Levee Top Width: The mtnJmum levee top width shall be ten feet. 
7) Levee Side Slopes: The levee side slope shall be one vertical to a min1mum of three horizontal. 
8) Levee Frceboard: The minlmum top of levee elevation shall be the 100-year water suxface 

elevation on the adjacent watercourse plus three feet of freeboard. 
9) Levee Alignment: The levee shall be continuous and sha11 either completely encompass the 

development or tie into natural ground located outside of the limits of the adjacent water
course's 100-year flood plain. 

10) Levee Structures: All pipes and conduits passing through the levee shall have anti-seep 
collars, flap gates. and slope protection. 

11) Levee Right-of-Way: The minJmum right-of-way for the levee shall be from toe to toe. In 
addition. the establishment of an easement for maintenance and access, which may be located 
within the right-of-way. shall be required. Access shall be provided with either a minimum 
10-foot easement adjacent to the levee. a min1mum 10-foot levee top Width or a m1n1mum 
l 0-foot hortzontal berm on either side of the levee. A m1n.1mum 20-foot wide easement should 
be established in at least two locations to provide access to the levee right-of-way from a 
nearby public road. 

8.3 PUMP STATION DESIGN 
To prevent flooding within leveed areas. pumps arc recommended (tnstead of only storage) to 
remove intertor drainage when the exterior river stage reaches a level that prevents gravity outflow. 

8.3. l Frequency Criteria for Pump Stations 
In order to determine the required pump capacity so that the maximum ponding level within the 
leveed area will not be exceeded on the average more than about once 1n 100 years, the following 
design criteria have been developed. 
The two sets of criteria provided below d.1!f er depending on whether the storm that occurs over 
the leveed area d UI1ng hJgh exterior river stages is an independent or dependent event as compared 
to the storm that produced the high river stages. 
If the two events arc independent of each other, then a coincident probability relationship exists 
and the first set of criteria (SECTION 8.3. l. l Frequency Criteria for Coincident Events} should be 
utilized. Since high exterior flood st.ages requtrtng the pumping of interior drainage can exist 
independent of rainfall occurring over the leveed area. the probability of these two independent 
severe storm events occumng at the same time is much smaller than their ind.Mdual probabilities. 
As a result. the design rainfall used in determiiling the required pumping capacity can be reduced 
below the design 100-year frequency rainfall by an amount related to the frequency that flood 
stages in the receiving watercourse impede gravity outflow. 
If the two events are dependent (Le. they result from the same storm event), the second set of 
criteria (SECTION 8.3. l.2 Frequency Criteria for a Single Event) based on the design 100-year 
frequency rainfall should be utilized. 

8.3. 1.1 Frequency Criteria for Coincident Events 
These criteria presume that the storm event causing a high .flood stage outside of the leveed area 
ls independent of the storm event occurring over the leveed area. The following steps should be 
taken for determ1n1ng the required pumping capacity: 
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l) 100-Year Interior Pondinf Level: Select the 1Daxllnum ponding level withJn the leveed area 
that should not be exceeded more than once in 100 years on the average. Normally. this level 
will be equal to the maximum water surface elevations associated wtth the 100-year flood 
event computed in designing the internal drainage system (channels) of the leveed area. 
including the required minJmum freeboard of one foot. This W1ll be the level which, when 
equalled or exceeded by extertor flood stages, will prevent gravity outflow and require total 
pumping to remove any runoff that might occur within the leveed area 

2) Corresponding Exterior Discharge: From a rating or backwater cwve applicable to the 
location on the watercourse where the gravity outflow point of the leveed area exists, determine 
the discharge corresponding to the maximum ponding level. 

3) Coincident Frequency: Determine the percentage of time that the d.1scharge (obtained from 
Step 2 above) 1S equalled or exceeded. Given this percentage of time. deten:nJne the frequency 
of the rainfall event corresponding to the coincident probability of these two events. 

4) Corresponding Rainfall: Use TP-40 [Hershfield, 1961) or other appropriate rainfall frequency 
cUIVe to obtain the rainfall amounts associated with the return period {obta1ned from Step 3 
above) to be used for determining the required pumping capacity. 

8.3. 1.2 Frequency Criteria for a Single Event 
This criteria presumes the storm event causing high flood stages outside of the leveed area 1s the 
same (dependent) storm event occurring over the leveed area. The design rainfall amounts to be 
used for s1z1ng the required pump capacity will be associated with the 100-year rainfall event. 
(See Table 2.3 for rainfall amounts derivedfromTP-40 [Hershfield. 1961] andHydro-35 [Fredertck. 
1977).) 

8.3.2 Design Criteria for Pump Stations 
All leveed areas within Montgomery County that are equipped with a pump station shall be capable 
ofmatntaining the design pumping capacity with its largest single pump inoperative. The capacity 
of a pump station designed under SECTION 8.3.1.l Frequency Crtteria for Co1ncid.ent Events 
shall be adequate to remove a min.tmum volume of water from the leveed area w1th1n 24 hours 
without exceeding the max1mum ponding elevation within the leveed area. If a pump station 1S 
not proVided, adequate storage volume below the maximum ponding level must be provided to 
contain the entire design storm. The volume of runoff to be pumped shall be the greater of either: 
1) The runoff resulting from the appropriate rainfall amount as determined in Step 4 of SECTION 

8.3. l. l Frequency Crtterta for Coincident Events. 
2) A minimum of 1.5 inches of runoff from fully developed areas and 1 inch of runoff from 

undeveloped areas over the contributing watershed. 
A pump station designed under SECTION 8.3.1.2 Frequency Criterta for a Single Event shall have 
a combination of storage volume and pumping capacity adequate to ma:1nta1n. the runoff resulting 
from the 100-year frequency event below the maximum ponding level. The minimum pumping 
capacity shall be the same as number two above. All pump stations in Montgomery County shall 
be equipped with auxiliary power for emergency usage. 

8.4 GRAV1TY OUTLET AND OUTFALL CHANNEL 
An outlet shall be required to release the gravity flow from the leveed area through the outfall 
channel to the adjacent watercourse during low flow conditions on the receiving channel. TI.e 
outlet shall be equlpped With an automatically functioning gate to prevent any external flow from 
enter1ng the leveed area. This gate should also be accessible for manual operation during periods 
of high water. 
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The outlet and outfall channel shall be designed 1n accordance with the Criteria stated 1n SECTION 
3 OPEN CHANNELS. The velocities within the outfall all channel at the adjacent rtver sball not 
exceed 5.0 feet per second . 
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SECTION 9 
FLOOD PLAlN DEVELOPMENT AND WATERSHED ANALYSIS 

This section presents information concerning requirements for development 1n the 100-year flood 
plain arid methods for evaluating the potential impact of development on flood plain levels. 

9.1 DEVELOPMENT IN THE 100-YEAR FLOOD PLAIN 
The following pazagraphs present information concemJng the regulations for development 1n the 
100-year flood plain, and the procedures and methods of evaluating the feasibility of flood pla.1n 
development and obtainlng approval for such a development. 

9.1.1 Flood Plain Regulations 
Development within the 100-year flood plain 1n the unincorporated areas of Montgomery County 
is regulated by the Montgomery County Drainage Administrator. All areas Within an incorporated 
municipality are subject to the regulation of that mun.ieipality. 
The Montgomery County regulations place controls on the type and location of new construction 
Within a designated 100-ycar flood plain and floodway. The 100-year flood plain is the area 
adjacent to a stream or watercourse which, on the average. has at least a one percent chance of 
being inundated from flood waters Jn any g.tven year. The I 00-year flood.way 1s the channel and 
adjacent area which 1s required to carry and discharge the 100-year peak flow rate. Based on the 
current Federal Emergency Management Agency criteria, the 100-year floodway is determined 
based on the assumption of an equal loss of conveyance (flow-carrytng capacity) along both sides 
of the stream resulting in a one-foot increase 1n the 100-year flood plain elevation along the entire 
length of the watercourse. A schematic cross section defin.lng the flood pla.1n and floodway 1s 
presented on Figure 9.1. 

l noo0~ J 
--,--

1 _._ __ .-l'.:LL.~~~~ 

Equal Loss Of' Conveyance 

FIGURE 9.1 100-Yeor Flood Plain end Floodway 
A detailed discussion of the Montgomery County regulations is beyond the scope of this manual. 
However, the following items describe 1n general the more important engineertng aspects of the 
regulations concern.tng development within the 100-year flood plain: 

1) The lowest floor of any new construction 1n flood plain areas must be above the 100-year flood 
elevation. 

2) No fill or encroachment is permitted Within the 100-year flood way which will impair its ability . 
to discharge the 100-year peak flow rate except where the effect on flood heights has been 
fully offset by stream improvements .. 
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3) Placement of flll material within the flood plain requires a permit from the County Drainage 
Adm1nistrator. Appropriate fill compaction data and hydrologie and hydraulic data arc required 
before a permit will be issued. 

9.1.2 Flood Plain Development Guidelines and Procedures 
The following guidelines should be followed when planning a development Within the 100-year 
flood pla1n. 
1) The development plan should provide for adequate passage through the development of flood 

waters associated with the adjacent waterway. Whereverposslble. streets and other open areas 
such as parking lots and recreational areas should be ortented to allow these areas to act as 
conveyance routes for the flood flows associated with the adjacent waterway. 

2) Land flll Within the flood plain should be min1m1zed and the importation of fill matertal from 
outside of the flood plain is discouraged. When fill ts used. conveyance improvements must 
be provided to offset any increase .In flood levels. 

3] Construction within the floodway is 11IIlited to structures which will not obstruct the 100-year 
flood :flow unless fully offsetting conveyance capacity 1s provided. 

4) Although current regulations allow encroachment within the flood plain to the floodway limit. 
consideration must be given to the resulting effect of the encroachment on flood levels in the 
stream and to the potential for increased flood damage. Where such a potential exists, offsetting 
conveyance capacity must be provided to el.immate the increased potential for flood damage. 

Speciflc procedures to be followed for analysis of development proposed Within the flood plain are 
outlined below: 

l] The existing designated 100-year flood plain and floodway should be plotted on a map of the 
proposed development. The designated flood levels and floodway may be obtained from the 
Montgomery County Drainage Administrator. 

2) A hydraulic profile should be developed utllizing the HEC-2 computer program or other 
acceptable hydraullc modeling technique which provides a reasonable comparison With the 
designated flood levels and floodway. 

3) The effect of the proposed development and the encroachment into the flood plain area. should 
be incorporated into the hydraulic model and the resulting flood plain determined. Careful 
consideration should be given to provic:U.ng an accurate modeling of effective flow areas taking 
into account the expansion and contraction of the flow. 

4) Tue reqUired channel improvements or other means of offsetting increases 1n flood pla.tn 
elevations should then be incorporated into the hydraulic model The resulting flood levels 

. should be determined to verify that the improvements sufficiently offset the encroachment. 
5) Once it has been determined that the proposed improvements adequately offset the 

encroachment. a revised floodway for the stream must be computed and delineated. 
6) All hydraulic model data should be submitted with appropriate supporting information and 

computations to the Montgomery County Drainage Administrator for review. 

9.2 DOWNSTREAM IMPACT ANALYSIS 
Pursuant to the official policy for Montgomery County, development will not be allowed in a manner 
which will increase the frequency or severity of flooding in areas that are currently subject to 
flood1ng or which will cause areas to flc...:id which were not previously subject to flooding. The task 
of detenn1ning what downstream areas may be impacted by a proposed development is not an 
easy one. Varying rainfall patterns over a watershed and changing land-use conditions Jn other 
areas of the watershed may affect the extent and area of impact due to a proposed development. 
Also. developments of a similar nature located in different parts of a watershed may have different 
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downstream impacts. Because of these various factors and unccrtaint1es, the criter1a ouWned 
below are general 1n nature. Specific projects should be closely coord1natcd With the Montgomery 
County Dratnage Admln1strator from their outset in order to avoid costly revisions and delays 1n 
project completion. 
The following are generally recommended criteria and procedures to be followed: 
1) The locatiOn of the proposed project should be submitted by the project engineer to the 

Montgomery County Dramage Admtntstrator for comment. _ 
2) The Montgomery County Drainage Admtntstrator will indicate the downstream areas which it 

considers to be of concern with respect to the potential, impact of the proposed project. 
3) The project engineer will then determine the impact on the areas of concun and present data 

to satisfy the Montgomery County Drainage Administrator that no adverse impact W1ll result. 

9 .2. l Acceptable Alternative Courses of Action 
To satisfy the Montgomery County Drainage Administrator that no adverse impact will result. 
three potential courses of action may be followed: 
1) Provide channel improvements through the area of concern which fully offset the increased 

flow rates caused by the proposed development, or. 
2) A detention basin or other acceptable detention system may be designed to elim1nate any 

increase in peak flow rates to the receiving stream. or: 
3) A flood routing study may be performed which shows that the proposed project will not increase 

peak flow rates through the crttlcal area under reasonable assumptions regard1ng rainfall 
distribution and land use Within the watershed. 

These three alternative courses of action are not intended to be mutually exclusive. A combination 
of solutions involving these approaches may be obtained. For example. a combination of some 
downstream channel improvements and detention storage may be used. A detailed routing study 
may show that the proposed development may increase downstream flow rates to a minor extent 
which may be compensated for by minOr channel improvements or a small detention system. 
However. in lieu of a detailed routing study: the design of offsetting channel improvements or 
detention will be based on the assumption that the peak runoff rate from the proposed development 
occurs at the same time as the peak runoff rate for the receiving stream through the critical reach. 
The design of improvements under items ( 1) and (2) above shall follow the procedures described 
In the appllcable sections of this manual. 

9.2.2 Flood Routing Studies 
Regarding routing studies to evaluate the impact on downstream crttlcal reaches, the folloWing 
general guidelines shall be followed: 
1) Rainfall d1strtbutlon over the watershed shall be in accordance With this manual. However , 

the Montgomery County Drainage Admlnistrator may require adclitional analyses under dif
ferent rainfall assumptions lf the County Drainage Adm1nistrator feels such analyses are 
warranted. 

2) Channel improvements planned to be completed within a two-year pertod may be considered 
in the routing procedures. 

3) Future land-use conditions within the watershed to be used 1n the routing study shall be 
defined by the Montgomery County Drainage Adrrunistrator. 
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4) Unless an alternative method 1s speci!lcally approved by the Montgomery County Dra.1nagc 
Admin1strator. the Corps of Engineers' HEC-1 program shall be utll1zed for pcrfonD1Ilg the 
routing analysis. The hydrologic methodology for Montgomery County presented 1n this manual 
ts recommended. Optional routing methodologles should be reviewed with the Montgomery 
County Dralnage Admtntstrator. Sub-area runoff computations and associated routing shall 
be performed on sub-areas which are of a size that allow reasonable determination of the 
timing of flows from the development in comparison with the overall timing of flood flows from 
the watershed. The sub-area breakdown, hydrograph coefilctcnts, routing methodology. etc. 
should be submitted to the Montgomery County Drainage Admtntstrator for approval prior to 
performing detailed calculations. 
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Open-Channel Design, 43 
Channel Slcpe. 30 

Open-Channel Design. 43 
Channel Stationing 

Water Surface Profile Computations, 49 
City of Austin, 53 
City of Houston Curves 

Storm Sewer or Overland Flow, 68 
Clark Unit Hydrograph 

HEC-1 Computer Program, 28 
Clark Unit Hydrograph Method, 3 
Class A Concrete 

Concrete-Lined Channels, 45 
Rectangular Concrete Pilot Channels. 46 

Class A Low Flow · 
Brtdges. 65 

Class B Low Flow 
Bridges. 65 

Class C Low Flow 
Brtdges. 65 

Clay Soils 
Flow Velocities. 43 

Coincident Frequency Analysis 
Levee Systems, 129 

Compaction 
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Levee Systems, 128 
Composite Manning Roughness Coetncient. 
30 

Example Computation, 32 
Composite Roughness Coefficient 

Computation, 41 
Composite Runoff CocfD.Cients 

Rational Method, 5 
Concrete-Uned Channels 

Mann1ng Roughness Cocfi'ic1ent, 43 
Concrcte-lJned Trapezoidal Channels 

Minimum Requirements, 45 
Concrete Bax Culverts 

Structural Requirements, 54 
Concrete Llned Channels 
· Flow Velocities, 43 
Concrete Pipe 

Storm Sewers. 73 
Concrete Pipe Culverts 

Structural Requirements, 54 
Concrete Slope Paving 

Erosion Control. 88 
Confluences of Channels 

Erosion Control, 85 
Construction 

Erosion or Sed1ment Control, 107 
Contractions and Expansions 

Open-Channel Design. 44 
Control Joints 

Concrete-Llned Channels. 46 
Rectangular Concrete Pilot Channels. 47 

Corrugated Metal 
Culverts, 54 

Critical Depth. 37 
Culverts, 59 
Equation for Trapezoidal Channels, 38 

Crttical Flow, 37 
Crttical Storm Duration 

Rational Method, 4 
Critical Time of Concentration 

Rational Method, 6 
Cross-Section Plots 

Required for Open-Channel Design. 42 
Cul-de-sac Streets 

Overland Flow, 78 
Culverts, 53 
~ent.53 
Backfill, 56 
Bedding. 56 
Corrugated Metal Pipe Culverts, 54 
Design Procedure, 59 
Design Storm Frequency, 53 
Detention Basins, 117 
Entrance Loss Coefficients, 57 
Erosion Control. 88 
Erosion Protectl ')n, 54 
Example of Design Procedure. 62 
Exit Loss. 57 
Guardrails. 54 
Headwalls and Endwalls. 53 
Headwater. 56 
Inlet Control Hydraulics, 56 
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Joint Sealant. 56 
Loading, 54 
Manning Roughness Coefficient, 54 
MinJmum SizcS, 54 
Outlet Control Hydraulics, 56 
Requ.tred Length. 53 
Structural Requirements. 54 
Tailwater Depth. 56 
Typical Cross-Section, 55 
Typical Outlet. 55 
Typical Profile, 55 

Cwves in Roadways 
Overland Flow, 79 

Depth Requirements 
Roadside Ditches. 81 

Design Documentation 
Detention Basins. 113 

Design Flow 
Roadside Ditches, 81 

Design Ratnfall Duration 
Rational Method. 6 

Design Storm Frequency 
Brtdges, 64 
Culverts, 53 
Detention Basins, 113 
Levee Systems, 128 
Levee Systems Pump Stations, 129 
Storm Sewer or Overland Flow. 67 
Storm Sewers, 7 4 

Detention BasinS 
Aesthetic Considerations. 112 
Design of Large Facilities. 116 
Design of Outlet Structure, 125 
Design of Pond Bottom. 125 
Design of Small Basins. 114 
Des~n Storm Frequency, 113 
Discnarge Calculations, 114 
Erosion Control, 113 
Extreme Event Destgn. 124 
Extreme Storm Events, 112 
General Requirements for Construction. 
124 
Geotechnical lnvestigation. 124 
Hor1zontal Weirs. 117 
In-Stream Facilities. 109 
Location. 112 
Maintenance. 113 
Modilled Puls Routing, 115 
Multi-Purpose Uses, 112 
Off-Line Facilities. 109 
On-Line Facilities. 109 
Orifices. 120 
Outflow Pipes or Culverts, 117 
Outlet Structure Design. 116 
Pipe Spillways ·mth Risers. 123 
Pump Discharge. 124 
Required Documentation of Design, 113 
Safety Considerations, 113 
Soils Report. 114 
Storm Sewer Hydraulic Gradients. 112 
Tailwa ter Depth, 116 
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V-Notch Weirs, 119 
Detention Design. 109 
Detention Storage. 11 l 
Development Regulations 
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Flood Plain Areas, 133 
Discharge Calculations 

Required for Open-Channel Design. 42 
D1str1cts 

Special Purpose, l 
Disturbances in Channels 

D.trection of Propagation. 38 
Ditch Interceptor Structures 

Grass-Lined Channels, 45 
DL'IXR 

Recommended Value, 28 
Documentation 

Open-Channel Design. 42 
Dodson & Associates, Inc .. 2 
Downstrea.ID Effects 

Of Channel Improvements. 42 
Downstream Impact Analysts 

Flood Plain Areas. 134 
Drainage Area 

Rational Method. 10 
Drainage Area Curves 

Storm Sewers, 75 
Drainage Area Map 

Storm Sewers. 73 
Drainage Area vs. Discharge Curves 

lnterpolation. 16 
Drop-Structure 

See Straight Drop Spillway 
Drop Structures 

Open-Channel Design. 43 

Earthen Channels 
Flow Velocities. 43 

Effective Impervious Ratio 
Equatlon,30 

Effects of Brtdges, 65 
Elevation 

Brtdges. 65 
Embanlanent Matertal 

Levee Systems, 128 
Encroachments 

Flood Plain Areas, 133 
Endwalls and Headwalls 

Culverts. 53 
Entrance Loss Coefficients 

Storm Sewers. 76 
Entrance Losses 

Culverts. 56 
Storm Sewers, 75 

Entrance Losses Coefficients 
Concrete Box Culverts, 57 
Concrete Pipe Culverts. 5 7 
Corrugated Metal Pipe Culverts. 57 

ERAIN 
Recommended Value, 28 

Erosion Control 
Backslope Drainage Systems. 103 
Baffled Chutes. 97 
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Brtdges. 65 
Channel Bends, 86 
Channel Confluences. 85 
Concrete Slope PaVing, 88 
Culverts. 54, 88 
Detention Basins. 113 
Grass-Uned Channels. 45 
Grass Establishment, 85 
Levee Systems. 129 
Open Channels, 85 
Pipe Outfalls. 105 
rup-rap. 88 
Roadside Ditch Interceptor Structures. 105 
Roadside Ditches. 81 
SAF -Type Stilling Basin, 99 
Sediment Control Durtng Construction. 107 
Seeding, 85 
Sloped Drop Structures, 96 
Soil Conditions, 85 
Storm Sewers, 7 4 
Straight Drop Spillways. 88 

Erosion Protection, 65 
Escape Stairways 

Rectangular Concrete Pilot Channels. 46 
Espey. Huston &Associates, Inc., 3 
Example Appllcatlon 

HEC-1 Computer Program. 32 
Excess Rainfall 

HEC-1 Computer Program. 27 
Exl.t Loss 

Culverts, 5 7 
Expansions and Contractions 

Open-Channel Design, 44 
Water Surface Profile Computations, 50 

Exponential Loss Rate Function 
HEC-1 Computer Program, 27 

Extreme Event Design 
Detention Basins, 124 

Extreme Events 
Detention Basins. 112 

Federal Emergency Management Agency 
SeeFEMA 

Fill Limitations 
Flood Plain Areas, 133 

Fill Permit 
Flood Plain Areas. 134 

Flared Culvert Headwalls 
Suitable Conditions. 53 

Flood Plain 
Definition, 133 
Development Regulations, 133 
Downstream Impact Analysis. 134 
Fill or Encroachments, 133 
HEC-2 Computer Program. 134 
Minimum Slab Elevation, 133 

Flood Plain Mapping 
Flood Plam Areas. 134 

Flood Routing 
HEC-1 Computer Program, 31 

Flood Routing Studies. 135 
Floodway Computations 
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Flood Plain Areas, 134 
Flow-Une Slope 

Open-Cha.nD.cl Design. 43 
Flow Calculatians 
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Required for Open-Channel Design. 42 
Flow Veloc1t1es 

Clay Soils, 43 
Concrete Uned Channels, 43 
Open-Channel Design. 43 
rup-rap Lined Channels, 43 
Sandy Soils, 43 
Storm Sewers. 73 
Unlined Channels, 43 

Fort Bend Co. Drainage Crtterta Manual. 2 
Foundation 

Levee Systems, 128 
Freeboard 

Levee Systems, 129 
Roadside Ditches, 81 

Frequencies 
Channel_ Design. 42 

Frequency. 3 
Frequency Factor Adjustment 

Rational Method. 6 
Frequency of Occurrence 

Rational Method, 6 
Frtction Losses 

Culverts. 56 
Storm Sewers. 75 
Water Surface Profile Computations, 49 

Friction Slope 
Definition, 38 

Future Slope Pav.tng 
Rectangular Concrete Pilot Channels, 4 7 

General Design Crtterla 
Storm Sewers or Overland Flow, 68 

General DesJ.gn Methods 
Storm Sewers, 7 4 

General Design Requirements 
Detention Basins, 124 

Geotechnical Analysis 
Levee Systems, 128 

Geotechnical Inve~atlon 
Detention Basins. 124 

Geotechnical Report 
Grass-Lined Channels, 45 
Required for Open-Channel Design. 42 

Grass-Lined Channels 
Manning Roughness Coefficient, 43 
MJnimwn Requirements. 44 

Grass Establishment 
Erosion Control. 85 

Gravtty Outlet 
Levee Systems, 130 

Group A Soils, 22 
Group B Soils, 22 
Group C Soils, 22 
Group D Soils, 22 
Guardrails 

Culverts, 54 
Guardrails for Culvert Headwalls, 53 
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Harris Co. Drainage Crtterta Manual, 2 
Harns County Flood Control District. 54 
Headwalls and Endwalls 

Culverts, 53 
Headwater Depth 

Culverts. 56 
HEC-1 Computer Program. 3. 12. 25 

Detention Basins, 115 
Example Application. 32 

HEC-2 Computer Program, 48 
Channel Bend Losses, 50 
Computation of Storage Volumes, 31 
Normal Bridge Method. 51 
Special Bndge Method, 51 

Horizontal Weirs 
Detention Bas1nS, 117 

Hydraulic Calculations 
Required for Open-Channel Design. 42 

Hydraulic Computations 
Detention Bas!nS, 114 
Roadside Ditches, 81 

Hydraulic Conveyance 
Flood Plain Areas, 134 

Hydraulic Radius 
Definition. 38 

Hvdro-35, 26 
Hydrograph Development 

Small Watersheds, 20 
Watersheds Between 50 and 640 Acres, 12 

Hydrologic Analysis Requirements, 3 
Hydrologtc Condition 

As Factor in SCS Cover Complex. 22 
Hydrologic Engineering Center (HEC}. 3 
Hyetograph 

HEC-1 Computer Program, 25 

IDF Curves 
See Intensity-Duration-Frequency Curves 

Impervious Cover 
HEC-1 Computer Program. 28 
Table of Recommended Values, 28 

Impervious Ratio, 30 
Imperviousness 

Rational Method, 5 
In-Stream Detention Facilities, 109 
Inlet Control 

Culvens. 56 
Example, 61, 62 

Inlet Lead Alignment 
Storm Sewers, 7 4 

Inlet or Manhole Loss 
Storm Sewers, 75 

Inlet Time 
Rational Method, 8 

Intensity-Duration-Frequency Curves 
Southern Montgomery County. 7 

Interceptor Structures 
Overland Flow. 84 

Internal Drainage System 
Levee Systems. 128 

Interpolation 
Drainage Area vs. Discharge Curves. 16 
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Invert Slope 
Open-Channel DesJgn. 43 

Joint Sealant 
Culverts, 56 

La.gging,31 
Laiia P1an and Street Layout 

Overland Flow, 77 
Land Treatment or Practice 

As Factor in SCS Cover Complex. 22 
Land Use 

As Factor in SCS Cover Complex, 22 
Land Use Maps. 3 
Length 

Bridges. 64 
Length of Culverts, 53 
Levee Improvement Districts. 1 
Levee Systems, 127 

Alignment, 129 
Coincident Frequency Analysts, 129 
Compaction. 128 

PAGE lAS 

Design Storm Frequency, 128 
Design Storm Frequency for Pump Stations, 
129 
Embankment Material, 128 
Erosion Control, 129 
FEMA Regulations, 127 
Foundation. 128 
Freeboard, 129 
Geotechnical Report, 128 
Gravity Outlet and Outfall Channel. 130 
Internal Drainage, 128 
Maintenance Responsibility, 127 
Pump Station Design, 129 
Right-of-Way, 129 
Side Slopes, 129 
Smgle Event Analysis, 130 
Structures, 129 
Top Width, 129 

Loading 
Culverts. 54 

Location 
Detention Basins. 112 

Loss Computations 
HEC-1 Computer Program, 27 

Losses 
HEC-1 Computer Program. 27 

Low Flow 
Bridges, 65 

Maintenance 
Detention Basins, 113 

Maintenance Shelves 
Rectangular Concrete Pilot Channels. 4 7 

Malcom, H.R. 4, 20 
Malcom Hydrograph Method. 4. 12, 20 
Manhole or Inlet Loss 

Storm Sewers, 75 
Manholes 

Storm Sewers, 76 
Manning "n" Value 
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See Manning Roughness Coefficient 
Mann1ng EQuation. 38 

Culverts. 57 
Stenn Sewers. 75 

Manning Roughness Coefficient 
Application to the Manning Equation. 38 
Composite, 30 
Computation of Values from Components, · 
41 
Concrete-Lined Channels, 43 
Corrugated Metal Pipe, 54 
Culverts. 54 
Definition. 38 
Effect of Channel Irregularities. 41 
Effect of Channel Material. 41 
Effect of Channel Meandering. 41 
Effect of Channel Obstructions. 41 
Effect of Channel Vegetation. 41 
Effect of Cross-Section Variations, 41 
Example of Composite Computation. 32 
Grass-Lined Channels. 43 
Improved Channels. 43 
Open-Channel Design, 43 
Rip-rap Lined Channels, 43 
Roadside Ditches, 81 
Storm Sewers, 73 
Table of Values for Flood Plains, 41 
Table of Values for Lined Channels. 39 
Table of Values for Natural Streams. 40 
Table of Values for Unlined Channels, 40 

Maps 
Land Use, 3 
Zon.1ng, 3 

Master Plans 
Watersheds, 3 

Maximum Allowable Ponding Level 
Overland Flow. 77 

Maximum Channel Side Slope 
Open-Channel Design. 43 

Minimum Channel Backslope Drains 
Concrete-Lined Channels. 46 

Minimum Channel Bottom Slope 
Rectangular Concrete Pilot Channels. 46 

Minimum Chan..'lel Bottom Width 
Concrete-Lined Channels, 46 
Grass-Lined Channels, 45 
Open-Channel Design. 43 
Rectangular Concrete Pilot Channels. 46 

Minimum Channel Control Joints 
Concrete-Lined Channels, 46 
Rectangular Concrete Pilot Channels, 47 

Minimum Channel Erosion Control 
Grass-Lined Channels, 45 

Minimum Channel Escape Stairways 
Rectangular Concrete Pilot Channels, 46 

Minimum Ct annel Interceptor Structures 
Grass-Lined Channels, 45 

Minimum Channel Maintenance Shelves 
Rectangular Concrete Pilot Channels, 4 7 

Minimum Channel Reinforcement 
Concrete-Lined Channels. 46 

M1n.i.mum Channel Right-of-Way 
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Concrete-Lined Channels. 46 
Grass-Lined Channels, 45 
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Mirumum Channel Seal Slab 
Concrcte-Uned Channels, 46 
Rectangular Concrete Pilot Channels, 47 

Minimum Channel Side Slope 
Grass-Lined Channels, 44 

M1n1mum Channel Slope 
Open-Channel Destgn. 43 

Minimum Channel Structural Calculations 
Rectangular Concrete Pilot Channels, 48 

M1n1mum Channel Toe Walls 
Concrcte-L1ned Channels. 46 

M1n.fmum Channel Vertical Wall Height 
Rectangular Concrete Pilot Channels, 46 

M1n1mum Channel Weep Holes 
Concrete-Lined Channels, 46 
Rectangular Concrete Pilot Channels. 4 7 

Minimum Concrete 
Rectangular Concrete Pilot Channels, 46 

Ml.n1mum Concrete Requirements 
Concrete-IJned Channels, 45 

Minimum Grade 
Roadside Ditches, Bl 

Minimum Low Chord Elevation 
Bridges. 65 

Minimum ~orcement 
Rectangular Concrete Pilot Channels, 46 

Mlllimum Size 
Storm Sewers, 73 

Minimum SiZes 
Culverts. 54 

Minimum Slab Elevation 
Flood Plain Areas, 133 

Minor Losses 
Storm Sewers, 75 

Mitigation 
Flood Plain Areas, 134 

Modified Puls Routtng Computations 
Detention Basins, 115 

Modified ?uls Routing Method, 31 
Modified Storage Adjustment Factor 

Example Computation. 34 
Montgomery County Dra.inage Administrator 

Adrntnister1ng Flood Plain ~gulatlons, 133 
Alternatives Values of Manning Roughness, 
43 
Analysis of Downstream Impacts, 116 
Approval of Detention Outlet Structures, 
116 
Approval of Detention Pump Stations, 124 
Approval of Dual-Use Detention Basins, 
112 
Approval of Rainfall Distributions, 135 
Approval of Roadside Ditch Systems, 81 
Approval of See~rJ.i Methods, 85 
Approval of Stre ow Routing Methods. 
136 
Approval of Subdivision Dra.tnage Plan, 83 
Approval ofVartances. l 
Approval of Watershed Drainage Approach. 
109 
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Approv.al of Watershed Models, 136 
Bridge Design Storm Frequency, 64 
Channel Flow-Une Slope Vananccs. 43 
Comment on Project Location, 135 
DeflnJtion of Office, l 
Design of Open Channels, 37 
Design Tailwatcr Depth for Detention, 116 
Downstream Impact Analysis, 135 
Emergency Overflow for Detention Basin. 
124 . 
Establishing Existing Cond1tions HEC-1. 
116 
Existing Flow Rates for Detention Design. 
16 
Flood Plain Fill Permit. 134 
Geotechn.tcal Report for Channel Design, 45 
Identifying Future Land Use Conditions. 
135 
Inspection and Acceptance of Channels. 
107 
Methods of Bridge Analysis, 65 
Necessity for Erosion Control Measures. 85 
Open Channel Design Information. 42 
Responsibilities, 1 
Review of Detention Basin Designs, 113 
Review of Hydraulic Models. 134 
Review of Storm Sewer De5ign. 68 
Soil Borings for Storm Sewer Design. 7 4 
Standard Step Backwater Computations, 48 
Supplying Flood Plain Information. 134 
Variances from Stated Crtterta. l 
Watersheds Smaller than 50 Acres, 4 

Montgomery County Engineer 
Approval, 1. 37 

Multiple Uses 
Detention Bas1ns, 112 

NValue 
Open-Cha.""lllel Design. 43 

Non-Uniform Open-Channel Flow 
Definition. 37 

Normal Depth 
Definition, 38 

Off-Line Detention Facilities. 109 
Off-Site Drainage 

Overland Flow. 83 
Offsetting Conveyance 

Flood Plain Areas. 134 
On-Line Detention Facilities. 109 
Open-Channel Design 

Channel Bends, 44 
Channel Confluences. 44 
Channel Erosion Control. 44 
Channel Maintenance. 44 
ChannelTrans.itions,44 
Expansions and Contractions. 44 
Geotechnical Report. 45 
Grass-Lined Channels. 44 
Min. Pilot Channel Vertical Wall Height, 46 
Minimum Channel Backslope DrainS. 45 
Min1mum Channel Bottom Width. 45 
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Minimum Channel Erosion Control, 45 
MinJmum Channel Interceptor Structures, 
45 
Minimum Channel ~ht-of-Way. 45 
Minimum Channel s1ae Slopes, 44 
Mintmum Concrete for Channel Lin1ng. 45 
Minimum Lined Channel Backslope Dra1D.s. 
46 
Minimum Lined Channel Bottom Width, 46 
Minimum Lined Channel Control Joints, 46 
M.tnimum Lined Channel Reinforcement. 46 
Minimum Lined Channel Right-of-Way. 46 
Minimum Lined Channel Seal Slab, 46 
M1n1mum Lined Channel Toe Walls. 46 
M1nimum Llned Channel Weep Holes, 46 
Min1mum Pilot Channel Bottom Slope, 46 
M1nimum Pilot Channel Bottom Width, 46 
M1nimum Pilot Channel Concrete, 46 
M.1n1mum Pilot Channel Control Joints. 47 
Minimum Pilot Channel Escape Sta.trways. 
46 
M.1n1mum Pilot Channel Future Paving, 47 
Minimum Pilot Channel Maint Shelves, 4 7 
Minimum Pilot Channel ReJnforcement. 46 
Minimum Pilot Channel Seal Slab, 47 
Minimum Pilot Channel Structural Cales .• 
48 
M1nimum Pilot Channel Weep Holes, 47 
M1nimum Requirements. 44 
Required Documentation, 42 
Water Surface Profile Computations, 48 

Open-Channel Flow 
Categories, 37 

Open-Channel Routing 
HEC-1 Computer Program, 31 

Open Channel Design 
Channel Bottom Width, 43 
Channel Flow-Line Slope. 43 
Channel Flow Velocities, 43 
Channel Side Slope, 43 . 
Manning Roughness Coefficient, 43 
Right-of-Way Requtrements, 48 

Ort.fices 
Detention Basins, 120 

Outfalls 
Storm Sewers, 77 

Outflow Pipes or Culverts 
Detention Basins, 11 7 

Outlet Control 
Culverts. 56 
Example. 61. 62 

Outlet Structure 
Detention Bastns, 125 

Outlet Structure Design 
Detention Basins, 116 

Overland Flow, 67 
Channel Erosion Control. 44 
Interceptor Structures. 84 
Off-Site Drainage, 83 
Storm Sewers. 73, 75 
Temporary Drainage Swales, 84 

Overland Flow Design. 77 
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Cul-de-sac Streets, 78 
Curved Streets, 79 
Land Planning and Street Layout, 77 
Max:tmum Allowable Ponding Levels, 77 
Street Intersections. 80 
Surface Swales, 81 

Parallel Culvert Headwalls 
Suitable Conditions, 53 

Percent Impervious 
Example Computation, 33 

Percent Urban Development, 30 
Piers and Abutments 

Brtdges, 65 
Pipe Culverts 

Structural Requirements, 54 
Pipe Outfalls 

Erosion Control, 105 
Pipe Spillway with Riser 

Detention Basins, 123 
Platting Requirements 

Channel Right-of-Way. 48 
Plotted Channel Cross-Sections 

Required for Open-Channel Design. 42 
Plotted Stream Profile 

Required for Open-Channel Design. 42 
Pond Bottom 

Detention Basins, 125 
Ponding Adjustment Factor 

Table of Coefficients, 31 
Ponding Area 

Definition, 30 
Ponding Storage Adjustment Factor 

Example Computation, 34 
Precast Inlets 

Storm Sewers, 76 
?recast Reinforced Concrete Pipe, 54 
Precip1citation 

HEC-1 Computer Program, 25 
Precipicitation Hyetograph 

HEC-1 Computer Program. 25 
Precipitation Loss Computations 

HEC-1 Computer Program. 27 
Profile 

Culverts, 55 
Profile of Stream 

Required for Open-Channel Design. 42 
Pump Station Design 

Levee Systems, 129 
Pumped Discharge 

Detention Basins, 124 

Rainfall Depths 
Southern Montgomery County, 10 

Rainfall Excess 
HEC-1 Computer Program, 27 

Rainfall Intensitv 
Rational Method. 4. 6 

Rainfall Loss Computations 
HEC-1 Computer Program. 27 

Rainfall Records. 3 
Rational Method. 4 
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Assumptlons,4 
Rational Method Curves 

- Storm Sewer or Overland Flow, 68 
Storm Sewers, 7 4 
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Rational Method Drainage Area. 10 
Rational Method Frequency Aqjustment, 5 
Rational Method Rainfall Intensity, 6 

Rainfall Intenstty, 4 
Rational Method Runoff Coefficient. 4, 5 
Rational Method Runoff Cocff1Cients 

Example Values, 6 
Recreational Uses 

Detentlon Basins, 112 
Rectangular Concrete Pilot Channels 

M1n.1mum Requirements, 46. 
Recurrence Interval, 3 
Reinforcement 

Concrete-Lined Channels. 46 
Rectangular Concrete Pilot Channels. 46 

Requtred Documentation 
Open-Channel Design. 42 

Reservoir Routing 
HEC-1 Computer Program, 31 

Retention Storage. 111 
Right-of-Way 

Brtdges. 65 
Channel Maintenance, 44 
Concrete-Lined Channels, 46 
Detention Basins, 114 
Grass-Lined Channels, 45 
Levee Systems, 129 
Storm Sewers, 74 
Ulumate. l 

Rli1;ht-of-Way Map 
Required for Open-Channel Design. 42 

Right-of-Way Requirements 
Open-Channel Design. 48 

Rip-rap 
BedCUng, 88 
Block Description, 88 
Erosion Control. 88 
Mat Thickness, 88 
Side Slopes. 88 

Rip-rap I.Jned Channels 
Flow Velocities, 43 
Manning Roughness Coefficient, 43 

Riser Pipes 
Detention Basins, 123 

Roadside Ditch Drainage 
Overland Flow, 81 

Roadside Ditch Interceptor Structures 
Erosion Control, 105 

Roadside Ditches 
Bottom Width, 81 
Depth, 81 
D ~sign Flows, 81 
Erosion Control. B 1 
Freeboard. 81 
Hydraulic Computations. 81 
Manning Roughness Coeffid.ent. 81 
M:ln1mum Grade, 81 
Side Slopes. 81 
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Roughness Coefficient 
Open-Channel Design. 43 

Routing 
HEC-1 Computer Program, 31 

RTIMP 
Example Computation. 33 
Recommended Value. 28 

FITIOL 
Recommended Value, 28 

Runoff Coefficient 
Rational Method. 4. 5 

Runoff Coefficients 
Composite, 5 
Example Values, 6 

Runoff Potential 
According to SCS Soil ClassiO.cat.ions. 22 

Runoff Volume 
Graph for Detenntning from SCS Curve No .. 
22 
Small Watersheds, 21 

SAF-Type Stllling Basin 
Des.tgn Procedure. 99 

Safety Considerations 
Detention Basins. 113 

Sandy Soils 
Flow Velocities. 43 

SCS Cover Complex. 22 
SCS Cwve Number. 21 

Table of Values for Rural Areas. 23 
Tables of Values for Urban Areas, 24 

SCS Dimensionless Urutgraph. 20 
SCS Soil Classification System. 21 
SCS Soil Groups 

Determination, 22 
scs 1R-55 

Computing Travel Time. 8 
Seal Slab 

Concrete-Lined Channels. 46 
Rectangular Concrete Pilot Channels. 4 7 

Secondary Drainage, 67 
Sediment Control During Construction, 107 
Seeding 

Erosion Control, 85 
Sheet Flow, 67 

Channel Erosion Control. 44 
Side Slope 

Grass-Lined Channels, 44 
Side Slopes 

Levee Systems. 129 
Open-Channel Design. 43 
Roadside Ditches. 81 

Single Event Analysis 
Levee Systems. 130 

Site Map 
Required for Open-Channel Design. 42 

Slope 
Open-Channel Design. 43 

Slope Stability 
Open-Channel Design. 43 

Sloped Drop Structures 
Erosion Control, 96 
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Soil Borings 
Stonn Sewers. 74 

Soil Conditions 
Erosion Control. 85 

Soil Conservation SeIVice 
WSP-2 Computer Program, 48 

Soil Groups. 21 
Soils 

Channel Erosion Control. 44 
Soils Report 

Detention Basins, 114 
Grass-Lined Channels. 45 
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Required for Open·Channel Design. 42 
SpecJfic Energy 

At Critical Depth, 37 
Stahl. Al. 2 
Starting Water Surface Elevation 

Storm Sewers. 73 
Water Surlace Profile Computations, 49 

Steady Open-Channel Flow 
Deflnitlon. 37 

Steep Channel Sections 
Channel Erosion Control. 44 

Storage Coefficient 
Clark Unit Hydrograph Method, 28 

Storage Coefficient. Clark 
Example Computation, 34 

Storage Considerations 
Flood Plain Areas. 134 

Storm Distribution 
HEC-1 Computer Program, 25 

Storm Frequencies 
Channel Design. 42 

Storm Frequency, 3 
Storm Recurrence Interval, 3 
Storm Sewers 

Alignment, 7 4 
City of Houston Rational Method. 68 
Consideration in Channel Destgn. 42 
Construction Specifications, 73 
Design Criter1a, 73 
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