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ABSTRACT

COST EFFECTIVENESS IN SEWER DESIGN

GARY J. DIORIO, P.E.

MASTER OF SCIENCE

YOUNGSTOWN STATE UNIVERSITY

Probably the most important challenge facing an engineer today is

to ensure that his design is competitive in terms of costs. Besides

being technically sound, the designer's objectives are to provide a

cost effective solution.

This thesis presents a computer program to be used as a guide for

the design of storm sewers to ensure a cost effective solution. The

computer program is compiled to generate overland flows to inlets by use

of a combination of the Rational Method and the Soil Conservation Method.

The cost effective solution is found by applying the cost function

according to the constraints set forth in the program. The program ~

constraints involve minimum slopes to ensure proper velocities in the

pipe, proper pipe sizes to ensure a technically sound design, and to

provide a minimum depth of sewer throughout the entire length. A case

study is also included and analyzed to provide reliability data for the

computer program.

The design process, including cost computation, is laborious

to the extent that it discourages the effort to explore all situations

to arrive at a cost effective design. The purpose of this thesis is to

provide the designer with the following:
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1. A method of computation which results in realistic
estimates of overland flow and pipe flow.

2. Combination of engineering and economic aspects
simultaneously.

3. Capability of exploring all of the situations quickly
to arrive at a cost effective design.
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INTRODUCTION

The purpose of this thesis is to present a computer program to

be used as a guide for the design of storm sewers to ensure a cost

effective solution. This idea was presented in a Civil Engineering

thesis titled A Computer Program for the Minimum Cost Design of a

Sewer System, number 1348 as listed in Maag Library at Youngstown

State University. A sewer design was presented using optimization

technology in the form of dynamic programming. However, the results

presented through a case study indicate a somewhat impractical use

for this type of optimization. Invert elevations of the pipes

designed by this method are approximately eighty feet deep represen

ting an optimum solution. A design with inverts at such a large

depth is impractical in accordance with today's engineering stand

ards. The information presented here takes optimization techniques,

alters them to include a series of constraints to ensure a technical~y

sound design, and provides a cost effective solution.

Chapter I of this thesis describes cost effectiveness in sewer

design. The purpose of the cost effective process is to determine

the system that allows the user to most nearly achieve his stated

goals and objectives. The objective is minimal cost, which is

calculated subject to a series of constraints that may limit the

selection of variable values. The initial analysis of a proposed

storm sewer system is vital when undertaking a design. Initial

consideration should be given to the topography of the area, the
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types and depths of soils in the area, the points where flows originate

and end, the quantity of flow that enters the system at different points,

hydraulics of sewers, the cost and availability of sewer pipe and the

cost of excavation and installation of sewer pipe. The constraints are

centered around these variables.

The design process, including cost computations, is laborious to the

extent that it discourages the effort to explore all situations to

arrive at a cost effective design. The advantage of a computer based

approach is that it allows the user to review numerous solutions quickly

to arrive at the best decision.

In Chapter I, the user is taken through a step-by-step procedure to

formulate the problem for the computer model. The problem is divided

into stages which represent a pipe plus a downstream manhole. At each

stage, a number of states or conditions are analyzed in accordance with

the constraints to make a decision of minimal cost. At each state of

the problem, the computer program would calculate the proper pipe size

and slope. The constraints are introduced into the program to control

the significant number of variables that are associated with sewer

design as described above.

Cost equations are developed based on pipe size and depth of

sewer. Historical data of actual construction cost bids were analyzed

and linear cost equations were developed for a range of sewer depths.

Equations were also developed if high groundwater or rock is encountered

during design. The,construction cost data analyzed was actual costs for

labor and material for sewer construction basically within the state of

2

types and depths of soils in the area, the points where flows originate

and end, the quantity of flow that enters the system at different points,

hydraulics of sewers, the cost and availability of sewer pipe and the

cost of excavation and installation of sewer pipe. The constraints are

centered around these variables.

The design process, including cost computations, is laborious to the

extent that it discourages the effort to explore all situations to

arrive at a cost effective design. The advantage of a computer based

approach is that it allows the user to review numerous solutions quickly

to arrive at the best decision.

In Chapter I, the user is taken through a step-by-step procedure to

formulate the problem for the computer model. The problem is divided

into stages which represent a pipe plus a downstream manhole. At each

stage, a number of states or conditions are analyzed in accordance with

the constraints to make a decision of minimal cost. At each state of

the problem, the computer program would calculate the proper pipe size

and slope. The constraints are introduced into the program to control

the significant number of variables that are associated with sewer

design as described above.

Cost equations are developed based on pipe size and depth of

sewer. Historical data of actual construction cost bids were analyzed

and linear cost equations were developed for a range of sewer depths.

Equations were also developed if high groundwater or rock is encountered

during design. The,construction cost data analyzed was actual costs for

labor and material for sewer construction basically within the state of



3

Ohio. If this program is used for designs outside of Ohio, then

the user must adjust the cost equations to account for any changes

in labor and material costs.

In Chapter II, the computer model formulation is discussed.

The model computed a proper pipe size and slope at each stage that

satisfied the constraints before moving on to the next stage. In

put variables are explained in detail for the user for proper model

operation. The computer model generates overland flow and pipe flow

dependent on the size of rainfall and topographic features. The

flows are stored in memory and are used to size and assign slopes

to the system. The actual computer program is presented in Appen

dix A.

A case study presenting an actual design is included in Chapter

III. It presents a step-by-step procedure from initial design

techniquest through variable value determination for the computer

model. The method presented can be applied to all types of storm

sewer designed for any size rainfall. Information and tables con

tained in Appendices Band C are used in the computer run for the

case study.

Chapter IV presents the results of the computer run with a

reliability analysis of the case study. Hand calculations were

made to verify the results of the case study. It was found that

all constraints were met and that all pipe sizes and slopes calcu

lated for each stage meet the pipe flow requirements. Conclusions

for the case study are presented in Chapter V stating that this

method of sewer design provides a reliable, technically sound design

that is practical by today's engineering standards at a minimal cost.
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CHAPTER I

COST EFFECTIVENESS IN SEWER DESIGN

Cost effectiveness is used in many complex decisions involving

the selection of values for a number of interrelated variables. The

purpose of the cost effective process is to determine the system that

allows the decision-maker to most nearly achieve his stated goals and

objectives. A decision is made with one objective in mind designed

to measure the quality of that decision. In the case studied here,

this one objective is cost, which is minimized subject to constraints

that may limit the selection of variable values. Therefore, it is

essential that the goals, objectives and constraints be clearly defined

during problem formulation.

The complex and numerous decisions involved in the sewer design

problem are discussed below. The goal of the designer is to achieve

a sound sewer design. The objective is to develop a sound design at

minimal cost. The decision made is to find the proper pipe size and

slope subject to a number of constraints.

In order to facilitate the decision making process, the sewer

design problem is divided into stages. The stages represent a pipe

plus a downstream manhole. At each stage, a number of states or

conditions are analyzed in accordance with the constraints to make

a decision for minimal cost.
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THE STAGES

As stated previously, the stages represent a pipe plus a downstream

manhole. It is assumed that a fictitious pipe of zero length with zero

flow lies upstream of manhole A as shown in Figure 2 in Chapter III. The

Case Study presented in Chapter III has 9 stages to consider.

THE STATES

The states at each stage represent the bottom invert elevation

of the pipe. The input state is the bottom invert elevation of the

upstream end of the pipe (INi) and the end state is the bottom invert

elevation of the downstream end of the pipe (OUTi). Qi represents the

flow input for the stage. Flow into the storm sewer would be to catch

basins (inlets) at the input state (INi). This is shown in the diagram

below:

(T_i) -:-~_. (_01:
~ pipe m~nhole
Qi

THE DECISIONS

The decision to be made at each stage is how much drop can occur

across the stage. This drop represents the slope of the pipe. The

slope and flow rate then specify the pipe diameter. In the diagram

below, the di represents the drop across the stage. It is assumed

that the outflow bottom invert at a manhole must be the same elevation

as the input bottom invert for the next stage downstream.

(I!i) i (_OE
o

~ Pipe Manhole
di Qi
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COST FUNCTION

The cost equation for this program was formulated from historical

data provided by Floyd Browne Associates, Limited, a consulting engi-

neering firm from Marion, Ohio. This data is presented in Table No.1.

This cost data for the depth and pipe size given is an average of cost

per lineal foot of pipe from actual construction bids over the last ten

years. The costs are adjusted to a Engineering News Record Construction

Cost Index of 4000.

The costs presented in Table No. 1 do not include dewatering

(high water table conditions) costs or additional costs if rock is

encountered. If soil conditions indicate that groundwater may be

encountered in excavation, the costs in Table No. 1 must be increased

$lO/L.F. for depths between 0 feet to 15 feet and $15/L.F. for depths

from 15 feet to 25 feet. For rock considerations, increase the costs

in Table No. 1 by fifty percent.

The return (ri) is the minimal cost of the installation of the .~

pipe at each stage as shown below:

(ri)~
(0 Ti)

--r~r-- ...;i:::"- ....L._--"Q)

pipe
manhole

di Qi

Linear Regression of minimum cost versus diameter was performed on

the data in Table No.1 for each of the four ranges of pipe depths. The

equations are those of a straight line with the cost calculated based on

the pipe size needed. The equations are presented in Table No.2.

(I i)
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TABLE NO.1

PIPE IN PLACE - ESTIMATED CONSTRUCTION COST

COST/LIN. FT.

DEPTH IN FEET
Pipe Diameter

(in. ) (ft.) 0-10 10-15 15-20 20-25

8 ( .67) 52 60 68 72

10 (.83) 55 63 72 76

12 (1.0) 60 67 76 80

15 (1.25) 70 78 87 89

18 (1. 50) 78 87 95 119

21 (1. 75) 81 90 100 107

24 (2.0) 86 95 111 134

27 (2.25) 98 108 124 168

30 (2.50) 106 116 132 177

36 (3.0) 131 143 161 209

42 (3.50) 147 164 183 239

48 (4.0) 178 189 200 240

54 (4.50) 207 219 237 280

60 (5.0) 220 231 250 302

66 (5.5) 261 273 289 356

72 (6.0) 300 315 337 409

78 (6.5) 341 354 378 449

84 (7.0) 400 412 444 528

ENR = 4000
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24 (2.0) 86 95 111 134

27 (2.25) 98 108 124 168

30 (2.50) 106 116 132 177

36 (3.0) 131 143 161 209

42 (3.50) 147 164 183 239

48 (4.0) 178 189 200 240

54 (4.50) 207 219 237 280

60 (5.0) 220 231 250 302

66 (5.5) 261 273 289 356

72 (6.0) 300 315 337 409

78 (6.5) 341 354 378 449

84 (7.0) 400 412 444 528

ENR = 4000
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TABLE NO.2

COST FUNCTIONS

CORRELATION
DEPTH EQUATION COEFFICIENT
(ft.)

0-10 C=-5.85+50.66(D) .98

10-15 C=13.96+50.41(D) .98

15-20 C=8.55+54.30(D) .98

20-25 C=777+66. 28 (D) .99

C Cost per lineal ft.

D = Diameter of pipe.

r = Correlation Coefficient (if equal to 1, all
input data falls along a straight line).
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CONSTRAINTS

The initial analysis of a proposed storm sewer system is vital

when undertaking a design. Analyzing a system consists of the

following:

1. Topography of the region.

2. Types of soils.

3. Depths of soils.

4. The points where flows originate.

5. The location of a final outlet

6. The flows that enter the system at different points.

7. Hydraulics of flows in sewers.

8. Cost and availability of sewer pipe.

9. Cost of excavation and installation of sewer pipe.

10. Runoff Coefficients.

Considerable documentation is available for the reader to investigate

involving the above tasks that will not be discussed in this thesis.

These tasks are only mentioned here as a prelude to input data for the

case study presented in Chapter III. The discussion that follows des

cribes the constraints introduced in the computer model in Chapter II

that eliminates many tedious computations by a designer.

A. Depth of Sewer. The constraint introduced into the computer

model is that the minimum depth of sewer from ground surface to the

pipe invert will be input by the designer. In the case study pre

sented in Chapter III, this depth will be at least 5 feet. This depth

is not an established standard but the designer must determine the

proper depth of the proposed sewer based on existing site conditions.
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Items such as existing utilities can aid in determing a depth of a

proposed sewer. The cost functions previously discussed for the

depth chosen for the design will hav~ to be revised in the program.

B. Minimum Velocity. This constraint is introduced into the

model to allow sufficient velocity to prevent settlement of solid

matter so that no clogging or pooling of sediment occurs in the pipe.

A minimum velocity of 2 feet per second at full depth of pipe is used.

The minimum velocity of 2 fps is an established standard accepted by

the Ohio Environmental Protection Agency. Maximum velocities are not

used in this program but the reader must be aware that accepting high

velocities in a design may pose a maintenance problem. High velocities

erode pipes which may reduce the life span of the system and increase

the operations and maintenance costs of the system. If high velocities

are necessary, then the designer should consider using stronger pipe

material to promote a longer life span for the system or in-line

hydrobrakes or detention ponds.

C. Minimum Slope. The minimum slopes are used in this model to

achieve the minimum velocities. At 2 fps the slopes for different

pipe sizes are presented in Table No.3.

D. Minimum Pipe Size. In this model, the downstream pipe cannot

have a smaller diameter than the largest upstream pipe entering the

manhole and the invert elevation of the pipe leaving a manhole (stage)

must be greater than the invert elevation of the pipe entering the

next downstream manhole (positive slope).
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TABLE NO.3

MINIMUM SLOPES FOR DIFFERENT
PIPE SIZES

Diameter
(inches (ft))

Slope
(FT/FT)

8
10
12
14
18
21
24
27
30
36
42
48
54
60
66
72
78
84

(.67)
(.83)
(1.0)
(1. 25)
(1. 50)
(1. 75)
(2.0)
(2.25)
(2.50)
(3.0)
(3.50)
(4.0)
(4.50)
(5.0)
(5.5)
(6.0)
(6.5)
(7.0)

.0034

.0024

.0020

.0015

.0012

.0010

.0008

.0007

.0006

.0006

.0005

.0004

.0004

.0004

.0003

.0003

.0003

.0002

E. Design Equation. The design equation used in this model is-

the Manning's Equation for pipes flowing full:

where:

v 0.590 D 2/3
n

S
1/2

~
qUation number 21-33b]

obtained from reference
3 in Bibliography.

V Pipe velocity in fps.

n = Roughness Coefficient for pipe material used. This
n-factor is determined by pipe manufacturers and is
dependent on the smoothness of the pipe material
used.

D = Pipe diameter in feet.

S = pipe slope in feet/feet.
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COST EFFECTIVE EQUATIONS

The cost effective equations for this computer model are as

follows:

OBJECTIVE EQUATION: C =- 5.85 + 50.66 (D)

12

~

V(I) ~ 2 FPS

SUBJECT TO: INELEV (I) ~ COVMIN = Minimum cover from ground
surface to pipe invert.

SLO(I) > Minimum slope at 2 FPS (See Table 3)

Where: C

D ~ Pipe diameter of previous stage.

Pipe cost in dollars

D = Pipe diameter in feet

INELEV (I) = Invert elevation of pipe at stage I

V(I) = Pipe velocity at stage I

SLO(I) = Pipe slope at stage I.

COST EFFECTIVE EQUATIONS

The cost effective equations for this computer model are as

follows:

OBJECTIVE EQUATION: C =- 5.85 + 50.66 (D)

12

~

V(I) ~ 2 FPS

SUBJECT TO: INELEV (I) ~ COVMIN = Minimum cover from ground
surface to pipe invert.

SLO(I) > Minimum slope at 2 FPS (See Table 3)

Where: C

D ~ Pipe diameter of previous stage.

Pipe cost in dollars

D = Pipe diameter in feet

INELEV (I) = Invert elevation of pipe at stage I

V(I) = Pipe velocity at stage I

SLO(I) = Pipe slope at stage I.



13

CHAPTER II

COMPUTER MODEL FORMULATION

THE COMPUTER PROGRAM

As stated previously, the user must perform certain preliminary

tasks when initiating a design of this type. On a map, the designer

must define the boundaries of each subarea. A subarea is an area

consisting of homogeneous land cover that is tributary to the sewer

at the point at which the pipe size and slope is to be determined (a

stage). Also, on a map, the designer should draw lines and arrows to

represent flow direction. Manholes should then be located tentatively

and distances measured between them, usually 300 to 400 feet apart.

The computer program was written in TI Basic for operation using

a Texas Instruments TI 99/4A personal computer. A flow chart for the

program is presented in Figure 1. The actual program is presented in

Appendix A of this thesis.

Input variables are presented below:

VARIABLE

AN
VMIN
COVMIN

OELEV

NPDIA

NPIPE

ACRE(I),I=l,NPIPE
RCOF (I),I=l,NPIPE
LMCS(I),I=l,NPIPE

EMRP(I),I=l,NPIPE

GELEV(I),I=l,NPIPE

DESCRIPTION

Manning's Roughness Coefficient
Minimum Allowable Velocity in Pipe (fps)
Minimum distance between bottom invert

of pipe and ground elevation at manhole
in feet.

Bottom invert elevation of final outlet
in feet above datum

Number of possible pipe sizes in input
data.

Number of stages, where a stage is a pipe
and a downstream manhole

Acres of subarea at Ith stage.
Rational Method Runoff Coefficient
Length of main overland flow channel

in subarea in ft.
Elevation of most remote point in subarea

in feet above datum.
Ground surface elevation at beginning

of Ith stage.
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INITIALIZE Variables and
Input Data

Calculate QIN for each stage

Compute maximum and m1n1mum
invert elevations at the
upstream end of Stage I

Compute maximum and minimum
drop across Stage I

based on the 2 fps slope
given for the largest pipe

size in Table No. 3 and
depth constraint

Compute increment of change
in elevation for each

output state in Stage I

For each incremental value,
determine smallest diameter
pipe which will satisfy the

constraints on flow,
velocity, and upstream

diameter

__---:yes

no

no

Add cost of pipe
in place to minimize

cost of pipes required
upstream

yes

store values
for printing

END

no

Compile cost of pipe
in place based on

pipe size found to meet
constraints

A
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PDIA(I),I=l,NPDIA

S2FPS(I),I=l,NPDIA

PLONG(I), I=l,NPIPE

FREQ

K

B

INCR

14

Diameter of Ith possible pipe size
in input data in feet.

Minimum slope to meet velocity
requirements in ft./ft.

Length of Ith pipe in ft.

Return Frequency of Storm

"K" value in Steel Formula, See
Appendix B.

liB" value in Steel Formula, See
Appendix B.

Incremental value between the
maximum and minimum invert ele
vations used to calculate the
proper pipe size and slope.

Flow from each subarea to an inlet (manhole) is found through

Cl. combination of the Rational Method and the Soil Conservation Method.

The Rational Method theory can be found in reference 1 and the Soil

Conservation Service Method theory can be found in reference 7. Com-

bining the two equations:

Lag = 0.6 to where to = time of concentration
with

Lag LO. 8 (S+l)0.7

(1900) SLO. 5

where

Lag the time between a brief heavy rain and the
maximum runoff rate,

L length of main overland flow channel in subarea
in feet,

S (1000/CN)-10 with CN = SCS curve number, see
Appendix B, and

SL slope of subarea, in percent,
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gives a value for the time of concentration to (overland flow time) for

each subarea. The Steel Formula:

I = K
-~--

to+B

is used to calculate the rainfall intensity (See Appendix B) for values

of K and B. Intensity-Frequency-Duration curves are not available for

the area used in the Case Study discussed in the next Chapter. The

Rational Formula: Q = CIA

where Q
C
I
A

flow to a stage
Runoff coefficient (See Appendix B)
Rainfall intensity in inches/hour
Acres of subarea

is then used to calculate the flow to each stage of the program. This

program is set up for small drainage areas (less than 5 acres), there-

fore, results using the Rational Method will be realistic.

The program then calculates the maximum and minimum invert ele-

vations for each stage based on the constraints. The program then

calculates the maximum and minimum invert elevations for each stage

based on the constraints. The maximum invert elevation is calculated

by subtracting the minimum cover depth input to the program from the

ground elevation at that stage. To find the minimum invert elevation,

the program uses the minimum slope for the largest pipe size input to

the program for the desired minimum velocity. This slope is used to

calculate the maximum drop across a stage by multiplying it by the pro-

posed length of pipe across the stage. This result is the maximum drop

in the pipe for that stage. The minimum invert elevation is then calcu-

lated by taking the invert elevation at the end of the previous stage and
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subtracting the calculated maximum drop. If the topography causes the

minimum invert elevation to be greater than the maximum invert elevation,

then the minimum invert elevation is then assumed by the program as

10 feet below the maximum. This method allows a sufficient distance

between the maximum and minimum invert elevations for the program to

calculate a slope and pipe size to meet the constraints. At each

incremental value, if the program cannot find a pipe size or slope to

meet the constraints, then the calculations are resumed at the next

incremental value which would allow steeper slopes and more capacity

to carry the pipe flow. Calculations are made for velocity, slope, and

pipe capacity at each incremental value input to the program. If all

constraints are met, then the cost of construction is then calculated

and stored in memory.

As shown earlier, the cost equations are based on pipe size and

depth. Specifically, the deeper the pipe, the greater the cost.

This important item of optimization is built into the program itself.

The program starts at the shallowest incremental invert elevation and

works deeper until all constraints are met. Therefore, the first pipe

size and slope to meet the constraints that is found by the program

would be the least cost alternative. This "built-in" feature also

cuts down on over-design.
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size and slope to meet the constraints that is found by the program

would be the least cost alternative. This "built-in" feature also

cuts down on over-design.
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CHAPTER III

COMPUTER MODEL FORMULATION

CASE STUDY

This chapter presents a case study of an actual storm sewer

design. The area chosen is shown on Figure 2. It is a residential

area of homogeneous land use in Mahoning County, Ohio. Figure 2

shows the tentative location of the manholes and piping. Each sub

area is also delineated on the map along with arrows representing

overland flow direction. It is assumed that this area is newly

developed and that the sewer is constructed before the roadway.

This study is broken down into 9 stages. A stage represents a

pipe plus a downstream manhole with a fictitious pipe of zero length

upstream of manhole A. The topography of the area is gradually

sloping as can be seen by the contour locations. Outfall of this

storm sewer is to a receiving stream as shown.

The type of pipe used in this study is polyvinylch1oride (PVC)

pipe. Manning's n for this pipe is .009. The minimum velocity is 2

feet per second. The minimum cover, which is the distance from the

ground surface to the pipe invert, is 5 feet. The outfall ground

elevation is 1015 feet. The number of possible pipe diameters is

18, ranging from 8 inches (.67feet) to 84 inches (7 feet). See Table

3. The design of this sewer is for a 4year storm. The "K" value of

the Steel Formula is 131 and the "B" value is 19, taken from Table

B-1 in Appendix B.
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The soil type in this area is called "Mahoning". Using the Table pro

vided in Appendix C, the hydrologic soil group for "Mahoning" soils is D.

Then using Table B-3 in Appendix B, the SCS curve number for residential

land use of 1/2 acre in size and 25 percent impervious is 85. The number

of increments used between the maximum invert elevation and the minimum

invert elevation is 20. The Runoff Coefficient for the Rational

Method is 0.4 for each stage taken from Table B-2 in Appendix B.

Additional input data is contained in Table 4.
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TABLE 4

INPUT DATA-CASE STUDY

Elevation of
Length of most remote Ground Pipe

Subarea Runoff Main Overland Point in Subarea Elevation Length
Sta&e _ Acres Coefficient Flow Channel (pt) (FT) (FT) (FT) Manhole

1 1.20 0.4 185 1077 1069 0 A

2 1.10 0.4 125 1071 1062 250 B

3 1.43 0.4 175 1060 1049 300 C

4 1.30 0.4 180 1055 1040 300 D

5 1.35 0.4 185 1040 1030 300 E

6 1.39 0.4 185 1035 1025 300 F

7 1.44 0.4 185 1027 1020 300 G

8 1.17 0.4 185 1020 1017 250 H

9 1.0 0.4 150 1017 1015 360 0

.....
1.0
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CHAPTER IV

COMPUTER MODEL FORMULATION
RESULTS

The results of the computer run discussed in the previous chapter

are shown on Table No.5. Figure 3 is the design profile for this storm

sewer. As can be seen t all constraints are met. The pipe depth from

the ground to the invert is at least 5 feet. The pipe diameter down-

stream of the previous stage is at least the same size or greater and

sized according to flow requirements.

PROGRAM RELIABILITY

Hand calculations were made to verify the results of the Case

Study computer run using a National Clay Pipe Institute (NCPI)

Gravity Flow Hydraulic Calculator. This calculator is a homograph

type of which a photo copy is contained in Appendix B. This calculator

contains several scales to relate the various parameters used with the

Manning's Formula for solution to sewer design problems. Using the

known invert elevations found by the program t since the constraint for

pipe depth is correct along with the pipe flow found using the Rational

Method t a check was made verifying the pipe size and diameter for each

stage. It was found that all pipe sizes and slopes calculated for each

stage meet the pipe flow requirements. The results of the check are

shown below:

STAGE
PIPE DIAMETER (FT.)
SLOPE (FT/FT)

I
o
o

2
.67
.030

3
1.0
.043

4
1.25
.029

5
1.5
.035

6
2.0
.016

7
2.25
.016

8
2.5
.014

9
3.0
.0053

A check was also made with the NCPI calculator on the constraint for_

minimum velocity. All stages of the case study design meet this require-

ment.
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TABLE NO.5

CASE STUDY RESULTS

1 2 3 4 5 6 7 8 9

PIPE LENGTH 0 250 300 300 300 300 300 250 360

PIPE FLOW (cfs) 0 2.74 7.58 14.72 23.55 33.8 45.57 58.5 72 .26

PIPE DIAMETER (ft) 0 .67 1.0 1.25 1.50 2.0 2.25 2.50 3.0

SLOPE (ft/ft) 0 .030 .045 .030 .035 .018 .017 .014 .007

INVERT ELEVATION (ft) 1064 1056.4 1043.5 1034.94 1024.5 1019.74 1014.98 1011.5 1009.6

GROUND ELEVATION (ft) 1069 1062 1049 1040 1030 1025 1020 1017 1015

PIPE DEPTH (ft) 5 5.5 5.5 5.06 5.5 5.26 5.02 5.5 5.4

TOTAL CONSTRUCTION COST = $202,385.55.

N
......
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The construction cost calculated by the program is $202,385,55.

An itemized breakdown is shown in Table No. 6 with unit costs and

calculated quantities to check the cost equations. The unit costs

are an average of actual contractor~ bid prices for a sewer installa-

tion project received in January, 1986. As can be seen, the calculation

of construction cost by the program is reliable for the type of case

study presented here.

TABLE NO.6
CONSTRUCTION COST BY

QUANTITY AND UNIT PRICE

ITEM DESCRIPTION QUANTITY UNIT PRICE COST

1 Earth Excavation 2,100 CY $12 CY $25,200
2 Granular Backfill 1,050 CY $30 CY 31,500
3 9" Aggregate Base Course 1,050 CY 5 CY 5,250
4 2~" Asphalt Concrete 1,050 SY 30 SY 31,500

*5 8" PVC Gravity Pipe Sewer 250 LF l8/LF 4,500
*6 12" PVC Gravity Pipe Sewer 300 LF 26/LF 7,800
*7 15" PVC Gravity Pipe Sewer 300 LF 32/LF 9,600-
*8 18" PVC Gravity Pipe Sewer 300 LF 38/LF 11,400
*9 24" PVC Gravity Pipe Sewer 300 LF 46/LF 13,800
*10 27" PVC Gravity Pipe Sewer 300 LF 52/LF 15,600
*11 30" PVC Gravity Pipe Sewer 250 LF 58/LF 14,500
*12 36" PVC Gravity PIpe Sewer 360 LF 66/LF 23,760
*13 4' Diameter manholes 48 LFD l20/LFD 5,760

TOTAL CONSTRUCTION COST $ 200,170

* Costs include items such as installation, pipe bedding, and pipe
testing.
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CHAPTER V

SUMMARY AND CONCLUSIONS

SUMMARY

The purpose of this thesis is to provide the sewer designer with

the following:

1. A method of computation which results in realistic

estimates of overland flow and pipe flow.

2. A combination of engineering and economic aspects

simultaneously.

3. Capability of exploring all of the situations quickly

to arrive at a cost effective solution.

A computer program was developed to be used as a guide for the

design of storm sewers to ensure a cost effective solution. The cost

effective solution is found by applying the cost function according to

the constraints set forth in the program.

An actual case study of storm sewer design is included to check

the reliability of the design computer program.

CONCLUSIONS

Based on the information and data presented here, the following

conclusions can be made.

1. The method presented in the computer model

combines engineering and economic aspects simultaneously,

that results in a sound sewer design at minimal costs.

2. The computer program should be used on relatively small

drainage areas (subareas of less than 5 acres) to maintain _

realistic overland flows and pipe flows.
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3. The computer program is flexible enough to be easily modified

to conform with any type of topographic and geologic situation.

a. Modify cost equations depending on depth of

pipe desired and geologic considerations, such

as rock or high groundwater.

b. Modify minimum depth of pipe and pipe roughness

coefficient to "fit" the design to the topo

graphic and geologic restrictions. The case

study used here is a discharge to an open stream.

Input data can be adjusted for the case of dis

charging to another storm sewer, for example.

4. The program is simple in structure and can be easily modified

for use on any other type of personal computer.

5. The results of the Case Study indicate that the computer

program can provide a reliable design based on the con

straints set forth.
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COST EFFECTIVENESS IN SEWER DESIGN

A-2

10 INPUT "MANNINGS N It. AN

20 INPUT "MIN VELOCITY IN PIPE (FPS)_": VMAX

30 INPUT "MIN COVER (FROM GROUND TO INVERT)_": COVMIN

40 INPUT "INVERT ELEVATION OF OUTLET It: OELEV

50 INPUT "NUMBER OF POSSIBLE PIPE SIZES It: NPDIA

60 INPUT "NUMBER OF STAGES It: NPIPE

65 INPUT "INCREMENTAL VALUE FOR DESIGN It: INCR

70 DIM ACRE(10), RCOF(10), LMCS(10), EMRP(10), GELEV(10), PLONG(10)

80 FOR 1=1 TO NPIPE

90 INPUT "ACRES OF SUBAREA AT Ith STAGES_": ACRE(I)

100 INPUT "RUNOFF COEFFICIENT(C) FOR Ith STAGE_": RCOF(I)

110 INPUT "LENGTH OF MAIN CHANNEL IN SUBAREA_": LMCS (I)

120 INPUT "ELEVATION OF MOST REMOTE PT. IN SUBAREA_": EMRP(I)

130 INPUT "GROUND SURFACE ELEVATION AT Ith STAG~": GELEV(I)

135 INPUT "LENGTH OF ITH PIPE_It: PLONG(I)

140 NEXT I

150 DIM PDIA(10), S2FPS(10)

160 FOR 1=1 TO NPDIA

170 INPUT :DIAMETER OF Ith POSSIBLE PIPE SIZE(FEET) ": PDIA(I)-

180 INPUT :MINIMUM SLOPE TO MEET VELOCITY REQUIREMENTS_": S2FPS(I)

190 NEXT I

200 INPUT "RETURN FREQUENCY OF STORM_": FREQ

210 INPUT "K-VALUE IN STEEL FORMULA It: A

220 INPUT "B-VALUE IN STEEL FORMULA It: B

230 INPUT "scs CURVE NUMBER FOR THE SUBAREAS " . CN
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240 DIM OFT(10), SL(10)

250 S=(1000/CN)-10

260 FOR I = 1 to NPIPE

270 SL(I)=((EMRP(I)-GELEV(I»/LMCS(I)*100

280 OFT(I)=((LMCS(I)A.8)*((S+1)A.7»/(.6*1900*(SL(I)A.5»

290 OFT(I)=OFT(I)*60

300 NEXT I

310 DIM PFT (10)

320 FOR 1=1 TO NPIPE

330 PFT (I)=PLONG(I)/VMAX*60)

340 NEXT I

350 DIM TCON (10), IN(10), SCA(10), QIN(10), TC(10)

360 TCON(l)=OFT(l)

370 IN(I)=A/(TCON(l)+B)

380 SCA(I)=ACRE(I)*RCOF(I)

390 QIN(I)=SCA(I)*IN(I)

400 FOR I = 2 TO NPIPE

410 TC(I)=TCON(I-l)+PFT(I)

420 IF TC(I»OFT(I) THEN 425

421 TCON (I)=OFT(I)

422 GO TO 426

425 TCON (I)=TC(I)

426 IN(I)=A/(TCON(I)+B)

430 SCA(I)=SCA(I-l)+(ACRE(I)*RCOF(I»

440 QIN(I)=SCA(I)*IN(I)

450 NEXT I

A-3
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422 GO TO 426

425 TCON (I)=TC(I)

426 IN(I)=A/(TCON(I)+B)

430 SCA(I)=SCA(I-l)+(ACRE(I)*RCOF(I»

440 QIN(I)=SCA(I)*IN(I)

450 NEXT I
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460 DIM PFLOW(10), DIAT(10), ELMAX(10), ELMIN(10), INELEV(10),
MOROP(10), ELH(10), SLOP(10), DROP(10), SLO(10), VEL(10)

461 DIM Q(10), VEL(10),QU(10)

470 PFLOW(10)=0.0

480 DIAT(I)=O

490 TCOST=O.O

500 FOR 1=2 TO NPIPE

510 PFLOW(I)=PFLOW(I-l)+QIN(I-l)

520 NEXT I

530 ELMAX(l)=GELEV(l)-COVMIN

540 ELMIN(l)=ELMAX(l)

550 INELEV(l)=ELMAX(l)

560 SLOMIN=S2FPS(NPDIA)

570 FOR 1=2 TO NPIPE

580 MDROP(I)=SLOMIN*PLONG(I)

590 ELMIN(I)=INELEV (I-l)-MDROP(I)

600 ELMAX (I)=GELEV(I)-COVMIN

610 IF ELMIN(I) ELMAX(I) THEN 630

620 GO TO 640

630 ELMIN(I)=ELMAX(I)-lO

640 DELH(I,J)=(ELMAX(I)-ELMIN(I))/INCR

650 FOR J=1 TO INCR

660 DELH(I,J)=DELH(I,J)*J

670 FOR M=1 TO NPDIA

680 DROP(m)=ELMAX(I)-DELH(I,J)

690 SLO(m)=(ELMAX(I)-DROP(m)/PLONG(I)

700 VEL(m)=(0.59*(PDIA(m)A .667*(SLO(m)h.5))/AN
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710 Q(M)=3.1416*PDIA(M)*PDIA(M)*.2S*VEL(M)

720 IF Q(M)<PFLOW(I) THEN 790

730 IF VEL(M)~VMAX.THEN 790

740 IF SLO(M)~S2FPS(m) THEN 790

750 IF PDIA(M)~DIAT(I-l) THEN 790

760 DIAT(m)=PDIA(M)

770 SLOPT(I)=SLO (M)

780 GO to 830

790 NEXT M

800 NEXT J

810 PRINT "FOR STAGE_":(I);"NO PIPE SIZE TO MEET CONSTRAINTS CAN
BE FOUND "

820 GO to 870

830 ELH(I)=ELMAX(I)-DELH(I,J)

840 INELEV(I)=ELH(I)

850 COST= (-5.85+(50.66* DIAT(I)))*PLONG(I)

860 TCOST;TCOST+COST

870 NEXT I

1480 FOR 1=1 TO NPIPE

1490 PRINT "FOR STAGE_":(I)

1500 PRINT "THE LENGTH OF PIPE IN STAGE_";(I);"IS";PLONG(I)

1510 PRINT "THE PIPE FLOW IS _"; PFLOW(I)

1520 PRINT "THE QUANTITY OF FLOW ENTERING THE SYSTEM IS-";QIN(I)

1530 PRINT "THE DIAMETER OF THE PIPE IS _"; DIAT(I)

1540 PRINT "THE ELEVATION OF THE INVERT IS_"; ELEIV(I)
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1550 PRINT "THE GROUND ELEVATION IS "; GELEV(I)

1552 BREAK. 1560

1560 NEXT I

1570 PRINT liTHE TOTAL COST FOR THE SYSTEM IS "; TeOST

1580 END
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APPENDIX B

Standard Tables Used to Formulate Imput Data
to the Computer Program

This Appendix contains certain standard tables that are to be used
to formulate input data to the computer program. The tables are:
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Table No. B-1

Table No. B-2

Table No. B-3

Figure No. B-1

Coefficients for the Steel Formula
(Taken from the Standard Handbook for
Civil Engineers, McGr~w-Hill, Second
Edition, 1976).

Recommended Runoff Coefficients (Taken
from Modern Sewer Design, American Iron
and Steel Institute, First Edition, 1980)

Runoff Curve Numbers for selected Land
Use. (Taken from Technical Release No.
55, "Urban Hydrology for Small Watershed",
Soil Conservation Services, January, 1975.

National Clay Pipe Institute Gravity
Flow Hydraulics Calculator.
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TABLE NO. B-1

! ~on
F~umcy. Codlicimts

yran
(b I1 2 4 5 6 7

2 IC 206 140 106 70 70 68 32
b 30 21 17 13 16 14 11

" IC 147 190 131 97 81 7S 48
b 29 25 19 16 13 12 11

10 Ie 300 230 C&/ 111 111 122 60
b 36 29 16 17 23 13

25 Ie 327 J60 170 130 155 r.
b 33 32 30 27 17 !16 10

SO Ie 315 3SO ISO 187 187 160 65
b J8 38 27 14 25 21 a

100 Ie 367 375 290 220 240 210 77
b 33 36 31 28 29 fA) 10
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TABLE NO. B~2

8-4

B~!'I!!SS

Oowr!owr 0.70 tll 0.95
Nelinoc f:1cod . . . . . . . . . . . . . . . . . . . . . . . . .. 0.50 tll 0.10

Res,:lenllil
S~iile·larrnly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 0.30 to Q.5O
I.ti:.unlts. detached 0 *I tll 0.60
foI ...!I'·unlts altJched .........................................•. Q.6O to 0.75

R"~Jde"tll' (suburban) . . . . . . . . . . . .. . 025 to 0.40
A:l2'!'1fnt . . . . . . . . . . . . . . . 0.50 to 0.10
tl"!: .. 5!f'lil

llln: . . .. . . . . . . . . . . . . . . . . . . . . . . .. 0.50 to 0.80
Heavy . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . 060 to 0.90

Parks :emele'tes . . . . . . . .. .. . . . .. . 0.10 tll 0.25
Pla~i'~~ndS . . . . . . . . .. .. 0.20 tll 0.35
Railroad yard . . . . . . . . . . . . . . . . . . . .. . ~ .. . D.2O tll 0.35
1iI1~ro~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 8.10 to 0.30

It otter IS desirable to develoQ a composilf runoff based lIII tile percemaae of dilferent tygn 01 sur·
lice In the dfalllale area This proced~re oltln IS IClQiIed tll typocal "sample" bIoclls. I tIIIlIe to seIet
ton Of reasorolble vllues of the coefficltllt tor an entn area. Coeffitients Wllll respect to wfIte type
c"",n~ ,n use are:

Character of Surface

Pavement
"phllt and Concrete : 0.70 to 0.95
BrICk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 0.70 to 0.85

RO'J1s . . . . . . . • • . • • . .. . .............•.. , ••.••.....•••. 0.75 11 0.95
lIwns. sandy soil

flat 2 percent " : 0.1311 0.11
Averlle 2 to 1 percent . . . . . . . . . . .. U8 III Oll
Stetll. 7 percent .....•.•.......••.•.......••..•••••..••...•••. 025 III 0.35

The coetfants in tIIese two tabulltillllS ft IIllIliatJIe !of ems aI 5-lD 10", hqutncles.less fre·
quent hllher mtlnsily storms will lIQIlire .. use of "'per clllffic1ents IlecIuse III6IlrlllCll and ollllr
losses hive a proporllOllllly smaller tIIect 11II NIIOll Tfte coethclentS .. llIIIId lIII \lit asunp\lorl tlllt
1ht deSII" storm does not occur wllIn \lit pound surfxt " fIozIn.

•
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TABLE NO. B-3

HYDROLOGIC SOIL GROUP
LAID USE DISCJlIP1'!ON

A B C D

Cllltivated landl / : witbl7lrt conservation treatmelit 72 81 88 91
: with conaerva~ion treatment 62 n 78 81

Puture or range land: poor con-:1ition 68 79 86 89
good condition 39 61 74 80

Meadov: good condition 30 58 71 78

Wood or Forest land: thin stan<l, poor cover, no IIIUlch 45 66 77 83
good caveI'll 25 55 70 77

Open Spaces, lawns. parka. golf courses. ceaeteries, etc.

good condition:· grass caver on 75% or more of the area !9 61 74 So
fair condition: gr..s coy,r or. 50% to 75% ot the area 49 69 79 84

COIIIIIlercial and bus1Jle.. areas ('51. impervious) 89 92 94 95

-
Industrial districts (72$ Ulpel ,ious ) . 81 88 91 93

Residential:!1

Averaae lot size Averaae %IlIlpervious~1

1/8 acre or less 65 77 85 90 92
1/4 acre ~I\ 61 75 83 87
1/3 acre 30 57 72 81 86
1/2 acre 25 54 70 80 85
1 acre 20 51 68 79 84

Paved parking lots. roots. drir_~s • etc •.!1 98 98 98 98

Streets and roads:

paved vith curb. &lid sto·,.. s_ers! I 98 98 98 98
gravel 76 85 89 91
dirt 72 82 87 89

11 For a JDOre detll.iled dese-'iptioD of aaricultural land use curve n\lllbel"8 refer to
Jational Engineering 1Iar.4bool. Section 4. II;ydrology. Chapter 9. Aug. 1912.

!I Good cover is prctecwd tre- crazing and litter and brush cover soil.

11 Curve n\llllbers are c~tecl ..sla1ng tbe runoff froll the bouse and driYeV~
is directed towards the atroet vith a JDiniJa\llll of roof vater directed to 1_
vbere additional inflltrGiol could occur.

~I 'nle remaining perviow. are.. (lawn) are considered to be in good puture cOlldition
for these curve nuabe·tw.

!I III scae vlU'lller cllu';es of Ue country a curve nuaber of 95 III.IQ' be \lied.
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APPENDIX C

SOIL SERIES AND HYDROLOGIC SOIL GROUPS

This appendix provides soil names and their hydrologic classi-

fication used in determing soil-cover complexes described in Chapter

III of this thesis. The hydrologic parameter A, B, C, or D, is an

indicator of the minimum rate of infiltration obtained for a bare

soil after prolonged wetting. By using the hydrologic classification

and the associated land use, runoff curve numbers can be computed as

shown in Chapter II.

The hydrologic soil groups, as defined by SCS soil scientists

are:

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

B. Soils haveing a moderate infiltration rate when thoroughly
wetted and consisting chiefly or moderately deep to deep,
moderately well to well drained soils with moderately fine_
to moderately course texture.

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

D. (High runoff potential). Soils having a very slow infil
tration rate when thoroughly wetted and consisting chiefly
of clay soils with a high swelling potential, soils with a
permanent high water table, soils with a claypan or clay
layer at or near the surface, and shallow soils over nearly
impervious material.

Table No. 1 of the Appendix was copied from Technical Release

No. 55, "Urban Hydrology for Small Watersheds", prepared by the

Engineering Division of the Soil Conservation Services, U. S.

Department of Agriculture, January, 1975.
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Table C-l~-Soil names and hydrologic classifications

AIlUA A A.. AIlOR 0 uecli • "'UE t
USUO e AKASKA e A"AGC~ 0 ... eUCIlLE 8 "'_E 110
A8'JO t AIlHA t A"ALU 0 ARCATA • ATO"" t
"8",~TT 0 "LAOOI" ~ ....ANA e ARtH 8 ..UIOJI ,
H'hlTTSTO"" t AUE A ."..GOU ° ARCHABAl B ..nUIERIlY 8
'BEGe 8 ..UHOA e A..ARIU' • ARCHER ,

..nE".." A

"fL' 8 'L..GA A A""SA • A'CHI~
, "TTreA e

ABEll 11 AU"'I e ""8ENSC" ARCa e ..TTLE8Oll0

'U'DH" 0 Al""A C A"80Y C ARtOLA t ""'ATEil •
'eES 0 AL'''A'lCE 8 A"O"AII C ARO t ..",ElL t
.e fU"F , "LA"t C A"fCfE A AROE" 8 AT~ e
41 I NGT,),.; e AU"OSA C .."ELla 8 AIl('E~Vl:IR • AU8eE EIlAUaau 8
.."IQU' C AlAP..HA II A"£"IA 8 ""OIUA C ..UIfIlAY 8
ABu 8 AlAPAI A A"ERICUS A AUOALE 8 ..USUllIl t.... C AlQU, ° A"ES , "RE"A C _UIlNOALE 0
"a.. AHAP'" 8 Al~ANO C A"HE'ST , "'U,AUS .. ..UOI.." 8
.eSHUKH ,

Al"'''Y
, A"IlY C ARENDTSVILLE B AU !;AU C

~cl~',JU 8 Al~UON 0 A""ON 8 AR£"'OSA .. aUliSBUllG 8
"8SH~'" 0 AL~H

, A"ULE , "'E""VlllE • AUGusta C
..,.c I C t A18E"ARLE 8 A"O. 8 'RGO"AUT 0 AULD 0
"'AoE'" ,

AL~fHVlllE C A"OS C ARGUHLO • au... •
'C'O IA Il ALalA , ""SHRJA" • ARGYlE • ..ua.... t

".~~ U AlJION 8 A"TCfT 0 ARlIO A AUSHIII t
ACE I 'UNAS R ..18KIGHTS C A"Y 0 ARK AlIUTlA t AUlIlIAUE °'CH 0 AL'ALOE C AN"A'" • ARIlPCRT • AUlatll •"CKEO • AlC£STER ~ ......HU" 0 ""L .."e • ..".. t
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IARKEMVlllE C BEHAR 8 81C.KEllCN 8 BLOOGETT A 80TTlE A
BARKlfY B IEHA .. IN B 1I1'~KIIOIlE C BLO"fORO 8 80ULOER 8
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