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Preface

When T wrote the first edition of Ciwil Ergineering
Solved Problems, 1 had been teaching civil engineering
PE courses for many years. At the time, I was accus-
tomed to a clagsroom setfing, where the method of
learning tends to be deductive: I taught the important
concepts to my students, and then I presented examples
to reinforce those concepts: However, I consistently
found that students needed more than a presentation
of important concepts and reinforcing examples. What
they needed were probléms to sobve. And so I wrote this
book.

Whereas my classroom was an exercise in . deductive
learning, this book is an exercise in inductive learning.
You are presented first with problems to solve, and
then, from the provided solutions, you can check your
answers and learn the concepts that are required to
derive the correct answér, Seeing these concepts in
dction will help you to come to conclusions on your
own and learn basic concepts in a different manner than
is usually presented in a classroom. In & sense, you are
seeing all of the details before being awakened to the
bigger picture. Through this hook, that is what I strive
to do; awaken you to the bigger picture.

The problems in this book have always been more chal-
lenging and esoteri¢ than those vou will encounter on
the exam. This is good practice. On the morning
breadth section of the exam; you will not just be able
to work the easy problems. And, no matter which after-
noon section you choose, you will need exposure to some
of the tough breadth subjects.

Though the problems in this eighth edifien are not
multiple-choice, T do not seée this as a significant isste.
The subject matter remains appropriate for the civil
PE exam, and code-dependent problems are up to date
with NCEES codes and specifications. That the prob-
lems are more challenging than those you will find on
the exam makes this book great practice for the exam.

I invite you to visit PPI's website at ppi2pass.com/
cefaq to keep up with the current exam format and
codes; as well as view or post errata at ppi2pass.com/
errata.

Michael R. Lindeburg, PE

PPl & www.ppiZ2pass.com
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rated into the book. Thelr names are too numerous to
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much easiér for you to use.

Thanks to you alil!
Michael R. Lindeburg, PE
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How to Use This Book

This book is a collection of problems categorized by
exam subject. Just as a fish is born knowing how to
gwim, you probably feel that you already know how to
use this book, Actually, there are several ways to use if,
and some of them are even pretty geod. Only one way,
however, will maximize the return on your investment
in time,

At one end of the effort spectrum are people who will
work through the book from beginning to end, studying
every detail, duplicating every calculation, and making
sure that they know the underlying subject. At the
other end of the effort spectrum are people who will
gimply take the book into the exam with them hoping
to find a similar problem whose sclution they can copy.

Some will study using this book alone. Others will use
this book in conjunction with the Civil Engineering
Reference Manual

Some will go through this book from beginning to end,
using it as a sécondary review. Others will go in and out
of it, alternating their time between this book and
others.

Admittedly, when I wrote the book, T had a vision of
how it would be used. I was pretty certain that most
people would study a chapter from the Civil Engineer-
ing Reference Manual, solve all the hemework prob-
lems in the companion book Practice Problems for the
Civil Engineering PE Ezam, and then turn to this book
for additional exposure to exam-level problems. Then
they would return to their Reference Manualto study
the next chapter.

This book was never intended to cover every type of
exam problem or to be an all-in-one review. Though I
tried to include extremely relevant problemis, 1 did not
write this book to be a diagnostic tool. You should not
solve these problems and then design your review
around what you did not know. If you do not do well
on a particular problem, I would not want you to spend
the next three mornths preparing for that type of
problem.

The tried-and-true method of exam preparation is a
systematic, thorough, and complete approach based on
long-term exam trends rather than transient and odd-
ball fads. That is how the Chvil Engineering Reference
Manualis intended to be used.

The value of a collection of problems such as this does
not lie in its ability to guide your preparation. Rather,
the value is in giving you an opportunity to consolidate
all of your knowledge and to practice your test-taking
skills.

The three most important skills are (1) learning which
problems to answer and which to guess at or skip,
(2) organizing your references and other resources,
and (3) managing your time. That means you have to
attempt the problems when you are ready to practice
those skills: after you have studied the underlying sib-
ject matter.

PPl @#¢ www.ppi2pass.com







Codes and Standards

The information that was used to write and update
this book was based on the exam specifications at the
time of publication. However, as with enginéering
practice itself, the PE exdm is not always based on tlie
most current codes or cutting-edge technology. Simi-
larly, codes, standards, and reguiations adopted by state
and local agencies often lag issuance by several years. It
is likely that the codes that are most cutrent, the codes
that you use in practice, and the codes that dre the basis
of your exam will all be different.

PPT lists on its wehsite the dates and editions. of the
codes, standards, and regulations on which NCEES has
announced the PE exams are based. It is your respon-
sibility to find out which codes are relevant te your exam.

CONSTRUCTION DESIGN STANDARDS

ACI 318: Buwilding Code Reguirements for Structural
Conerete, 2011. American Concrete Institute, Farming-
ton Hills, ML

ACTL 347: Guide to Formuwork for Concrete, 2004, Amer-
ican Concrete Institute, Farmington Hills, ML (In
ACI SP-4, Seventh ed. App.)

ACT SP-4: Formuwork for- Concrele, Seventh ed., 2005.
Arnerican Concrete Institute, Farmington Hills, M1

AISC: Steel Construction Manual, Fourteenth ed., 2011
American Institute of Steel Construction, Ine.,
Chicago, 1L.

ASCE 37: Design Loads on Structures During Con-
struction, 2002. American Society of Civil Engineers,
Reston, VA.

CMWB: Standard Prattice for Bracing Masonry Walls
Under Construction, 2012, Council for Masonry Wall
Bracing, Mason Contractors Association of America,
Lombard, IL.

MUTCD-Pt 6: Manual on Uniform Treffic Control
Devices—Part 6, Temporary Traffic Confrol, 2009,
U.S. Department of Transportation, Federal Highway
Admniinistration, Washington, DC.

NDS: National Design Specification for Woed Construc-
tion ASD/LRFD, 2012 ed. American Wood Council,
Washington, DC.

OSHA 1926: Occupational Safety and Health. Regula-
tions for the Construction Industry (U.S. Federal
version). 1.5, Department of Labor, Washington, DC.

GEOTECHNICAL DESIGN STANDARDS =

ASCE/SEI7: Mwnimum Design Loads for Buildings and
Other Structures, 2010. American Society of Civil
Engineers, Reston, VA,

OSHA 1926: Qccupational Safety and Health Regulo-
tions for the Construction Industry (U.S. Federal
version), U.S. Department of Labor, Washington, DC.

STRUCTURAL DESIGN STANDARDS =

AASHTO LRFD: AASHTO LRFD Bridge Design Speci-
fications, Seventh ed., 2014. American Association of State
Highway and Transportation Officials, Washington, DC,

ACI 318" Building Code Reguirements for Structural
Concrete, 2011, American Concrete Institute, Farmington
Hills, MI.

ACIL 530/530.1% Building Code Reguirements and
Specification for Masonry Structures (and companion
commentaries), 2011, The Masonry Society, Boulder,
CO: American Concrete Institute, Detroit, MI: and
Structural Engineering Institute of the American
Society of Civil Engineers, Reston, VA.

AISC: Steel Construction Manuel, Fourteenth ed.,
2011. American. Institute of Steel Construction, Ing.,
Chicago, IL.

ASCE/SELT: Minimum Design Louds for Buildings and
Other Structures, 2010. American Society of Civil
Engineers, Reston, VA.

AWS DL.1/D1LIM*% Structural Welding Code—Steel,
Twenty-second ed., 2010. American Welding Society,
Miami, FL.

AWS D1.2/D1.2M* Structural Welding Code—Aluminum,
Sixth ed., 2014, American Welding Society, Miami, FL.
AWS Dl.él/_Dl.4M5: Structural  Welding  Code—
Reinforeing Steel, Severith ed., 2011, American Welding
Society, Miami, FL.

LACT 318 App. € does not apply to the Civil PE structural depth
EXan,

*Only the Allowabie Stress Design {ASD} method may be used on the
struetural depth exam, exeept thay ACI 530 Sec. 3.3.50 (strength

design)} may be used for walls with cut-of-plane loads.

JAWS D1, AWS D12, and AWS Did are fisted in the Codes,
Standards, and Dotuments subseciion of NCEES’s Civil PE structural
depth exam gpecifications.

‘See. Fti: 3.

“See Ftn. 3.

PPI @ www.ppi2pass.com




Xii CIVIL ENGINEERING SOLVED PROBLEMS

IBC: 2012 International Building Code (without sup-
plements). International Code Council, Inc., Falls
Church, VA,

NDSY: National Design Specification for Wood Con-
struetion ASD/LRFD, 2012 ed., and National Design
Specification. Supplement, Design Values for Wood
Construction, 2012 ed. American Wood Council,
Washington, DC.

OSHA 19107 Occupational Safety and Health Stendards
(U.S. Federal version). U.S. Department of Labor,
Washington, DC.

OSHA 1926: Occupational Safety and Health Regulo-
tions for the Construction Industry (U.8. Federal ver-
sion) Subpart E, Personal Protective and Life Saving
Equipment, 1926.95-1926.107; Subpart M, Fall Protec-
tion, 1926.500-1926.503, App. A—E; Subpart @, Con-
crete and Masonry Construction, 1926.700-1926.706,
with App. A; and Subpart R, Steel FErection,
1926.750-1926.761, with App. A-H. U.S. Department
of Labior, Washington, DC.

PCE: PCT Designn Handbook: Precast and Prestressed
Conecrete, Seventh ed., 2010. Precast/Prestressed
Concrete Institute, Chicago, IL.

TRANSPORTATION DESIGN STANDARDS

AASHTO GDPS: AASHTO Guide for Design of Pave-
ment Structures (GDPS-4-M), 1993, and 1998 supple-
ment. American Association of State Highway and
Transportation Officials, Washington, DC.

AASHTO Green Book: A Policy on Geomelric Design
of Highways and Streets, Sixth ed., 2011. American
Association of State Highway and Transportation
Officials, Washington, DC.

°Cnly the ASD method may be used for wood design-oa $he structural
depth exam.

“Part 1916 is listed in the Codes, Standards, and Docnnents subsec-
tion of NCEES’s Givil PE structural depth-exam speeifications.

AASHTO: Guide for the Planning, Design, and Operd-
tion of Pedestrian Facilities, First ed., 2004. American
Association of State Highway and Transportation
Officials, Washington, DC.

HSM: Highway Safety Manual, First ed., 2010. American
Association of State Highway and Transportation
Officials, Washington, DC.

AASHTO MEPDG: Mechanistic-Empirical Pavement
Design Guide: A Manual of Practice, Interim ed.,
2008. American Association of State Highway and
‘Transportation Officials, Washington, DC.

AASHTO: Roadside Design Guide, Fourth ed., 2011.
American Association of State Highway and Transpor-
tation Officials, Washington, DC.

Al: The Asphalt Handbook (MS-4), Seventh ed., 2007.
Asphalt Institute, Lexington, KY.

FHWA: Hydroulic Design of Highway Culverts, Hydraulic
Design Series no. 5, Publication no. FHWA-HIF-12-026,
Third ed.,, 2012. U.S, Department of Transportation,
Federal Highway Administration, Washington, DC.

HCM: Highway Capacity Manual, 2010 ed. Transporta-
tion Research Board, National Research Council,
Washington, DC.

MUTCD: Manual on Uniform Traffic Control Devices,

2009 (including Revisions 1 and 2, May 2012). U.S.
Department of Transportation, Federal Highway
Administration, Washington, DC.

PCA: Design and Control of Concrete Miztures, Fifteenth
ed.; 2011. Portland Cement Association, Skokie, 1L:
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acceleration

depth

annual amount

area

watershed area

ares of gross cross section

pile tip cross-sectional area

area of laterally tied longitudinal
steel in a column or pilaster

dimension

tensile foree on an anchor bolt

punching shear area perimeter

shear force on an anchor bolt

adjusted width

benefit

tensile capacity

width

biochemical oxygen demand

capacity

coefficient

cohesion

column parameter

depth fo neutral axis

wave speed]

specific heat,

adjustment factor

average rinoff coefficient

Chezy coefficient

cost

eycle length

long chord distance

rational coefficient

roughness coefficient

correction for embedment

correction for creep
bending coefficient
compression index
drag coefficient
colurnn stability factor
uniformity coefficient
correction coefficient
control delay

depth

diameter

dimension

distance

sight distance

uniform control delay

incremental delay

initial quene delay

nominal diameter of reinforcement;

in

Ihf

in

Ibf

in

8
kips/belt
ft

mg/L

Ibf/ 7

in

ft/sec:
Btu/lbm-F

gec/veh
ft
in
in
ft
f
sec/veh
sec/veh
sec/veh
in

o

Douoobboou

=3

mUb
ok

e il S e S R R S R B T

f e

degree of curve

density

depreeiation

depth

diameter

distance

drag

oxygen deficit after initial mixing

phase duration

oxygen deficit as time ¢

dissolved oxygen

eccentricity

extension of effective green

inflagion

superelevation rate

void ratio

average imperviousness

efficiency of waste utilization

external distance

modulus of elasticity

passenger car equivalent

adjusted modulus of elasticity

adjustment factor

bearing stress

Darcy frietion factor

effective friction angle

side friction factor

temperature factor

allowable bending stress

actual bending stress

actual compressive stress

specified compressive strength of
concrete

initial concrete compressive
strength

specified ¢ompressive strength of
Masonry

compressive stress at service limit
state after loss

initial steel prestress

stress in prestressing tendons

final steel prestress

specified ultimate tensile strength
of prestressing steel

vield teusile strength of prestressing
steel

tensile steel stress

effective stress in prestressed

reinforcement after all prestress
losses
actual or required shear stress

deg
veh/mi
§

ft

ft

ft

Ibf
mg/L
sec
mg/L
mg/L
in

see
decimal
ft/ft

@

%

ff
Ibf/in’

Ibf/in?
various
IBf/in®

deg

Ibf/in®
Ibf/in®
1bf/in®
1bf/in®
Ibf/in®
1bf/in®
Ibf/in®
Ibf/in”
1bf /in®
Ibt/in®
1bf/in*
1bf/in®
Ibf/in®
Ibf/in*

Ibf/in®
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xiv

CIVIL ENGINEERING SOLVED PROBLEMS

£y specified yield strength of 1bf/in® g lever-arm factor, ratio of distance -
nounprestressed steel between céntraid of flexural

F force 1bf compresgive forces and centroid

£ future worth & of tensile forces to effective depth

F, compressive stress due to axial load  1bf/ in® i number of trips -

7y reference design value for hending Ibt/ in? J polar moment of inertia of it

A allowable bending stress Ibf/ in® punching shear surface

Fy tabulated bending design value 1bE/in? k adjustment factor -
multiplied by all applicable k coefficient of permeability ft/sec
adjustment factors except Cj,, k earth pressure cocfficient —
Cy and O k first order reaction constani -

£, reference design value for IbE/in? k& incremental delay adjustment -
compression factor

7 allowable compression design value  bf/in® k ratio of the distance between -

F reference compression design value  {hf/in® compression face of wall and
multiplied by all applicable neutral axis to. the effective
adjustinent factors except Cp depth

Foi reference design value for Ibf/in® k stiffness ft/1bf
compression perpendicular to k substrate utilization coefficient -
grain k ‘Terzaghi’s subgrade modulus for a  tons/ft”

F allowable compresston Ibf/in? 1 % plate
peipendicular to grain ky kinetic coefficient, -

Fee critical buckling design value 1t/ in2 ky microbial delay coefficient -

Fyw,  minimum specified strength Tbf /i K effective length factor -

Fru allowable tensile bolt stress Ibf/in® K minor loss coefficient -

w, nominal tensile stress for combined  1bf/in® Kp deaeration coefficient 1/day
tension and stress K. buckling length coefficient -

Foye allowable shear bolt stréss 1bf/in? K, hydraudic coniductivity gal/ft-day

F, allowable reinforcenient tensile IbE/in? K, permeabitity ti/day
stress Ky reseration: coefficient 1/day

P, reference design value for shear 1bf/in ! length ft

F, allowable shear design value 1bf/in? l lost time st

Fy yield strength 1bf/in? Iy post spacing ft

FS5 factor of safety - L length various.

g effective green time see L loading Ibm/ac-day

g grade - L support force at. the left kips

g grovitational acceleration, 32.2 ft /sec® Ly embedment length fi

A gravitational constant, 32,2 Ibm-ft /Tbf-sec? Ly load factor -

g/C green ratio - m horizontal-to-vertical side slope -

¢ end condition coefficient - m mass Ibm

G grade decimal ™ mass flow rate Thi/sec

G riiean velocity gradient 1/sec M maintenance costs $

G specific gravity - M middle ordinate £t

G uniforn: gradient amount B M moment various

h couple separation distance in. M adjusted moment capacity ft-ibf

h head ft 1 number -

h height it n Manning's roughness coefficient -

H height ft n modular ratio -

H horizontal force ibf ny coefficient of modhilus variation -

" relative humidity Y N amount of nitrogen mg/L

i éffective interest, rate decimal N minimum bearing length n

7 effective rate decimal N number of events -

% effective interest rate % N number of lanés -

I index - N, stability number —

I interior angle deg N, bearing. capacity factor -

T moment of inertia in p population -

I rainfall intensity in/hr P pressure Thf/ft?

I upstream filtering/metering - P probability -
adjustment factor p tributary length per bolt pair in

I, strain influence factor - n inlet pressure 1t/in*

PPlL ¢ www.ppi2pass.com




NOMENCLATURE

YRS YE

=3

HANAX

o v

\—c.
o s
=3

mEmI RS W

outlet pressure

amount of phospherus

axial load

I,)O“’el'

present worth

wetted perimeter

compressive force due to axial loac
colnmn capacity

design load

net mass of cell tissue produced
peak hour factor

heat required

effective vertical stress at pile tip
flow rate '

peak discharge

downdrag force

tip capacity of the pile
radius

radius of gyration

rading of influence of the weil
radius of excavation

BOD reaction constant

curve radius

gas constant

hydraulic radins

radius of curvature of inside face
of laminations

rate

reaction

recirculation ratio

stiffness factor

support foree at the riglit

total runocff

eridogenons coefficient

Reynolds number

digtance

saburation flow rate

spacing

base saturation flow rate

degree of saturation

gection modulus

settlement

slope.

speed

strength

surface area

influent, soluble BOD;

ultimate BOD

yield strength

specific gravity

surface loading rate

tax rate

thickness

time

analysis period duration

stiffness factor

tangent length

temperature

Ibf/in®
mg/T,
Ibf

hp

3

ft

Iof

kips

kips
Ihin/day

Btu/hr

Ihi/it>

ft3 fsec or
MGD

ft*/sec

Ibf

It

ft

i

ft

ft

1/day

[

ft-ibf/
Tbm-"R.

it

ft

ft/hr
Ibf

ILf

ac-ft or in
1/day

ft

vph

ft:

vphi

in®

in

mph
/1t
ft*
mg/L
1bmy/gal
bt/in®
gal/day-fe*
%

m
various

hr

ft
o

T tensile force

Tsi time from beginning of runoff to
50% cutnulative tunoff

Tz time froni beginning of runoff to
75% cumulative ranoff

Ty time from beginning of runoff to
end of channel discharge

T, time from begiining of runoff
Lo peak discharge

v overall coefficient-of heat transfer

U specific substrate utilization rate

v velocity

] shear stress

N gverflow rate

/e volume-capacity ratio

V shear

v volume

VER  volumetric leading rate

w Hmit

w load per unit length

w whaler content

u width

i weight

W width

x price per item

X tangent distance

T species parameter for volume factor

2, retirn sludge volatile suspended
solids

X biomnass concentration

X lane group v/ c ratio or degree of
saturation

W aquifer thickness after drawdown

U distance

¥ kinetic coefficient

] tangent offset

i originil thickness of saturated layer

Yo thickness of aguifer at edge of
excavation

e original aquifer phreatic zone
thickness

Y vield coefficient

z elevation

Z plastic section moduius

Symbols

o angle.

o strength enhancement factor

g slope angle

3, e_qui.valeﬁt stress block ratio

a. ratio of long side to short side of &
eolurin

& Hardy Cross correction

& soil-pile friction angle

A angle

A deflection

€ specific roughness

€ strain

Ibf
hr

hr
hr.
hr

Beu/{t%°F-hr
1/day

ft/sec

1bf/in®

gal /day-ft*

Ibf
various
1o / cleiy- £t

kips/ft
decimal
ft

15f

fi.

g

ft

mg/L

mg/L

ft

in

Thm V8S/
Ibm BOD;

it

ft

ft

fr
lbim/Ibin

ft
in®

deg

deg

deg
deg
deg
ft
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XVl CIVIL ENGINEERING SOLVED PROBLEMS
7 efficiency % F ferrous matérials or size
5. angle deg g gap, grade, or gross
¥ specific weight Ibf/it? el glass
Ve specific weight of particles ibf/ it h horizontal
Yo fraction of moment transferred by — — hs shrinkage from humidity
shear v heavy vehicle
A long-term deflection factor - H lane group 1 or initial
ey maximunm specific growth rate day™! I influent or investment costs
w pfy/f - ! live or liquid
'e) safety factor — L lanes, left, length, live, or lumber sheathing
] angle deg Lpb left, pedestrians and bieycles
& s0il friction angle deg LT left-turn
& strength reduction factor - Lo lane utilization
P density tbm/ft? m MAsonry
o reinforcement. ratio - max  maximum
I ratio of steel area to gross area of — mp bqllf
masonry min IHIRIMm
T stress 1];,{/1;12 mim maximum
Ty effective vertical stress — M maintenance costs or wet use.
4} angle deg b net, nominal, or nozzle
] hydraulic retention time days ne unconfined compressive
g temperatuie coefficient — N8 north-to-south
8, mean cell residence time days 0 normal
o kinematic viscosity 2 /e ohs observed
3 time-dependent factor - opt optimal .
P column stability, parking, peak, plastic, plasticity,
Subscripts or polar
0 initial oy pryoud
1 start-up T required or root
2 clearance req required
5 5-day R right
a acceleration, added, allowable, area type, or axinal Epb right, pedestrians and bicycles
ag ambient summer air RT right-turn
ave average E} raw sludge, settling, spiral, steel, studs, or
aw ambient winter air volume-surface ratio effects
A added or aluminum sat saturated
b bearing, bending, biclogical, bolt, bottom, bulk, S_b bulk
or niasonry breakout se effactive
ba absorbed asphalt sh shrinkage
bh bus hlocking SN south-to-north
B user benefits 1 tensile, top, or total
BOD  biocheniical oxygen demand td time-development )
¢ available, closure, coicrete, critical, concentration, T temperature, theoretical, or truck and bus
or masonry crushing o ultimate or unfactored loads
cale caleulated ’ o vertical or shear
er cracked or critical 14 volume
C curvature or combustibles V&S volatile suspended solids
d dead, dry, mean detention, or microbial decay w lane width, shidge wasting, stem, walls, water,
D dead, degree of curve, load duration, or longitudinal or weld
drag WW winter wastewater
e effective or efftuent w5 summer wastewater
eff effective.or effluent WE wes_t—to-ez}st
EW Gast-to-west x5 S_tl‘Ollg a?ﬂﬂ'
I concrete strengthi effect, final. flange, foor, or frictioh ¥ weak axis
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Topic I: Water Resources

Chapter

1. Fluid Mechanics
Hydraulic Machines
Open Channel Flow
Hydrology
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Water Supply
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PROBLEM 1 i

As a condition of obtaining a business license, a factory

was required by the planping commission to install a

private water supply to-supplement what it draws from
the municipal supply. It did so, using new PVC pipe

exclusively. Its reservoir (filled from a local well) is open.

to the atmosphere. No water is added o or taken from
the systemn at any point between the pipe entrance at
point A and the factory at point C. The water temper-
ature is 50°F.

- A

A 700
]
N % 30 ft
e
T = 50F B —_80p
Glnp,-pe 4 factory 16 ft

C

not to scale

1.1. If the water discharges freely at point C, how high
must the water level in the reservoir be to maintain
a static pressure of 40 psig at the reservoir outlet
(point A)}?

For the remaiiiing questions, assume the reservoir is 70 ft
deep at point A.

1.2. What is the imaximum flow rate if the static pres-
sure at point G must not drop below 40 psig?

1.3. To make the factory self-sufficient, what size pipe
should be installed directly from point A to point C
{parallel to the existing line) to provide 1900 gal/min
at a static pressure of 40 psig?

PROBLEM 2 s

An elevated tank feeds a simple pipe system as shown.
All pipes aré 5-10 vr old cast iron. There is a fire

Fluid Mechanics

hydrant at point C. The minimum allowable pressure
at point C is 22 psig for firefighting requirements. All
minor losses are insignificant: Negleet friction losses
from the tank to point A.

2.1. What is the maximum static head at point C?

2.2. What is the maximm flow eut of the hydrant?

I~ elev 734 ft
{water surface)

A
elev 649 #

C not to scale

PROBLEM 3

The water pressure at point D in a new PVC pipe
(Hazen-Williams coefficient, C'= 150) water distribution
system is too low.
average flow
removed

140 gal/min at B

130 gal/min at C
“70.gal/min at D

section  length diameter

AB  16000f  6in

BC 14,000 fi 6 in
CD 8000 £ 4 in
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1-2 cI1VIL ENGINEERING SOLVED PROBLEMS

122

A

elev 1160 ft

130 gal/min
C

D

140 gal/min elev 890 ft

70 gal/min

3.1. Based on the average flow réemoved, what is the
water pressure at point D7

3.2. If the unacceptably low pressure is experienced at
the average flows given, what might be the causes?

8.3. Suppose the excessively low pressure is experi-
enced only during the hours of daily peak demand.
What is the water pressure at point D?

3.4. How would you eliminate the Ilow-pressure
problem?

PROBLEM 4 o

Pipes from three reservoirs meet at point D at elevation
1200 £t as shown. All pipes are new PVC.

leg length diameter c
A 5000 ft 12in 150
B 4000 ft 8 in 150
C 10,000 f¢ 10 in 150

elev 1350 ft

elev 1230 ft

elev 1200 ft

D

j elev 1190 ft

4.1. What is the flow direction (away from or into
point D) in each leg?

4.2. What is the head loss in each pipe between the
reservoirs and point D?

PROBLEM S oo

The main water pipeline makeés a’‘complete loop around
a small community. The pipe is rigid cast iron. There is
no elevation change around the loop. Minor losses can
be neglected.

section length  diameter

AB 300 ft 8in 140
BC 1000 ft §in 140
AE 1400 ft Gin 120
ED 2000 ft 10 in 160
Dc 1200 ft Gin 120

1.0 MGD
1.5.MGD T 0.25 MGD
— >
A B C
1.0 MGD E D | 1.25 MGD
—— =

5.1. What is the flow quantity between A and B?
5.2. What is the flow direction between A and B?
5.3. What is the pressure drop betwéen A and B?
5.4. What is the flow quantity between B and C7
5.5. What is the flow quantity between A and E?
5.6. What is the flow quantity between E and D?
5.7. What is the flow quantity between C and D?
5.8. What is the pressure drop between C and D?
5.9, What is the flow direction between C and D7

5.10. What is the minimum time to close a valve at
point D without experiencing water hammer at point E?

PROBLEM 6 . o

A pump supplies 50°F watér to a residential comrmunity
through a parallel level (equal-elevation) network as
shown. All pipe is '3 yr old cast iron. Minor losses can be
neglected. The static pressure drop between the pump
and the outlet must not exceed 10 psig.
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FLUID MECHANICS 1-3

pump 101n outlet
A 2000 ft D "
& ci{E
c =4
%8 ~|8
B 8in C
1700 #t
not to scale

6.1. What is the maxiinum flow the pump can operate
at without the network exceeding the pressure-drop
fimitation?

6.2. What is the flow velocity in leg AD?
6.3. What.is the pressure drop in leg AD?
6.4. What is the pressure drop in leg ABCD?

6.5. What is the pressure head (in feet} at the pump
discharge?

it

A 240 ft long ductile iron pipe runs between the bottom
. drains of two sludge processing basins. There arc two
90° elbows in the line, and all other minor losses should
be disregarded. The surface elevations of tlie two basins
differ by 12 ft. There is no pump, and flow is by gravity
from the ligher basin to the lower basin. The sludge
tempezature varies from 45°F (in the winter) to 80°F (in
the sununer}. Depending on the time of day, the
required transfer flow rate varies from a low of 3 MGD
to a high of 6 MGD,

7.1. What standard diameter should be specified for
the pipe to connect the sludge basins?

7.2. Explain the factors to consider when choosing a
diameter,

¥

12 ft

SOLUTION 1

1.1. With the energy-datum zero level at point C, the
energy equation between this point and the reservoir
level is

'V%sc s
h4-30 ft + 15 ft = 22 4. L8 4
29 v

f is the water depth in the reserveir, and pe =0, assum-
ing that the system discharges to the atmosphere.
The local losses havée been neglected, The friction
losses are

L, V2, Lo\ (Ve
ty= oo (F2) (2 + e () (52)

The specific roughness for PVCis e=5% 107° ft, so the
relative ronghnesses are

-8

= 5 X_g?_p o 75 %107
12 %

D;c =5 Xﬁl?;ﬁ o 1ox107
12 £

From the Moedy disgram, the pipes are smooth for
most of the Reynolds number range. As a first approxi-
mation, choose

fan :f'BC =0.013

The friction losses are

= [\@(s22 )
12 o Be
i 2
+(0.013) | E0L -
= \@(522 )
12 E_ sec

= 0.303v5y + 0.323v},
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1-4 CIVIL ENGINEERING SOLVED PROBLEMS

The continuity equation relates the velocities vap

D% )
(£288)1 g (28
2
D
VAR = (D_i(;) VBC

61iny:
= (35) vac

= 0.563V}30

and vao.

Substituting this into the friction loss eqgiation,.

hy = (0.303)(0.563vpc)* + 0.323vEg
= 0.419v¥,,

The energy equation becomes

2
htdsf=m——BC 1 0.410v2,

(2) (32.2 ;‘éf%i)

h=0.435v%, — 45 ft Eq. 1]

A second equation contammg h and vpg is obtained
from the required 40 Ibf/in® pressure at point A. The
energy equation between the reservoir level and A is

B4 45 fr = 45 ft 4+ 2B Vis |, Pa
29

Using the continuity equation and the known values
(0.563vpc)”

produces
)
ft

" @ (322 —) 62.4 }f%f

= 0.0049VBC "I“ 92.3 ft
Solving Eq. 1. and Eq. 2 simultaneously yields

h=9390ft
v = 17.9 ft/sec

From the continuity equation,

vag = 0.563vge = (0.563) (17.9 %) =10.1 ft/sec

In order to check the friction parameters, the Reynolds
numbers are needed. The water viscosity at 50°F is
v=1.41x 10" ft*/sec.

(10 1 ft ) 8 in

sec/ | 19 In

Reap = YaBDan fft
1.41 x 107°

=4.8 x 10°

(179 f—t) Sin

sec 12 m

Réne = vecDse ft.
BC — - &2
1.41 % 107% —

see

=6.3 x 10°

From: the Moody diagram, the friction factors chosen
are correct. The minor losses can now be determined.

. V2
entrance loss = 0.5 (ﬂ>
2g

_(10.1 ;fgc—)g

=09 (2) (32.2 Se%)

=08 ft

2
D
K eontraction = (%) (1 — _;) )

={(0.22

v?

contraction loss = Q. 22( BC)
29
2
(179 )
= (0.22) SGC&
(2)(32.2 ;;E-g)

=11 ft

{(Contraction heéad loss coefficients vary widely.)

The losses are small compared to the friction losses but
should be added to the water depth in the reservoir.

h=930ft+0.8ft+ 1.1 ft

- [55 ]
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FEUID MECHANICS

1.2, The energy equation between the reservoir snd
point C is
Las

5

5 Bc Vap

TOft+ 45 ft = + +jAB(D\ )(29)
Lpo

\jtTel
IRES (-5;) (z—g)

VAR + 0.563\’"_]3(;

From Sol. 1.1,

Assuming fap=0.016 and fac=0.015 yields
b inmy?
(0 5) (2 )

n?
BF

2.
24

b4
Vag

(2 )(322 i—z)

+

(0.563vpc)’

(22 )

1000 ft
Sin in

+ (0.016)

2
Vic

()(322

800. ft = 115 ft
6in
o In

12 ft.

+ (0.015)

ft )
sec?

Solving for the velocity,
vpe = 6.7 ft/sec

From the continuity equation,

vap = (0.563) (6.7 mfl) = 3.8 1t /sec

In order to check the friction factors, calculate the Rey-
nolds numbers,

(383) sm

s0C
1 fuiey
Rean = YABSap _ 2] ft
CAR = = ft‘)
1.41 x 1077 =—
Sed
= 1.8 % 10°
(o7 [ o2
sec n
Rene — veeDipe 12 ft
e - 2
¥ 1.41 x 1077
seC
=924 % 107

Referring to the Moody diagram, the friction factor is
correct. The flow through the system is

TCD'
Q,»wc=( 1 )VBC‘
2
Gin
12 In .
_ ft A
- 4 (6'7 sec)
gal seC
(7 4505 & %) (80 =)

=590 gal/min

1.3. Pipeline AC must carry the flow not provided by
pipeline ABC.

gal
131
1900 E2 500 821 ’ Oi min
m 11 B i?_(_,_
(7 4805 fj)(ﬁo mm)

= 2.0 ft¥/sec

Try Dac=10in. Using the specific roughness in Sol. 1.1,
the relative roughness is

e _5x10%f -6
Dse 10in =610
1o in
ft

From the Moody diagrani, choose an initial value for the
friction factor fie=0.014. The energy equation along

pipeline AC is

v, L v
70 f6 + 45 fo= —28 4 ( AC) (—&)
2g lac Dac/ \ 2¢
ibf 2
Ve (0Bl
ft Tbf
@ L) ol
2
1800 ft, Vac
+(0.014) T =
(2) (32.2 2)
12 lfﬂ B
t

Solving for the velocity yields
vae = 6.8 ft/sec
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1-6 CivViL ENGINEERING SOLVED PROBEEMWMS

The diameter can be calculated from the continuity

equation.
nD}
Q= ( 4AC) VaC

9.9 £ (%) (62 L)

sec 4 " sec

SCﬁ\«IDg fOI D.,‘“ ‘ Slﬁids
l);’\( = ”.]4 “» 12 -/ | = é;‘E; 11

This is close to the assumed value. Select the next
largest available pipe size: 10 in. The final step is to
calculate the Reyunolds number to check the friction
factor.

v :D 1
ReAc= ACLSAC

(68 f) [ Loin

sec in
_ ’%
- 2
141 x 10-5 £
13

=4.0 x 10°

The friction factor from the Moody diagram is close to
the initial choice. Therefore, the new PVC pipe should
have a standard diameter of

Dyg =[10 in]

SOLUTION 2 i

2.1. The maximum static head at C occurs in the
absence of flow through the system. In this case, the
friction losses are zerc, and the energy equation
between the tank and point C is

734 ft = 2o + 2
Ty

= 624 ft +2€

v

Selving for the static head yields

e [0 R

2,2. The maximum flow takes place when C is at its
minimum allowable pressure of 22 psig.

For path ABC, the continuity equation is

Dy D4
( 1 VaB= 1 VBC
3
DBC)
vag = | = ] vpe
° (DAB B

= (T5h) e
= 0.36vae

The energy equation is

2
734 fr = 624 fr + 2C 4 BC
T 29

Titroducing the continuity equation and simplifying,

2
Do, Vee { 2(faplan
110 ft= =4+ — (1+ 0.36 (———-———)
¥ 29 (0.36) Dag

Jeelne )
,,.i_. LA
Dre

Fora 5—10 yr cld cast-iron pipe, the specific roughness is
&=0.001 fi. The relative roughnesses are

ﬁ:%: 0.0012
12 35%

B 0&;&: 0.002
12 E

From the Moody diagram, liiitial éstimates for the fric-
tion factors are

-fAB = 0-021
oo =0.024
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FLUID MECHANICS 1-7

Substituting all known wvalues in the energy equation

_ ; The Moody diagram indicates that the friction factors
vields remain unchanged with. these values. The flow through
branch ABC is
1bf in
22 == m
o &:( ) (12 F) . Vhc o (nIﬂ )
J134 ft ABG ™ AB
. = 2 —_— 4
624 25 @) (522 25) ,,
- 10 i-n
. 2 500 ft 12 &
2 i | sec
T
_ . . gal sec
+ (0.004) | B0t X (7.4805 &i) (0 =)
19 In = 1053 gal/min
It

‘The continuity equation for branch ADC yields
-Solving for the velocity vre vields

e (Poc’,
vpe = 12.0 fi/sec AT \Dap) ¢
. . . 8 in 2
From the continuity equation, = ( - ) vog
12 in
= 0.4dvpe
vap = 0.36vge = (0.36) (12.0 ;-f—c) = 4.3 ft /sec

The enérgy eqguation is

2
734 ft = 524ft+p“+ +f (‘D)(”—D)

2g
Loc\ (vho
[ 10 in +fDC(DDG>(2Q)
(4.3 —) D -

The friction factors are checked by calculating the Rey-
nolds numbers.

) SEC 5 H1
Rexn = vagDap 12 8 After introducing the contimiity equation and collecting
CAB =T - ) terms, this becomes
141 %107 ps
E 2 -
= 2.5 % 10° 110 £ = £€ 1 To¢ (1 + (0.44)° (f—'ADLAD)
Y 2g Dap
(120 i) Gin f_DcLDC)
sec/ | 1o 11 D
Rewr — YBCDBC _ ft ]
RO = ———— 12 The relative roughnesses are
141 x 1075 ==
sec
e _0.0014
= 4.3 x 10™ D~ 12m - 0.001
12 i
ft
e _ 0.001 &
oo B 0.0015
in
12 =
ft
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1-8 CIiVIiL ENGINEERING SOLVED PROBLEMS

From the Moody diagram, estimate initial values for the
friction factors.

Fap =0.020
Fpo=0.022
Replacing all known values in the energy equation
produces
Ibf iny?
22 = (12 — ¢
. ( 1112) ( ft) Vf)(;‘
110 ft = ToF + m
624 2 _(2)(32.2 ;‘Z’E‘)
S A2 700 ft
x | 1+ (0.44)°(0.020) | T5
in
12 T

400 ft
8in
122

+(0.022)

Solving for the velocity,
vpe = 15.0 ft/sec

From the continuity equation,
vap = 0.ddvae = (0.44) (15.0 ff—c) = 6.6 ft/sec

The Reynolds numbers for this branch are

(56 ) 12in

sec in
12 —
Ren = vanPap _ ft
Cay = = _ . il
141 x 107° —
s6C
= 4.7 % 10°
(15.0 At ) 8in
3eC. 12 m
Ren = vpeloe ft
1.41 x 1077 —
sec
=7.1x10°

The friction values obtained from the Moody -diagram
are close to the initial estimates. The flow in branch
ADC is

nD;
Qapc = (—[;‘D) VAD

2
12 in
T ——
2

X (7.4800 &3) (0 22

= 2327 gal/min

The total flow in the hydrant is the sum of both
compoenents,

@ = Qapc + Qanc

= 1053 22 9307 B2
min

1min
=13380 gal/min

SOLUTION 3

3.1. Neglecting the velocity heads because of the pipe
lengths involved, the energy equation between the tank
and point D is

185

L
1160 £t + 122 ft = 890 ft + 22 + 5,020 —AB AR
y C R =D1.161
! AB AB

185

vise: L

+ 3.022 (W)
‘BC BC

1.85

v [ 0]
+3.022 ( Zl(,‘:ngflfﬁ)
OCD [Si!
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FLUID MECHANICS 1-9

The continuity equation for each pipe produces the
following flows and velocities.

= P = 0.156 ft? /sec
a. 5CC
(7.4805 &3) (60 22
g 1t

Q%D == . sec'2 = 1.8 ft/sec
gy m{0.3333 ft)

4 4

vep =

gal 130 &l +70 £
Ope = 130 o Qep = T

(7 4805 ?g) (60 ﬂ;})

= 0.446 ft?/sec
3
0.446 &£
vBe = Unc sec
- wDY.  w(0.50 ft)
4 4

= 2.3 ft/sec

140 -5-i“-‘-1~+ opp 2L
N

al
Qup=140 2ot Qa0 = P
(7 4805 &3) (60 =2}

= 0.758 ft*/sec

&3
0 0.758
VAR = ’?,B ¢ -39 ft/sec
g n(0.5 ft)?
4 4

Replacing the known values in the energy equation
vields

ft
P 3.022 (3 9 ) (16’000 )
392 fi=""+ - 185 1167
¥ {150} (0.5 ity

(23 —ft-) " (14,000 )

(05 ft)i.lﬁ?

(18 f—t) (8000 £t)
(0.3333 £)"197

Solving for the prégsure head,

Po _ 199 g
p

The pressure is

(199 ft) (62.4 %«)

(23
- [ 5

bp=

3.2. If this préssure is insufficient for the demand at
point D, most likely the pipes do not have enough
capacity or the water level in the tank is too low.

3.3. Assuming that the peak demand is 1.5 times the
average, the flows and velocities through the pipe are

3
Qep = (15){ 0.156 ft— — 0.234 £3/sec
¢

vap = (1 8 ) = 2.7 ft/sec
Qpc = (1.5) (0 ) 0.669 t®/sec
veo = (1.5) (2 3 ) 3.4 ft/sec

Qap=(1.5)( 0.7 ) 1.137 ft3/sec

(0728
vap = (1.5) (3 9 ) 5.8 ft/sec

‘With these new values, the energy equation is

£\
P 3.022 (5-8 ﬁ) (16,000 ft)
32 f= 4 T8 1167
(150)" (0.5 )"

(3 4 —fP-) (14,000 ft)
(0.5 &)1.167

(27 f—“) (8000 £t)
(0.3333 f1)!187

The new pressure head is

o_ 011t
p
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1-10 cIVIL ENGINEERING SOLVED PROBLEMS

The pressure at D is

(-10.1 f) (624 %)

(2 )
- [T

The negative pressure indicates a problem at this flow
volume.

3.4. For this configuration, it appears that the pipes are
too small for the required pressure. Nevertheless, chang-
ing the existing pipeline would be costly. Possible alter-
natives include increasing the water level in the tank,
pressurizing the tank, adding & pump somewhere in the
pipeline, or replacing only a section of the pipeling. The
solution chosen must be adopted based on cost.

SOLUTION 4 e

Assume the flow directions shown.

elev 1360 ft
eiev 1290 ft 1 a
= D
Ogp
elev 1200 ft D
etev 1190-ft
' Gap

4.1. Disregarding velocity head, the energy equations
between the reservoirs and point D are

CD: 1350 ft = 1200 ft +%D + byen
BD: 1290 ft = 1200 ft + ?3%9« + hypp
. - )
AD: 1190 ft = 1200 ft +~’; — hf,AD
The velocity heads and the local losgses have heen
neglected. For this set of units (feet, and ft%/sec), the

friction losses are calculated according to the Hazen-
Williams equation as

o Ql.85.L
h—f == 473 (W

The friction losses are

QL¥(10,000 ft)
(150)-%°(0.8333 ft)

heop = (4.73) ( 4.867) =10.82QkY

. @5 (4000 ft)
hymn = (4.73 i
AL )(_(150)1-8“(0.6667 fr) 857

QL (5000 ft) -
h_ AT = 4.73 a = = .93 f‘. >
fan = )((150)1.89(1 ) =T Qi

) = 12.82QLF

From the preceding equations, the flows are

Qop = 0.276) %,
Qpp = 0.252h0 7,
Qip = 0-649!&?:?{1[}

Rewrite the energy equations as
hyep = 150 t — 22
y

hypp = 90 ft — £
' Y

hyap =10 ft +%D

Rewrite the continuity equation at point D as
Qeo + Qpp — Gap =0

This produces a system of seven unknowns: three flows,
three head losses, and one pressure head at ID. These
equations are nonlinear and can be best solved itera-
tively using the following table.

P
T
(H-SSU.II]Qd) hf,cp QCD h‘f.BD
{t) (ft) (ft*/sec)  (ft)
60.0 90.0 3.13 30.0
50.0 100.0 3.22 40.0
40.0 110.0 349 50.0
422 1078 3.46 47.8
 Geo hean Gan Jen + Een — Gap
(ft%/sec)  (ft) {ft3 /sec) (1t*/sec)
1.58 70.0 6.43 ~1.73
1.85 60.0 5.92 —0.76
2.08 50.0 5.37 0:20
2.03 52.2 5.49 —.003
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In the table, a value of pp/7y is assumed.. Inserting this
value in the energy equations yields the -head losses in
each pipe The flows are calenlated from the energy loss
exXpressions. Fmally, the flows are checked for continu-
ity. The last line in the table uses an estimate of pp /7y
mterpolated from the previous two; the continuity clo-
sure error is very small, so the choice is correct and the
flows are

O ® gal sec
Ocp = (3.46 Sec) (7 4805 ftJ) (60 =<

=[1553 gal/min into D]

- ) gal (¢, sec
Qpp = (2 03 ) (7 1805 & 3) (60 mm)

=911 gal/min into D!

. ft? gal seC
Qup = (5.49 Sec) (7 4805 ﬁs) (60 m)

= | 2464 gal/min into A]

4.2. The table includes the following head losses.

tyen = [T075 ]
tran =[TTE T
tyao =22

SO O S e

The Hardy Cross method is used to solve the flow loop.
The friction losses are given by

hf — KQ}..SS

L

@ is in MGD, and L and D are in feet. Using the data
provided produces the K values shown in the following
computational tables,

The initial estimates for the directions and magnitudes
of the flows are

1.0 MGD
1.5 MGD 0.25 MGD
\ 1T4MGD | 04MGD
A B c
0.1 MGD ¥ @ ¥ 0.15 MGD
E D
1.1 MGD
1.0 MGD 1,25 MGD

The method converges after two itérations as shown in
the tables.
For iteration 1,

"j corrected
pipe K Q By @ Q
AB 6.53 1.40 12,17 8.70 1.26
BC 8.17 0.40 1.50 3.75 0.26
CD 52.86 0.15 1.58 10.54 0.01
DE 4.31 =1.10 —5.14 4.67 —1.24
EA 6167 -0.10 —0.87 871 -0.24

9.25 36.36
. —0.25
rection =4 = ————we. = —().14
correction (1.85)(36, 36)
Far iteration 2,
f‘_,_f_ corrected.
pipe K @ hy Q (9

AB 6.53 1.26 10.06 7.95 1.26

BC 817 0.26 0.69 2.62 0.26

CD 52.86 0.1 0.02 1.28 0.01

DE 431  -1.24 -6.39 5.16 -1.24

EA 6167 -024 -431 1817 -0.24
0.07 3519

-0.07

| " = 6 = ————
correction (1.85)(35.19)

= (.00

The last table contains the solution to the network.
5-1- QAB = 126 DVIGD
5.2, Water flows from A to B.
5.3. The pressure drop is equal to the friction losses.
Apss =K, Ql 85
v
= (6.53)(1.26 MGD)

=10L01 %
Ibf
9.4 2%
(10.01 ft) (6 4 )

()

~ [T3Toeg]

Appp =

5.4. Qpe =

55. Qu-
546. Qu~[TGD
5.7. Qop =
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1-12 ci1viL ENGINEERING SOLVED PROBLEMS

5.8. The pressure drop is equal to the friction losses.
Apc
Co Qi 85

= (52.86)(0.01 MGD)"*
= 0.0105 ft
1bf

(0.0105 t) (62 4 ?-;)

(12 &)
— [0:00%6 psig]

Apep =

5.9. Water flows from C to D.

5.10. The speed of wave propagation, assuming a rigid
conduit (so that pipe compressibility does not affect the

wave velocity), is
o= \/E - /Ee
p v

E is the bulk modulus of elasticity for the fluid, and v s
the specific weight. For water at 50°F,

E = 305,000 1bf/in?
== 62.4 Ibf/ft?

The wave gpeed is

Ibf ft:
(30 000 —) (12 f—t) (32.2 ;ggg)

1bf
62.4 ftd

6=

= 4761 ft/sec

The pressure surge can be minimized with a very slow
closure of the valve, Tf ¢, is the closure time, this objec-
tive can be achieved by ensuting that the valve closure
time is at least 20 times the return time.

>

L is the pipe length.

. > L%M—_Ogbm =| 8.4 sec

4761 -
see

SOLUTION 6

6.1. Call @; the flow through branch AD, and call ¢
the flow through ABCD. The energy equations in
branches AD and ABCD are as follows.

In AD,

Pa _ Pp Lap )
BA_B g
Y =y T (Dm

&

(2) (32 2 m) (E%Z‘B)

X

2

In ABCD,
Pa _ Po LA(‘)
—_== - + ACH T
=y T (DAC

2
o

(2)(32 9 f_tc) (niic)ﬂ

2)132.2
( )(? sec? 4

. {Lep &
+fep (DCD> : PR
oD fi )(“DC‘D)

For 5 yr old cast iron pipes, the specific ronghness is
¢ =0.001 ft. The relative roughnesses are

e 0.001f&

== = (10012
Dap 0.8333 ft 0.00
3 0.001 ft :
= ——=(3.001
Dic 0.6667 ft 0.0015
€ 0.001 ft
Do T (.00

Using: the Moody diagram, initially assume that fyp =
oo = 0. 021 and fac = 0. 023. Civen that Pa — Pp =
10 Ibf/in® = 1440 1bf/ft*, the energy equations become

In AD,

Ibf
1440&—2 (0021}( 2000&)
go.4 E - TN08333 B
ft.i

o
O

A
.(2)( _ S(ﬁé) (.n(o.sgfs it))
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In ABCD,

Ibf
I i
624 21 (2)(32‘2 ._msec_g)

_ 2100 ft 1
% | (0.028) (== '
(0.6667 ft) 7(0.6667 £t)” "
4
_ 900 ft 1
+ (0.021) TE )

(1 ) :
4

The resulting system of equations is

23.08 = 2.631¢°
23.08 = 9.709 Q>

Solving for ¢; and @, vields

@y =2.96 ft? /sec
@ = 1.54 ft3/sec

The velocities in the pipes are

-
2.96 &£
Vap = G _ sec
nlip  w(0.8333 ft)°
4 4
= 5.4 ft/sec
3
o 154
a2 sec
AC 2 ) 3
=Dl m{0.6667 fr)
4 4
= 4.4 ft/sec
3
154 &2
vep = Qs _ sec
e m(l f)
4 4
= 2.0 ft/sec

The Reynolds numbers. are

BN .

o vipDan _ (5.4 ;éE) (0.8333 ft)
AD = - f‘l‘.2
1.41 x 1075 <%
sec

=3.2x10°
ft

Renn — yacDac _ (4'4 sec) (06667 f)
T T 5 ft?
1.41 x 1075 12
sac

=2.1x10°
(20 Si—tc)(i £t)

2
1.41 x 1075 2
sec

vond
Regp = Yeplen _

=14 x10°

With. these values, the revised friction factors from the
Moody diagram are

fAD = 0.021
fAC =(.023
fop = L0215

Inserting’ these new values in the energy equations. and
recalculating the flows produces no substantial change.

Qy = 2.96 ft* /sec
@, = 1.54 ft3/sec
The flow through the pump is

qu:np =+ Gy

: 3 3
- (2.96 B 54 ﬁt—) (7.4805 wgf-’“l) (60 ﬂ)
sec sec :

_ 3 in
= {2020 gal/min

6.2. The flow velocity in leg AD is

3
9.9 £°
i G _ s6C
AD = 97 = 5
TD%y | w(0.8333 )
1 1

[ 6/

6.3. From the problem statement,

Pa — po =[10 psig]

6.4. The pressure drop is the same regardless of the

path, so
ps — Pp =10 psig

PPl # www.ppi2pass.com
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1-14 ci1viL ENGINEERING SOLVED PROBLEMS

6.5. Assuming that outlet D discharges to the atmo-
sphere, the head provided by the pump is equal to the

pressure drop.
(10 ) (2 B)

S g I

fitd
~[331R]

SOLUTION 7

7.1. The energy equation beiween the reservoirs is

121 f(D) 7?1;2 2
2("7)
x| &

The last term represents the local losses caused by the
two elbows. The loss coefficient for a single elbow of
unknown size and bend radius is assumed to bé approxi-
mately K=0.9. (This may be 2-3 times higher than the
actual value, but s chosen to be conservative.)

6 MGD

__ O6MGD  oes
Q NED = 9.3 t*/sec
ft3

0.64632

sec

For the maximum flow of Q=6 MGD =9.3 #*/scc and
assuming initially that f=0.02, the energy equation

becomes
.3 2
o (9.3 :TJ
12 ft = (0.02) (240. ft) -
' ft D~
2)(s22 1) ()
PN
(9;3 &f:c,g)
+{2)(0.9) - - 7
)d
(2) (32 5ecz) (T)
19 1045, 390
D D

Solve this nonlinear equation by trial and error for D.

D~ {104 )12 lf‘—l) =125 in
To check the friction factor, the following quantities are
needed. Asgsume that the physical properties of the
sludge are similar to those of water.

3

) 9.3 —
v —te = e B = 10,9 1 /5ec
nD”  w(1.04 ft)°
4 4.
10.9 —}(1.04 ft)
RE_Q:( ) = T4 10°

v ft

1.54 % 1078 ~
sec

The viscosity s selected for the worst case of T = 45°F.
The specific roughness for ductile ivon ig ¢ = 0.0008 ft.
Therefore, the relative roughness is

& _ 0.0008 ft
D~ 104t

From the Moody diagram, f=0.019, which is close to
the value used.

= 0.0008

Choose a standard-size pipe of

D=

7.2. The system must perform adequately under the
worst possible conditions, that is, maximum fow and
cold weather. A slightly oversized pipe would compen-
sate for increased roughness due to the corrosion caused
by the sludge.
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PROBLEM 1 i

A tank supplies wdter to a small towi during the day.
At night, when the demand is low, a pump is used to
refill the tank. New PVC pipe connects the pump and
tank. All minor lesses are insignificant. The water tem-
perature is 50°F.

_¥___| elev 150 ft (when full)

A €lev 105 #

elev 90 ft

b
: 000
NG
R

pump

— elev 70 ft

not to scale

head (ft}

140
130
120
110 MNpomp

100 0.90
a0
80 0.80

70

60 0.70

| I, 1 !

i
100 200 300 400 500

flow rate {gal/min)

Hydraulic Machines

1.1. What is the minimum rate at which the tank will
be refilled?

1.2. If a minimum pressure of 20 psig is needed at a
hydrant located at point B, what is the maximum flow
rate that can be drawn from the hydrant? Assnme that
the tank is full and the pump is not in use during fire
fighting.

PROBLEM 2 o,

The water surface elevations of two réservoirs differ by
350 ft. The reservoirs are connected by 2200 ft of 12 in
steel schedule-40 pipe (Darey friction factor, f=0.02).
The transfer rate (from the lower fo the higher reser-
voir) is 9.5 ft%/sec. An 83% efficient centrifugal pump is
Tocated at the elevation of the lower reservoir draim.
Two fully open gate valves provide for pump mainte-
nance and replacement. The water temperature is 50°F,
Disregard all other minor losses.

_
//
N {
3560 ft q;:? s
& s
C'a, '//‘?J
-~ - O
WTAVEST
= //’\\““'\’\:‘"
Q‘t’ /lb‘rbfo(\'
SR8
~Ay
/
valves /4
5
PU"{P
1100 #t
{12 in steel)
not to scale

2.1, What total motor horsepower s required to pump
the water?

2.2, If the pump(s) snd motor(s) are unchanged,
what will be the flow rate if a second 12 in line is
placed in parallel with the last half {1100 £) of the
original pipe?
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2-2 CIVIL ENGINEERING SOLVED PROBLEMS

SOLUTION 1
1.1. Neglecting. the velocity head, and representing

the head added by the pump as hy4, the énergy equa-
tion is

Q‘Z

/mDEN\?
2 AB

Lpg &
+ fse ( DBC) I

9 Be )
(),

Assume initially that fap mﬁic =0.02. The energy equa-
tion becomes

70 86+ hy = 150 f -+ fap ( %‘B)
/A

ha=80ft+ | (0.02)(Co0) L
DOOT RN (n0.6667 1)
1
o (4000 F 1
+ 00 (50 | ———
o m(0.5 ft)
4 .
2
« @ -
ay( i
(@) (322 55))

The equation of the system curve is

ha=80-+9502Q" [Qisin it /sec]

The operating point is the intersection of this curve with
the pump curve, as shown in the following graph.

h, (ft)
140 -

130 |- pump cuirve

120

system curve-

110 _
00 =_ —— - 0.90
90
80 —0.80

70

60 .70

1 I
0 300 400 500

Q@ (gai/min)

[=1™

100 2

The operating point is at Q=190 gal/min (0.42 ft*/sec),
ha=97 ft. In order to clicck the friction factors, the
velocities and Reynolds numbers are caleulated.

3
0.42 f£
v — Q — sec
‘AR = 5T 3
nDiy  w(0.6667 f)°
4 4
= 1.2 ft/sec
fr
o vanDan _ ( 2 E) (0.6667 ft)
HeAn = v - s 2
1.41 x 1078 2%
sSec
= 5.7 x 101
3
.42 2
Vpe = Q _ sec
ConDie w(0.5 ft)?
4 4
== 2.1 ft/sec

ft
1-S)sh
Re ._‘_mVnchcz( sec (058
B — ~ f{;?_
i)

L4l x 107 =
sec

= 7.4 % 10¢
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HYDRAULIC MACHINES 2:3

For PVC pipe, the specific roughness is e =5 x 107 ft,
so the relative roughness is

e Fx 100

Drn =5 G667 & = {).00000675
€ _ox 10-6
~— == == {).00001
Dpe 0.5 .ft 0

From the Moedy diagram, fap = 0.020 and fzc = 0.019,
which are close to the initial estimate. The flow through
the system is

@ = 190 galfin]

1.2, Negleciing the velocity heads, the enerpy equation
between the upper tank and point B is

' 2
150 ff = 90 ft + 2.3._;_ka (LAB) Q _
Yo T\ Das w2\
2g 25
(72)

Assume initially that fyp=0.018. This equation becomes

(0 502 B)
624 2

60 ft =

" (0.018)( 8000 fr )

0.6667 ft

Q‘z’
(222 - c)(m____w 0567 ft>)

Solving for @ vields

s

Q= 0.71 ft% /sec

The velocity is

ft?
1=
0 0.7

Sec ;
VAR 52 e 2z — = 2.0 ft /sec
MTRDE, T n(0.6607 ) /

4 4

The Reyiiolds npurber is

(20 —) (0.6667 f5)

1.41 % 1073 2
sec

vanlan
Reap = =

= 9.5%x 10

With the value ¢/ Dap caleulated in Sol. 1.1, the Moody
diagram indicates fyp= 0.018, which iz the value used.
The flow is

Q= (0.71 ing )(7 4805 g“‘l) (bo i‘i‘l)
see £3 min
=319 gal/min

SOLUTION 2

2.1. The energy equation between the two reservoirs is

2 2
by = 350 ft + f(%) (%5) LK (%f?])

The local loss coefficient for one fully open gate valve is
K=0.2. The velocity is

ft3
_ 9 _Mie
i (L)
4 4
=121 ft/sec
e 2200 ft
ha = 350 ft + (0.02)( a )
(12.1 % ’
< s
‘ i
(2)( SE‘C“)
+ (2){0.2) ( )
2)(39 __ff_)
= 450.9 ft

The motor brake horsepower required by the pump is

vha Q
Ty
bhp =

IbAy - 8
(cz 4 fa) (450.9 ft) (9.0 SGC)
(550 Ift b ) (0.83)

Sed

= 586 hp

The power requiréement can be met with a set of three

pumps driven by three 200 hp motors.
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2-4 CIVIL ENGINEERING SOLVED PROBLEMS

2.2, Assume that the power is 600 hip, then Substituting the expression for the power produces
1bf .
62.4 ==k o
600 hp = (____)m.g 43894 _ 350 + 0.702¢7
- (550)(0.83) Q
by = 4389.4 Solving for the flow by trial and error (or by other

Q@ means) yields a value of 10.3 ft°/sec.

Since the additional pipe is identical to the existing one,
the flow through it will be half of the total, and the 0= (10 3 ft 7.4805 gal (60 ﬂ )
losses throtgh each branch are the same. The energy ft- 3 min

equation for the new system is ~ (1633 gal /mln

ha = 350 £t + (0. 02)(1103&)

Q‘Z

(2)(322 5) (naf )

om0

o [ m(1 ) :
(i ) ()

+(2)(0.2}

@) (22 L) (mf)z)?

= 350 +0.702(?
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PROBLEM 1. ot

The cross section of a very long channel with an average
geometric slope of 0.0004-£/ft is shown. At a particular
location, the elevations of various points across the
channel and flood plain ave: A, 910.0 ft; B, 905.0 ft;
C, 900.0 f; D, 809 ft; E, 910.0 ft.

thick brush
n=0.13

wheat field
n = Q05

I ¥

250 ft 100 150 ft

1.1. Find the discharge (in cubic feet per second) from
a 100 yr flood.

1.2, Find the average velocity from a 100 yr flood.

PROBLEM 2 et

A traperzoidal chanuel (slope=0.006 ft/ft; Manning’s
an.OléL_) has a cross section with a 12 ft wide base
and 1:2 {vertical to horizontal) sides. The flow rate is
2300 ft*/scc. At a particular point, the channel meets
(i.e., joins) a 10 ft deep stream. The invert elevations of
the channel and stream are the same.

2.1. What is the normal depth of the ¢harinel flow?
2.2. What is the critical depth of the channel flow?
2.3. Is the flow subcritical or supercritical?

2.4. What type of control does the stream represent to
the channel?

PROBLEM 3 o

The following questions are not necessarily related.

3.1. What is the most efficient eross section?

Open Channel Flow

3.2. What is the geometry of a most efficient trap-
ezoidal channel? Draw a figure and label all sides and
angles.

3.3. What is the meaning of the term upstream
control?

3.4, What is the meaning of the term downstream
control?

PROBLEM 4 o i

An existing 22 in diameter PVC pipe (Manning’s
n=0.01) is installed on a 2% slope. The flow rate that
needs to be carried between the two points separated by
1000 ft is 35 ft*/sec. However, the pipe does not appear
to have such a capacity.

4.1. What is the capacity of the 22 in pipe?

4.2. What diametér pipe should be installed paraliel to
the first pipe to carry the excess?

4.3. What will be the diameter if the second pipe is
instailed over a different rovite with an average slope of
0.0257

4.4. If the second pipe starts at elevation 4257 ft, what
will be the elevation of the second pipe’s invert at the
end of the run? Assume the two pipes have the same

length.

PROBLEM S et

A section of an existing natural channel (Manning’s
n=0.030) drops 470 ft as it meanders 8.4 mi through
an area scheduled to be déveloped commercially. Theé
existing cliannel is basically rectangular in shape, is 25 ft
wide, and flows (at maximum) with a deptl of 12 1.
The developers want to install an artificial channel 3.7 md
shorter over a more direct route, starting and ending at
the same points as the natural channel. The artificial
channel will be trapezoidal in shape with a base of 20 ft
and sides inclined at 1:1, and it will be earth lined.

5.1. Will the new chaunel have the capacity to replace
the existing channel? '

5.2. Will erosion be more or less of a problem with the
new channel than with the old channel? Why?
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3-2 CIViL ENGINEERING SOLVED FPROBLEMS

PROBLEM 6 oo

A contracted measurement weir is to be installed in a
22 ft wide channel. The depth of the weir opening is
16 in, and the bottom of the weir.opening is at elevation
479 ft. The bottom of the channel is at elevation 470 ft.
For proper measurement and metering, & mininmmm of
6 in of hydraulic head over the weir lip is regquired. The
average flow is 6 MGD but varies from a minimum of
3 MGD to a maxinmm of 12 MGD.

16in I elev 470 i

elev 470 ft

221t

not to seale

6.1. What should be the length, b, of the weir opening?

6.2. What is the hydraulic head over the weir lip at the
maximum flow?

6.3. How far back from the weir would you place a
gauge station in order to measure the true elevation of
the water surface in the channel? Explain the reason for
VOUT BOSWer.

SOLUTION 1

Subdivide the channel inte three sections as shown.

100 yr
flood level
=910t L
hid section 1

section 2 section 3

i 1 T

gft

250 ft 100% 180 ft

not to scale

1.1. The total flow is assumed to be the sum of the
individual flows through the main channel and the flood
plains. The slope is the same for the three sections.
Uniform flow has been established due to the channel
length.

Fer section 1,
Ay = wd & (250 [£)(5 ft) = 1250 ft?

Since this section can be considered to be a wide ¢han-
nel, the hydraulic radius is

Ry ~5ft

Manning’s formula yields

= ((1}—:‘.%) (1250 £2)(5 £t)** /00004
= 2178 ft? /sec
For section 2,
Ag = wd'= (100 £#)(10 ft) = 1000 ft®
From the illustration, the wetted périmeter is

Py=5ft+100ft+0ft =114 &%

The hydraulic radius is

R, = A2 _ 1000 ft*
TP, 114 ft
=88 f
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OPEN CHANNEL FLOW 3-3

Manning’s formuta for this section is

Q= (1ﬂ4‘)) As Rz/s V3

1.49 2/3
(0 014) (1000 ££2)(8.8 ft)**+/0.0004

= 9073 ft*/sec
For sec_tiﬁ‘n 3,

As = wd = (150 ft)(1 ft) = 150 ft?

Like section 1, this section can also be considered wide.

R;g ~1ft
The flow is given by Manning’s formula.
Qs = (149) A RE
. 3

(é 49) (150 £2)(1 ££)*° /00004

= 34.4 ft* [sec

The total flow is

Q=0+ Qy+ &y
ft + 34 £
sec
= | 11,285 tt.?’/sec
1.2, The average velocity is
£
0 11,285 —

T4 T 1250 fe? + 1000 £62 ¢ 150 f2

~ (7

SOLUTION 2 | s e

\

w=121t

Use the following formulas for geometric properties of a
trajpezoidal channel, {(m is the horizontal-to-vertical side
slope.)

area A = d{w+ md)
wetted perimeter P = w+ 241+ m?
top width 6= w4+ 2md

lrydraulic radius R = -143

2.1. Manning’s formula liekds for uniform flow—that
is, when d equals the normal depth, d,.

0= (42) 4705

=2

m=2
1

Inserting the known values yields

9300 £ £t3 ( 1.49

sec \D.014

do(12 .ft+2d0))2f3 :
x (S22 T 2Rl ) /G006
(12 ft + 2v/5d,

(12 t +24,)

Selving by trial and error for d, yvields

2.2, The condition for critical flow ig
¢ _A
v b

Replacing the known quantities yields

AN ,
(2300 ;c_c) (4,12 ft + 2d,))*

32_2% T2 ft + (2)(2)d.
3e0

d. is the critical depth. Solving for d. by trial and ervor
yields

.= [T2]

2.3. The flow is supercritical since d. > d,.
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3-4 CIVIL ENGINEERING SOLVED PROBLEMS

2.4. The flow profile at the junction is shown.

I T =
¢ stream ==

Since the flow is supercritical, the controf section
must be somewhere upstream, so the stream does
not control the flow. A hydraulic jump takes place
below the junction.

SOLUTION 3 e,

3.1. The most efficient cross section is one that has the
minimum wetted perimeter for a given flow area. The
most efficient of all sections is a semicircular channel.

3.2. The most efficient trapezoidal section is half a
hexagon.

) A 4

S~

3.3. A channel section is controlled upstream if the
discharge is given by the flow depth at the upper eénd
of the section, regardless of downstream features.

3.4. A channel section is controiled downstream if the
discharge is given by the flow depth at the lower end of
the section.

SOLUTION 4

Assume that the pipe operates as an open channel while
flowing full.

4.1. For a circular pipe with dlameter D = 22 in,

22 in

in
12 —
ft

A= lnD*= ln(1.8333 ft)’
= 2.64 ft*

1
=10 = (Y)(1.8333 &
R=1D = (3)(18333 f)
=046 ft

= 1.8333 ft

1f the pipe is long enough to allow development of uni-

form flow, Manning’s formula is applicable. (This equa-

tion is dimensionally inconsistent.)

0= (@ ARY3/S

é gi) (2.64 ££2)(0.46 £t)2/3/6.0

= 33 ft3 /sec
[33 ft%/sec]

4.2. Tomeet the 35 ft*/sec demand, an additional PVC
pipe should be installed to carry 2 ft®/sec. The diameter
of a circular pipe flowing full is

=

I
/_"\

D=133 (”Q) v

V8
3/8
o2 £ '
= (1.33) _“J(%S ) (12 ‘?It‘-)
=77

The excess water can be carried by a pipe with a nom-
inal diameter of

D=[Fm

4.3. The diameter is

D=1 33(”Q) &

VS
wonf2 )\
= (1.33) m-w\/o_(.-—%ec) (12 )

- 73]

The new route will also require a nominal pipe size of
D={8in

4.4. If 4257 ft is the upstream invert elevation, the
downstream: invert will be at elevation

(3]

4257 f&.— (0.025){1000 ft)

PPl ¢ www.ppi2pass.com




OPEN CHANNEL FLoWw 3.5

SOLUTION 5 e

The capacity of the section can be calculated assuming
uniform flow.

///fr,’z//f// /fff/'/?’/%’////}/

et J
w= 26 ft

5.1. The bottom slope is

9 = = (.0106

470 ft
(8.4 mi) (5280 f—tl)

The geometric properties arc

A= wd = (25 ft)(12 f) = 300 &
P=w+2d

=25 ft + (2)(12 ft)

=49 ft

A _ 300 ft*
R= RTETS
=6.122 ft

Manning'’s formula gives the capacity of the natural
channel. (This equation is dimensionally inconsistent.)

0= (149) 32/3\/_

(é ég) (300 £2)(6.122 £)*3,/0.0106

= 5134 ft*/sec

The nature of the flow regime is determined from the
critical depth. For a rectangular channel,

2y 173
- (%)
g
siga f)°
gee

(32_2 @) (25 ft)?

=109 f&

1/3

Since d > d., the flow iz suberitical. The artificial chahnel
will have a sinaller roughness coefficient because the effects
of meandering and brush growth have been eliminated.

The new length s 8.4 mi- 3.7 mi = 4.7 mi. Since the new
length is 4.7 mi, the ratio of mednder length to -straight
length is 8.4 mi/4.7 mi=1.8, which indicates a severe
degree of meandering. The roughness coefficient for the
new channel is approximately n=0.023.

The bottom slope is

470
(4.7 rai) (5280 —fF—)

= = 0.0189

The following illustration gives data for the artificial
chanriel.

w =20t

not to scale

The geometric properties of the seetion are

A= d(w+ md)
Pe= 1w+ 241 +m?
b= w4+ 2md
A
RmP
_1_
mn = 1 =1

In order to determine if the channel will be able to carry
the maximum flow of 5134 ft*/sec, the hydraulic profile
must be defined first. The normal depth, d,, is calcu-
lated using Manuing’s formula.

0= (1 49) ARYT

craq [ 7149
5134 (o 023)4 (20 £ + d)
/3
do(20 ft. + (1)d,)
+/0.0189
(20 ft + (2v/2d,)

Solving by trial and error for d, yields

d,=T3 %
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36 cIVIL ENGINEERING SOLVED PROEBLEMS

The critical depth, d., is caleulated from

@_#
g b
fe3 2
134 — oy
(5 ’ sec) (de(20 f6 4 a))
B T 20 6+ (2)(1)d,
‘sec?

32.2

Solving by trial and error for d, yields

d, = 10.6 ft

The artificial channel has a steep slope. The likely flow
profile is shown in the illustration.

Tl
natural
channel

Stice the flow deptlis in the artificial channel are
within the range of natural depths, the new channel
will ba able to carry the maximum flow.

5.2. The erosion potential of the flow can be assessed
from the mean velocity.

For the natural channel,

fe?
Q_ "M o1
= e ——— = 17.] ft/sec
AT T0me - Ll /e

In the artificial channel, the maximum velocity occurs
when the flow becomes uniform. At this point,

A= d(,(w 4 Wldu)
= (7.3 16)(20 £ + (1)(7:3 £&))

= 199.3 ft*

O
e . 1 /sac
VS Toeg e T 208 ffsec

Erosion problems will be severe in the artificial
channel. Both c¢hannels are well above maxinmun
permiissible velocities for natuiral bed material,

SOLUTION & o,

6.1. In order to guarantee the minimum freeboard, the
configuration shown musé hold for the minimumn fow.

o

2

8

N
0

3
g

G

N

s

notto scale

The flow area is
A = (22 ft)(9.5 ft) = 209 ft*

For 4 flow of 3 MCGD =4.6 [t*/sec, the approach velocity is

1g &
Q_ " sec_gom
N= T g g 0022 f/sec

Sinee the velocity head is negligible, the following for-
mula can be used.

Q=3C1 (b~ 0.2H)/2gH*"
The coefficient C; is given by

C: = (0605 + 0.0813({f) + =5)
§ (1 . 0_0??61)3"{2

= (06035 + (0.0813)

0.5 fty - 0.000295

9&)* 9 fc )
0.00361y %2

X (1 B )
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OPEMN CHANNEL FLOW 3-7

Substituting this and the other numerical values in the

discharge equsation vields

46 ff_i: (2)0613)(s - 00005 )

3

x 42 )(32 2 _ﬁi) (0.5 fty*”

Solving for & results in

b= [ITT]

6.2. For the maximum flow at 12 MGD = 18.6 ft3/sec,
the approach velocity is

186£i-

vy = *§6Q_E—t%g = 0.09 ft/SeC

This is also negligible, so the following equation is valid
and must be solved iteratively for the unknown H.

=2C1(b~ 0.2H)/29H*"?

As a first estimate, assume H=16 in (1.33 ft). The coeffi-
clent ¢ is

Cy = (0-6035 + 0.0813(5?-) + M}

Y Y
o
= (0605 + (0.0813) (L2 1E) . 0.000295)
«(1+ o )3/2
=0.618

A second estimate for the frechoard can be.obtained by
solving for H in the discharge equation. (The calculation
is not very sensitive to the correction for contraction.
Therefore, the previous estimate of H is used for compu-
tational convenience.}

18.6 fL: (3)0.618) (41 £t - (0:2)(1.38 1))
. 9 472
x4/ (2 )(d 2 secz)H
This yields
H=1291ft

With this new value, ¢, remains unchanged. An
improved estimate of H comes from solving

18.6 ft_“ @) (0.618)(4.1 ft — (0.2)(1.29 £))
. ft 2
/@) (322 5 )H’*/

This yiekls the same value of H, 1.29 f&.

H=(129 ft)(l? x)

it
- (55

6.3. The usual rule is to measure the approach depth.
at a distanice from the crest greater than 44,

The gauge station should be placed at least 6 ft up-
stream from the weir.
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Hydrology

PROBLEM 1 oo

An uniconfined coarse-sand aquifer is 65 ft thick. Hs por-
osity is 0%, and its transmissivity is 120,000 gal/ft-day.
A pump draws water for 24 hr from a fully penetrating
production well in the aquifer, after which the pump is
shut off. Eight hours after the pump is shut off, an
observation well 30 ft from the production well shows
a 2.0 f drawdown.

1.1. Estimate the pumping volume immediately before
the production well is shut down.

1.2. Assurie the pumping volume is 800 gal/min imme-

diately before the production well is shut down. What is
the steady-state drawdown at the production well?

PROBLEM 2 s e

The following equations define the parameters of a
Liydrograph for a 30 min storm over a 200 ac collection
basin.

Q=.0.0132 4% M3 o1 g8
T, = 0.444M1 [P0 012 g7

T, = 0.0024A17 [0 GO go-14
Ty = 0.0367 A3 00 Q0T 12
T = 0.067LAM [000 gV7 g4
Q = peak discliarge (ft*/sec)

A = basin area = 200 ac

L= length of channel = 3000 {t

C = average runoff coefficient = 0.35

S = average charinel slope = 0.04

E = average impervicusnéss = 25%
T, = time from beginning of ruroff

to end of channet discharge (hours)

T, = time from beginning of runoff

to peak discharge (hours)

T = time from beginning of runoff

to 50% cumulative runoff (hours)

T75 = time from beginning of rurioff

to 75% cumutative runoff (hours)

2.4. Draw the unit hydrograph. Indicate @, Ty T,
T50, and Ths.

2.2, During a 90 min storm in the same basin, 0.3 in fell
in the first half hour, 1.5 in fell during the next half hour,
and 0.4 in fell during the tast half hour. What are ¢, Ty
T,, Tyo, and Ty,? (Make any reasonable assumptions.)

PROBLEM 3 i

The entrance to a theme park consists of two adjacent
areas, A and B, that are both drained by drop inlets
located in the geometric centers of the areas. The drop
inlets feed a common collector designed for flow at
2 ft/sec. Area A is an asphalt parking area with an
average slope of 1% from all directions to the drop inlet.
Area B is primarily a well maintainied lawn with an
average slope of 2% from all directions to the drop inlet.

400 ft , 400 ft
I I 1
. 400 ft .
I 1
400 ft O - - discharge
inlet pipe 1 g intet pipe 2
area Ac area B: o
paved G=08 lawn C=007
average slope to drain average slapa to drain
{all directions) 1% {all directions) 2%

3.1. What is the design flow (in ft*/sec) in pipe 1 for a
10 yr storm?

3.2. What is the design flow (in ft*/sec) in pipe 2 for a
10 yr storm?
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4-2 CIVIL ENGINEERING SOLVED PROEBELEMS

mtensity
(in/hr)
5 -
4 -
3 -
2 b
1 -
&, (min)
~ 30
- 28
- 26
- 24
=100 - 22
- 200 - 20
- 300 ~0%  L1g
lawn - - 400 ~1% L1g
asphalt - 500 ~2% Ly
- 600 3% L2
- 700 - 10
- 800 -8
ovarland % slopg L5
flow length (ft)
b 4
surface turning t, (min}
type line
PROBLEM 4

Water from a 175 ac light industrial watershed is col-
lected and drained by a trapezoidal open channel, The
channel (Manning’s roughness coefficient, n=10.02) has
a 4.5 ft wide bottom and 1:1 sides. The channel ditection
is perpendicular to a road where twin, side-by-side 54 in
diameter corrugated metal pipe (CMP) culverts take

the water under the roadway. The average slope of the
channel and culverts is 0.75% (L.e., 0.0075 ft/ft).

The time for runoff from the farthest part of the water-
shed to begin contributing to the flow is 35 min.

4.1, If curves for 5, 10, 25, 50, and 100 yr floods are
available, which would you recommend using? Why?

4.2. What rational-method runoff coefficiert would
you recominend? Why?

4.3. Using the rational method and assuming the
intensity after 35 min is 2 in/hr, what is the runoff?

4.4. Are the culverts urider inlet or outlet control?

PROBLEM S o

Dats on intensity and duration have been recorded on
storms over the past 45 yr. Draw the 10 yr intensity-
duration-frequency curve.

duration  intensity duration  intensity
vear  (min) (in/hr) | year (thin} (in/hr)
1 19 3.0 7 20 2.15
2 10 4.1 8 20 3.05
3 10 4.9 9 20 3.55
4 10 5.1 10 20 3.8
5 10 5:b 11 20 4.07
0 10 6.0 12 20 4.4
duwation  intensity duration intensity
year (min} {in/hr) { year {min) {in/hr)
13 30 1.5 19 40 1.5
14 30 2.4 20 40 2.0
15 30 29 21 40 2.3
16 30 3.1 22 4o 2.6
iy 30 3.3 23 40 2.9
18 30 3.6 24 40 3.1
duration intensity duration  intensity
year  {min) (in/hr) | vear {min) (in/hr)
25 60 1.1 31 10 2.07
26 60 1.5 32 10 3.5
27 60 1.9 33 10 G.B
28 60 2.0 34 20 1.6
29 60 2.15 35 20 2.6
30 60 2.30 36 20 4.9
duration  intensity duration intensity
vear  (min) {in/hr) | year {njn) {in/hr)
37 30 1.2 42 40 3.4
38 30 21 43 60 -8
39 30 4.0 44 G0 1.25
40 40 L.05 45 60 2.6
41 40 175
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HYDRoOLOoGY 4-3

PROBLEM 6 i

Two square areas, A and B, drain through pipes into a

collection manhicle as shown. All pipes have a Manning

roughness constant of n=0.012. Ali slopes are 0.035 ft/ft.
Area A is 4 ac and has a rational coefficient of € =0.9,
The time to concentratior, ¢, for area A is 5 min. Area B
is 10 ac and has a rational coefficient of €' =0.25. The
time to concentration for area B is 18 min. Assume the

pipes flow full. Determine the diameters of standard pipe

sections 1, 2, and 3 for a 10 yr storm.

intensity {in/hr)
e 5 yr 10 yr 20yr B0 yr

Smin 6.1 7.0 7.9 BB
10 min 4.6 5.5 6.4 7.3
15 min 3.5 4.4 5.3 6.2
18 min 2.9 3.8 4.5 5.6
20 min 2.7 3.6 4.5 54
area B:
C~=0.25
dc: 1G ac
2| |k =18 min
1 77 j‘ 8035 manhole
[ P T - 700&.
660t S<'p
of [area A 2 3_1035 Sy
wl|lc=09 S0 3035
S| 4ac T2
1, = b min '

et |
47 ft

not to scale

PROBLEM 7 s

A 20 ac pasture (rational coefficient C'=0.3, timie to
concentration #,= 15 min) was originally used for cattle
erazing, The pasture drains into a creek that runs along
one edge and has barely exiough capacity to carry away
the peak flow from a 10 yr storm. The creek passes
through a nearby residential area. When the creek over-
flows, significant property damage occurs,

The intensity-duration carve for a- 10 yr storm in this
area is given by the following table,

time  infeusify
{min)  {m/hr)

o 7.7
10 6.9
13 5.8
20 4.7
30 3.5

The pasture has been purchased by a foreign car man-
ufacturér thdt wants to pave over all 20 ac (rational
coefficient C'==0.90, {,=10 min) to provide storage for
newly imported cars. The car manufacturer has pro-
posed construction of & detention basin to capture and
hold runoff such that the ¢réel’s pre-existing capacity is
not exceeded during any storm with a frequency of
10 vears or less. What should be the capacity in ac-ft
of the detention hasin?

PPE ¢ www.ppi2pass.com




4-4 cIViL ENGINEERING SOLVED PROBLEMS

et A

1.1. For a small drawdown compared with the initial
thickness of the aquifer, the equation governing unsteady
flow toward a fully penetrating well in an unconfined
aquifer is

W(w) i the well function and

8,
Y ==
4K, Yt

) is the flow rate, S, is the yield, K, is the hydraulic
conductivity, t is the time, and the other variables are
depicted in the illustration showmn.

Q

}

G, e S 2

v

e o, e

A o
r=2301t
not to scale

The pumping schedule is

flow, Q

=24 32
time {hr)

The principle of superposition indicates that the posi-
tion of the water table is given by

}f B y:: (41.{1?}? Y) ( H}—(u]) B W(u2))
r’8,
IR, Y
"
4K, Y(t - t*)

]
For u < 0.1, the well function is approximately

W(u) =2 0.5772 — In{u)

The equation becomes

Q ¢
Y—y= !
v (4-.-:1{,9}* R

The hydraulic conductivity is

gal
ft-day
K. = e 2UEY
r 65 ft

For coarse sand, assume the yield is 85% of the porosity-

120,000
= = 1846 gal/ft*-day

S, = (0.85)(0.30) = 0.26

(30 £t)%(0.26)

Ui = = 0.0027
(4) (10.3 %) (65 £t)(32 he)
e (30 £)%(0.26) 0011
- @(03 Lfit;) (65 ft)(32 he — 24 hr)

Since both u, and Uy are less than 0.1, the simplified
equation can be used.

65 ft —63 ft = e ]
ga
(4m) (1846 R day) (65 ft)
«In 32 hr

32 hr — 24 hr

Sclving, the flow rate is 2.175 x 10% gal/day.

2.175 x 105 581
0= day

1440 Min
day

=| 1511 gal/miin |

1.2. For steady flow from a fully penetrating well into
an unconfined aquifer, the following empirical expres-
sion is valid at the production well.
Q__..T
4o gpop it
day

Qisin gal_/min., d, is in feet, and T is.in gal/ft-day.

(2000 %{) (80.0 %)
d, = . =133 ]

gal
120, ;
0,000 fi-day
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HYbroLoGgY 4-5

SOLUTION 2 i

2.1. Substituting the known data into the hydrograph
equation yields
Q = (0.0132)(200 ac)**(3000 £)°3(0.35)" (0.25)""®
= 4.8 §t*/sec
Ty = (0.44)(200 ac)™' (3000 )% (0.35)"%(0.25)"
= 46.2 hr
T, = (0.0024)(200 ac)™ (3000 £6)"*(0.35)"7 (0.25)*
=10.7 hr
Tsp = (0.0367)(200 ac)>*(3000 £)""'(0.35)"7(0.25)°1*
=158 hr
Trs = (0.0671)(200 ac)-*(3000 £t)*"*(0.35)"7(0.25)" 1"
= 23.8 hr

The hydrograph variables are shown in the graph.

flow (ft¥/sec)

time.thr)

The total runoff is equal to the area below the hydrograph.

Re=(}){10.7 hr)( 4.8 2
A " sec

3
+(3) (4.8 %_—F Q5n) (15.8 hr — 10.7 Lr)

+ (3)( @50+ Qr5)(23.8 hr — 15.8 Tr)
+ $@75{(46.2 hr ~ 23.8 hr)
= 37.9 + 6.55 Q5 + 15.20Q;;
According to the definitions given, the area up to Ty

must be 50% of the total runoff, and the area up to T75
must be 758% of the total runoff.

0.58 = (8)(10.7 hr)( f;c)

+(3) (4 8 ft—+ Qau)(ls.s hr — 10.7 hr)

0.75R = 051 + (1)(Qy + Q5)(23.8 hr — 15.8 hr)

Substituting R into these last two equations results ina
system of two equations.

1450y + 15.2Qrs = 37.94 ft-r/sec
9. 440@1(} -+ (0. SQ-’ =37.9 ft*- hl’/SGC

Solving for (Jso and Qpy yiclds

Qs = 3.83 ft*/sec
Qs = 2.13 £t /sec
Substituting these values in the expression for the runoff

volume,

R=37.9 ft hr

3
=37.9 ft hr+(6’5)(383 fi)+{152)( 13 f“)

ful

+6 05@5(} -+ 15. 2Q7r

= 05.36 ft*-hr/sec

(95 36 L 'hr) (3600 59—‘5)
R sec nr

43,560 &

= 7.88 ac-ft

in terms of depth,

n= (Fee ) (12 8)
=047 in

The unit hydrograph is obtained by scaling the ordi-
nates so that the area under the curve is I in.

) ft‘i 1 \
= (48 =) [=5) = 10.2 [t /se
¢ ( i Se.c) (0.47) 0.2 It /sec

. 3
Qs = (3_.83 fL) (L) =8.15 &3 /sec

sec/ \0.47
£ 1 :
- 9. 4.53 £ /s
Qrs ( 13 sec) (0 4?) 453 &' fseo

The resulting unit hydrograph is shown.

flow {ft3/sec)

|
1iTp 1750 T2s | i T“'q
10 20 30 40 50
time {hr}
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4-86 CIVIL ENGINEERING SOLVED PROELEMS

T,=10.7T hr 4 0.5 hr = 11.2 hr
Tso=15.8 hr 4+ 0.5 hr == 16.3 hr
To5=23.8 hr + 0.5 hr == 243 hr

e 2.2. The hydrograph for this storm is The characteristic times will be those of the unit hydro-
:-g..-:': graph displaced by 30 min (0.5 hr).

= rainfall

S depth (in}

O

e 20 Tq¢=46.2 hr+ 0.5 hr = 46.7 hr

Lo

Lin

SOLUTION 3 oo e

The time of concentration is taken as the travel time
along a diagonal toward the inlet. This distance is equal

to (200 ft)+/2 = 283 ft.

time {min}
3.1. Por-area A, the nomograph yields #,=9 min.

The duration of the storm is relatively short compared

with the base of the unit hydrograph. Also, most of the 20
precipitation occurs between 30 min ard 60 min. This ' '
storm can be approximated by the following hydrograph. o
26
rainfall 24
depth {in} oo y \\ s
20 S \A
2007 N N -20
L \\B\\ 0%
<1 300 e 18
1.5 - g 7 \\ \\
tawn -~ 7 FLaoo NR1% 0 Lis
S 500 g | 14
1.0 F asphalt o \\ \\
- 3%\
600 -12
\\\\
L AN
05 L 700 1o
- 800 -8
overland % slope L g
flow length (ft)
a0 La
time {min) .
surface turning t, {min)
) type line
The total depth is equal to
03in+15n+04in=22in For a storm duration of 9 min, the 10 yr IDF curve

With this assumption, the peak will be indicates an intensity of 2.3 in/hr.

ft3
= 2 —_— == . 3 /g
Q = (2.2) (10. sec) 22.4 [t3 fgec
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HYDROLOGY 4-7

intensity
{in‘hr)

5=

10 yr IDF curve

5 10 15 20 2b

time to concentration
{min)

The surface areas of A and B are 3.7 ac. The runoff
coefficient for asphalt area A is €'= 0.8. The peak flow in
pipe 1 is '

Q,= CTA,

s 2y,
(0.8) (2.3 ) (3.7 ac) (437560 ZLC)

hr

EEleTE

(0]

3.2. For area B, the nomograph yiclds a time of concen-
tration (inlet time) of 8 min, The iravel thne in pipe 1 is

400 £t

L 2 -
t= o= bgtfc-z 3.3 min

min

Area A's Bow will reach the sccond inlet at

t= 9 min + 3.3 min
= 12.3 min

Pipe 2 has to be able to carry the maximnum flow it will
see. There are two possiblities for pealk flow. The first
occurs at arca B8 time of concentration; 8 min. The
runoff from arca B will never be higher than it is at 8 min,

Another possibility for peak flow in pipe 2 is when the
peak flow from area A reaches pipe 2. This will occur at
12,3 min., The runoff from area B at 12.3 min will
combing with the peak runcff from area A.

The maximuin of these two flows detérniines pipe 2's size.

The intensity at 8 min is about 2.5 in/hr. The peak
runoff from area B is

@,(8 min, B) = CT4,

(0.07)(2.5 %) (3.7 ac) (43,560 ﬁ—)

.2
ac
(12 ) (3000 )

= 0.65 ft¥/sec
This is less than Q,{peak, A}, so it doesn’t control.

But at $=12.3 min, the storm intensity is 1.7 in/hr. The
runoff from area B-at this moment ig

@,(12.3 min, B) = C1Ay

V7 E QT e A2 K ﬁ
~(0om) (17 h_l‘.) (3.7 ac) (13,060 &C)

(12 %) (3600 S;—f)

= (.44 ft* /sec

At the moment that area A’s peak reaches the second
inlet, area B will be producing 0.44 ft*/sec. This wili
combine with the peak flow from area A,

3 3

¢ _(peak, pipe 2) = 0.44 ﬁ—’——i— 6.8 f”
Iy

sec sec

- T2

SOLUTION 4

4.1. The return period for culvert design depends
mainly ¢on land and réad use in the surrounding area.
Federal or state guidelines for highway design recom-
mend the return period.

4.2. A runoff coefficient for light industrial areas is
between 0.5 and 0.8. Far this problem, an average value

of will be used.

4.3. The runoff is given by the rational formula.
Q,= Cl4y
- ny e o E
(0.65) (2 E)““’ ac) (4.5,560 )

ac
(2 5) (o 2

 [380 ct

4.4. For a corrugated métal pipe,

= 0.022
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4-8 cCIVIL ENGINEERING SOLVED PROBLEMS

The hydraulic radius for a.54 in culvert flowing full is

b4 in
D 4
R== ==
4 m
12 =
ft.
=113t

The discharge through one culvert flowing full.is

Qap = (1.32) ARG

\0.022 4
= 101.2 ft*/sec

The maximum flow that can he carried by a circular
pipe operating as an operi channel is

Qn‘xm( = 1'(]S'quil
e
= (1.08) (101.2 ft )

= 109.3 ft3/sec
Each culvert must carry (228 ft*/sec)/2= 114 f*/sec.

So, the pipe must be under pressure to meet this flow.
This could occur as shown,

|In this case, the culverts are controlied at the outlet. [

SOLUTION 8 i

Fach storm duration has nine events as shown in the
following tables.

10 min storm
rank  i{in/hr)
6.80
6.00
5.50
510
4.90
4.10
3.50
3.00
2.07

e

O 00 ~) Oy UL o O b2

20 min storm
rank i (in/hr)
4.90
4.40
4.07
3.85
3.58
3.05
2.60
2.15
1.60

—

[lalie RN Sl R SR )

30 min storm

rank i (in/hr)
4.00
3.60
3.30
3-10
2.90
2,40
2,10
1.90
1.20

W0 =] O TR R W BT

4(} min storm

rank 7 {in/hr)
1 3.40
2 3.10
3 2.50
4 2.60
5 2.30
G 2.00
7
8
9

1.75
1.50
1.05

60 min storm

rank  #{in/hr)
2.66
2.30
2.15
2.00
1.90
1.50
1.25
1.10
(.80

—

D00 =3 O Tl WO

The probability of exceedance is calculated as

__r
N+1

p

7is the rank when the storms are sorted from the highest
intensity to the lowest, and N is the total number of
events (nine in this case).
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HYDROLoGY 4-O

The return period is T=1/p. For the 10 yr IDF,
T=10 yr, or p=10.1. The curve is made up of all the
events with rank

re (001 =1

Theése storms-are

duration i
{rnin) (in/hr)
10 6.80
20 4.90
30 4.00
4() 3.40
G0 2.60

The plot of the 10 yr IDF curve is shown.

intensity
{in/hr}

7 b

1 1 i i 1 L
10 20 30 40 50 60

duration (min}

SOLUTION 6 R T T B N LR T AR T LT TT T TP PP RSN

For area A, the 10 yr IDF curve ylelds I=7.0in/hr for
t,=5 min. The rational formula produces

Q,= CIA,
0.9)( m) (4 ac) (43 560 i)
o

= 25.2 ft? /sec

Pipe 2 must carry 25.2 fi*/sec while flowing full. Using
the geometric properties of the full section,

D
R~ 4

72k
A= 4

Manning’s formula is used to size the pipe.
Q= av = A(LE) 5

Inserting the geometric properties, this equation becomes

- (F)E s

Solving for the diameter of the iipe,

nQ 3/8
D= 133(\/3)

[nserting the known values yields

ft 378
(0.012) (25 2 SG_C) ,
g mn
/0.035 (12 E)

D= (1.33)

= 19.1 in .

A standard size pipe of 20 in diameter should be nsed
for pipe 2.

For area B, the intensity for £,= 18 min is /=3.8 in/hr,
and the peak flow is

QP-_—"G.[_AJ
. (0.25) (5.8 _)(10 ac) (43,,060 ac)

(12 ) ss00 53

= 9.5 ft¥/sec

The diameter is found from Manning’s equation for a

full pipe.
3/8
= 1.33 ( i Q)
V5
3/8
{0.012) (9 5 E%E) )

= (1.3 12 2

(1.33) /0.035 (l ft)
=13 in

A gtandard size pipe of 14 in diameter should be used
for pipe 1.

PPl o www.ppiZpass.com




4-10 cIVIL ENGINEERING SOLVED PROBLEMS

The flow through pipe 3 is given by the most severe of
the following two storms.

storm 1: duration =5 min, [ = 7 in/hr

storm 2: daration = 18 min, I = 3.8 in/hr
The travel times in pipes 1 and 2 have been neglected
sinice the pipes are short.
Storm 1:

After b min, all of area A respouds to the storm, but
only a portion of area B contributes-to the flow. Assum-
ing constant overland flow velocities, area B can be
linearly divided into isochrones.

660 ft
550 ft
367 ft
183 ft

0.77 ac
5 min 2.32 ac
19 min 3.85 ac
15 min 3.06 ac
18 min

A square area of 10 ac has a dimension of 660 ft on the
gide. The isochrones are also sguare, and their dimen-
sions are interpolated from the total concentration time.
For instance, for the 5 min isochrone, the length of the
side is

(660 ft)(m) =183 ft

I8 min
At the end of the storm, only the 183 ft region will

contribute to the flow. Consequently, the peak discharge
‘during this-storm will be

{0.25)_(:7 %)(0.77 ac) (-43,560 &—2)

ac
(12 ffiti) (3600 %)

(0.9)(77 11—2)(4 ac) (43,560 %é)

(12 ) (sov0 53)

= 26.5 ft*/sec

Q=

Storm 2:

After 18 min, both areas A and B contribute fully to the
flow in pipe 3. The peak discharge is

in ft?
(0.25)(3.8 iﬁ)(m ac) (43,560 E)

(12 E) (3600 %)
(0.9) (3.8 %) (4 ac) (43,560 g;)

(12 lfl;») (3600 ?’f-f)

Qp =

= 23.2 ft%/sec

The design flow is the greatest of the two peaks—that is,
26.5 ftg/sec.

The diameter of pipe 3 is given by Manning’s equation

for a full pipe.

D=133 (,,",,Q) v

VS)
sy M8
(0.012) (26_.5_ S’%) .
H1
= (1.33) o (12 E)

=10.2 in

A standard size pipe of 20 in diameter should be used
for pipe 3.

SOLUTION 7

From the IDF table, the 10 yr storm for the grassy area
has an intensity of 5.8 in/hr at 15 min. The peak flow is

Qprass = CL Ay
fi2

(0.3) (5.8. %) (20 ac) (43,560 -—-)

ac
(12 %) (36_00 %)

= 34.8 ft3 /sec

This is the maximum flow handled by the creek. If the
area is paved, the time of concentration decreases to
10 min, and the IDF table shows an intensity of I =
6.9 in/hr. The new peak flow is

ngpzwcd = CIAy
m .k
) (0.9)(6.9 E) (20 ac) (43,560 ac)

(12 «}%) (360‘0 ?B%?)

= 124.2 ft? /sec
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HYPROLOGY 4-11

The approximate hydrograph for a 10 min storm is The reguired volume of the basin is

3 4 .
flow (ft¥/sec) (l) (124,2 B g -ft—) (14.4 min)(()‘[) “’%")
2 sec sec min
1242 - —————— V= e
43,560 ——
//%/ﬁf/ - acdt
L = 0.89 ac-ft
y
34.8[— ‘Zz"/; /Mﬂ/r%;/ﬂ{/// &
' b The required capacity is appreximately | (.89 ac-ft.
20 time {min)

Since flows above 34.8 ft?/sec are unacceptable, the
detention basin must hold the volume in the shaded area.
The base, b, of the shaded triangle is interpolated as

.Fi:'% = 14.4 min

PRI
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PROBLEM T oot

A 28 ft % 20 ft (plan dimensions) sand filter (not shown)
feeds a clearwell that has plan dimensions of 200 ft x
250 ft. The elevation of the suxface of the clearwell is
150 1t and is constant. A pump at elevation 165 ft is
driven by a 95% efficient electric motor and removes
3.5 MGD. The pressure gauge at the exit (located at
elevation 175 ft) reads 80 psig (static pressure). All
pipes-are plain cast iron. Minor losses should be ignored.

gauge
16ft |6f
elev 175 ft e
20t 25t 30 ft
|~
alev 165 ft - ——6_
pump
elev 150t
140 £
B0 ft
200 ft
not to scale
head (ft) efficlency (%)
400+
H

320

240+

1601 v 100
- 90
180

n -170
=60
f | 1 | 1 i | {

1 2 3 4 5 6 7 8

flow rate {ft%/sec)

Water Supply

1.1, What is the total dynamic head supplied by the
pump?

1.2. Draw the system c¢urve on the accompanying
pump curve.

1.3. What is the pump efficiency at the operating
point?

1.4. What motor horsepower would you recomimend?

1.5 If the sand filter is overloaded by 25% above its
design flow, what will be the depletion or accumulation
in the clearwell during an 8 hr period?

PROBLEM 2 o

e to the presence of organics, a water treatment plant
receives water with excessive color (much higher than
100 CU}. The water is taken through the following
processes.

(&) prechlorination
(b} flash mixing
(¢) flocculation
{d) sedimentation
(e) filtration

(f) storage

(g) chlorination
(h} distribution

2.1. Briefly explain the purpose of each of the first
seven steps.

2.2, What problems might the plant have in meeting
the EPA requirements for chlorinated organics?

2.3. How are trihalomethanes (THMs) introduced into
water supplies?

2.4. How are THMs reduced?

2.5, What are the problems inherent witlh THM
treatments?
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5-2 CIVIL ENGINEERING SOLVED PROBLEMS

PROBLEM 3 i

A rapid mixing paddle device in a drinking water system
has four flat plate rectangular paddles, each with an
area of 2.81 ft°. Bach paddle is mounted to arms on a
rotating spindle turning at 100 rpm. The maximum
diameter of the mixing device is 3.75 ft. The plates are
completely submerged in 55°F water, and each plate
addresses the water flat-on. The mixing paddie unit is
located in a 185.7 ft* tank through which 2 MGD of
water flows.

3.1. What power is required to drive the paddle mixer?
3.2. What iy the mean velocity gradient?

3.3. Is the value of Gi, (ie., the product of the velocity

gradient anid the mean detention time) within the nor-
mal range for such mixing anits?

PROBLEM 4 | s

A water treatment plant receives 2 MGD of well water
with a turbidity of 300 NTU.

4.1. Design a treatment seqience.

4.2, Draw a profile diagram showing the locations and
elevations of the treatment processes.

4.3. Size all settling basins in your design.

PROBLEM 5

In order to build an underground parking lot for a
large office building; a 400 ft x 400 ft square excava-
tion site 35 ft deep needs to be made in a sandy soil
{(permeability =190 ft/day) in a location where the
water table is only 25 ft below the surface. An imper-
vious clay stratum exists 120 ft down. In order for the
501l to develop enough bearing strength to support the
heavy excavation machinery, the water surface must
be lowered 10 £t below the excavation floor. To accom-
plish this, a decision has been made to drop one or
more dewatering wells 1 ft in diameter in the middle of
the éxcavation site.

5.1. What amount of water must the weli(s) withdraw
to. completely dewater the sité to a depth of 10 ft below
the excavation floor? Assume the well’s radios of inflie-
ence will be 300 #.

5.2. Are dewatering wells a good method to use in this
situation?

5.3. What other methods could be used to provide a
dry work site?

PROBLEM 6 .

The population of a small residential area with its own
water supply system varies between 24,500 during the
day and 35,000 at night. The area is relatively flat. The
town is approximately rectanguiar in shape with length
and width of 4.4 miand 2.9 mi, respectively. The water
district is under a mandate to provide all water custo-
mers with minimumn and maximum waser pressures of
50 psig.and 80 psig, respectively. Disregard minor losses,
and state all other assumptions.

6.1. For what average demand should the water dis-
trict design its water treatment facility?

6.2. Cousidering hourly, daily. and seasonal variations,
what is the maximun instantaneous demand the water
distriet could expect to sea?

6.3. Using the National Board of Fire Underwriters’
equation, what additional reguirements should the
water district add for firefighting?

6.4. In general, how waould vou recommend meeting
the minimum  and  maximum  water  pressure
requirements?

6.5. What total volume of water storage would you
recommend?

6.6. Assuming thab houses are uniformly distributed in
the town. sketch a reasonable layout for the water dis-
tribution system, including all towers, mains, and
submains. '

6.7. Designi the water storage systeimn, indicating the
voluine and elevation of each tank. Assume there are a

+total of seven water tanks, evenly distributed.

Assume that the distribution path from tower to house
is made up of the following pipe lengths, types, and
roughness coefficients, in series.

diameter length roughiness
type (in) (ft} coefficient
steel 16 4006 100
steel 12 4006 100
steel 6 1008 100
copper, tube 34 86 130

6.8. How often and at what time of day ghould the
water tanks be refilled?

6.9. Assuming that the water tank surface elevation is

‘80 ft above the ground, will the water pressure require-

ments be satisfied?
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WATER SUPPLY §-.3

PROBLEM 7 oo

The composition of water as delivered from an aquifer is
as follows.

Cat* 80 .mg/L
- 18 mg/L
CQO, 15 mg/L
Fe** 3 mg/L
HCOj3 336 mg/L
Mgt 30 mg/L
307~ 64 mg/L

TDS 650 mg/L

7.1. What is the hardness?

7.2, What is the pH of this water?

7.3 What is the acidity or alkalinity?

7.4 Is the water acidic or alkaline? Why?

7.5. What is the most likely color of this water?
7.6. Should this water be softened?

7.7. What amounts of lime and soda ash are required
to obtain a final hardness of 80 mg/L?

SOLUTION 1

1.1. The total dynamic head (TDH) can be found from
the pump curve'in the illustration using the flow given.

Head (ft) efficiency {%)
400 L _Pump curve system curve
320
240
160 100
80
50
70
60

flow rate (ft¥sec)

The flow, @, is
&3

Q= (3.5 MGD) | 1.55-3£C

—_E. 3
MeD | T 5.42 ft¥ /sec

TDH at 5:42 ft%/sec is [ 320 Tt.

1.2. Static lift, is the difference between the water ele-
vation at the outlet (175 ft) and at the inlet (150 ft).

static lift = 175 f& — 150 ft = 25 ft
o\ 2

o (80 2 (12 1)

static exit pressure = £ = me/ T ft

62.4 ==
ind

= 184.6 {t

static head = lift + exit pressure
= 25 ft + 184.6 ft
= 209.6 ft

For this problem, minor losses are smali and can be
neglected.

TDH = static head + friction head + minor losses
320 ft = 209.6 it 4 friction head + 0 ft
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B-4 CIVIL ENGINEERING SOLVED PROBLEMS

The friction head is the difference between the TDH and
the static head.

hy = 320 ft — 200.6 ft = 110.4 It

Use the Hazen-Williams equation to determine the pipe
size, and calculate the system curve.
_3.022¢18
7o plaes

This system uses plain cast-iron pipe. The roughness
coefficient, C, is 100.

{Eaq. 1]

The pipe length can be determined from the illustration
in the problem statement.

L= 50 fi, -+ 200 £t + 140 £t + 20 f5 + 25 ft
430 f6+ 15 ft+5 ft
= 485 ft
The velocity is calculated from the continuity equation.
Q= Av
The area in the continuity equation can be expressed as

A= nD?
4
Substitute the equation for area in the continuity equa-
tion and solve for v.

Eq. 2]

Substitute vales for bz C, L, v, and @'in Eq. 1.

P 1.85
(4) (,5.4-2 it-i)
(3.022) | —— L (485 1)

2
T

110.4 ft =

(100)1.85 Dllﬁi
T
(0.292) (69)
.\

D1.155

(0.292)(6.9)"%
DS.? DL.!GS

Rearrange and simplify.

(0.292)(6.9)-%
1104 f
D= 0616 ft
7(0.616 ft)
4
= 0,298 ft?

D = 0.0044

A=

Next, compute the Sgy’stem ¢urve, flow versus TDH. Use
values of @ from 3 ft*/sec to 7 /scc and D=0.616 ft to
solve for v with Eg. 2. Use values of v, L=485 ft,
C=100, and .D=0.616 ft to calculate values of Ay with
Eq. 1. Finally, TDH = hy + static head (209.8 ft). These
calculations are shown in tabular form.

static
Q v Ry head TDH
(ft* /sec) (It/sec) (£ () (Ft)
3 HLl 37.15 200.8 247.0
4 13.5 63.5 200.8 273.3
5 16.8 95.2 200.8 305.0
] 20.2 133.9 200.8 343.7
7 23.6 178.9 208.8 3884

This system curve, ¢ versus TDH, is shown in the
previous illugtration.

1.3. At the operating point (5.42 ft%/sec) on the effi-
ciency curve in the illustration, the pump efficiency,

n})ﬂ]}ll} 3 is

1.4. The required motor horsepower, P, can be found
from the equation

P ham « (i)
5500pump  \ e/
The head added, h,, equals the TDH found in Sel. 1.1
hy =320 ft
The water mass flow rate is

th= Qp

= {5 fo; lb_l}l
- (0;42 SGC) (52'4 ftg)

= 338.2 lbm/sec

P = 9.9 ft—lbm_
550 ft-1bf (0.90) \ Ibf-sec?

sec

hp
=[218.6 hp [use a 225 hp motor] |

a5 o lbm R {7
[(320 ft)(33_8.2 Sec) 322 =%
2

Motors are rated by their output power, and the motor
efficiency is not needed.

1.5. A reasonable asstunption is-that the inflow to the
sand filter equals the outflow, Q. The volume, V, is the
product of the flow, the time, and the overload rate.

V= (5.42 Sec) (3600 )(8 Ir)(1.25)

hr

= 195,120 ft*
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WATER SUPPLY B-5

clearwell area = (200 £t)(250 ft) = 50,000 £t

195,120 ft3

50,000 7z~ S0 fo

increased clearwell level =

The accumulation in the clearwell should be no more
than 3.9 ft because it will decrease the pump head
and increase the flow.

SOLUTION 2 i

2.1. (a) Prechlorination is the process of adding chlo-
rine to water at the beginning of the treatment process
to disinfect water with high coliferm levels, remove
certain tastes and odors, and pretreat water for removal
of high concentrations of iron and manganese.

{b) Flash mizing is the immediate and complete mixing
of chemicals (such as coagulants) with water for
2 min or less to achieve maximum process efficiency.

{c} Flocculation is the slow, gentle mixing of water with
a coagulant to reviove colloidal material. This allows the
destabilized colloidal particles to agglomerate and form
flocs. The mixing time is usually in the range of
2060 min.

(d} Sedimentation is usually 2-8 hr of low {or no) flow
when flocs and other discrete particles settle out by
gravity in a clarifier.

(e} Filtration is the process of passing clarified water
througlt a bed of granular media such as sand, anthra-
cite, or garnet to remove particles that have. not been
removed by sedimentation.

(f) Storege is provided by reservoirs or by water tanks/
towers to account for daily and seasonal variations in
water demand as well as for extra water demand for
firefighting purposes. This excess storage capacity
allows for the design capacity of the water treatment
plant to be less than the peak water demand.

{g} Chlorination is the final disinfection of water
with chlorine before distribution and consumption.
The chlorine dose is determined by local requirements
to provide either a low free-chlorine residual or chlora-
mines only at the points of use.

2,2. Chlorinated organics would probably be present in
the treated water because chlorine is added first—before
any organic compounds are removed by floceulation,
sedimentation, or fileration. Chlorinated organics are
difficult to remove by these treatment processes.

2.3. Trihalomethanes (THMs) are organic chemicals
produced during water treatment when organic com-
pounds (precursors) in the water react with disinfec-
tants such as chlorine, bromine, and iodine. These
organic compounds occur naturally from decaying
plants.

2.4. THMSs can be reduced by

e using a raw water source with less organic THM
Precursors

@ disinfecting with chlorine, bromine, oz iodine only at
the end of the treatment process after most THM
precursors have been removed

® rtemoving precursers  before  chlorination—for
example, by treatment with granular activated car-
bon {GAC)

® using ozone, chlorine dioxide, or potassium perman-
ganate for disinfection

e adding ammonia to form chloramines, which do not
form as many THMs as free chlorine

2,5. Trihalomethane treatments add more expense to
the treatmient process. The cost of alternate disinfec-
tants is also greater. Alternate disinfectants should be
evaluated for disinfecting power; residual stability, and
toxicity.

SOLUTION 3 i

3.1. Power is

P=Dv Eq. 1]
Drag is
CpApv?
D= it — Eq. 2
39, [Eq. 2]

C'p = drag coefficient. = 1.8 for flat plates
p = density of water = 62.4 lbm/ft?
¢. = gravitational constant = 32.2 ft-lbm/Ibf-sec?
A = total paddle area

2.8 ft2
- (Pac}idie) (4 paddles)

=11.25 fi?
v = mixing velocity = 0.75 (tip speed}

tip speed = (rpm)(perimeter circumference of paddie)

{rpin)rD

100 =%
min

19.63 ft/sec

It

v=(0.75)(19.63 %)

sec

= 14.73 ft /sec
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B-6 CIVIL ENGINEERING SOLVED PROBLEMS

Substitute Eq. 2 for drag into Eq. 1 for power.

P C',[)Apvs
29,
2y (624 o AN
sk (624 2F) (1473 SQC)
- ;. ft-1bm
2y(32.2 ,
( )(3 ' 1bf—s_ec3)
62,709 Tt1bf
= sec
550 ft-1hf
sec-hp

3.2. The mean velocity gradient can be found from the

following equation.
/P
€ =, i
1t Viank

P = 62,709 ft-Ibf/sec
p=2.55 x 1077 Ibf-sec/ft* at 55°F
Vi = 185.7 ft3

62,709 ft-Ibf

G = = scc
s IBEseCY o o o

(265 x 107" 221857 )

SR

This value of the mean velocity gradient is higlh.

3.3. .
ft?
= (2N 5 seC
Q= (2MGD}| 1.55 MGD

= 3.1 ft'/scc
V1857 £t
- 3
@ 31 e
Sec
= 59.9 sec  [high end]

Gty = (363_9

tg=

YU
sec_) (59.9 see)

=2.17 x 10°

The Gty value is high, The typical range of Gty is
10107,

SOLUTION 4

4.1. When designing a treatment sequence for this
water supply, the following items must he taken into

-account. The turbidity of 300 NTU is very high and

should be reduced to 5 NTU or less. Assumie that the
water does not require treatment to remove hardness or
strong tastes or odors. Iron (Fe) and managanese (Mn)
are present in the water and recuire treatment to be
remioved. The bacteria count in thie raw water is rela-
tively low.

The treatment sequence is

(a) intake

(b} aeration to oxidize Fe and Mn

(c) presedimentation to settle out large solids
(d} coagulant addition and rapid mix

(8) coagulation/flocculation

{f) clarification to settle out flocs

(g) filtration with dual media filters to remove non-
settleable particles

(h) disinfection with chlorine

(1) fluoridation

4.2, Treatment process profile:

coagulent

<
<

elev elev elav

B8ft 85Tt BIfY

T = —%}T“E’:
I‘r T ﬂocct?lation r e ﬁh:l

backvast

elev
95 ft.

glav  glev
92fy 91ft

rapid mix clartfier
Tane e

E

. to

solids disinfection
from

clearwell

filtratg - )
filter press
—— dewstered solids to disposal
Cly elev.  F” elev
l 80 ft l 78 ft
S . M. = 1> distibution
LN o systern
from disinfection
filter clearwell

to filter Z

(All elevations are approximate to provide gravity flow
between the units.)
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WATER SUPPLY BK.7

4.3. When sizing the settling basins, the following
assumptions should be made. The particles are fine sand
and silt with specific gravities ranging from 1.2-2.65 and
diameters ranging from 0.01-0.1 mm. For spherical par-
ticles with these cha,ractenst:cs the settling velocity, v,,
is typically 2 x 107 ft/sec. In this problem, thie particles
are not assumed to be spherical, so v, will be reduced by
a factor of 0.7.

ve=(0.7)(2x 1072 2%5) =14 x 107 ft/sec

Select the overflow rate, v*, to be less than v,.

ft

*=0.3% 107 = = 600 gal/day-It?
vi =0.3x 10 o 0 gal/day

Use two basins, each with half of the flow.

g: 1 % 10% gal/day

By the continuity equation,

'Asurface =
v*

. 1
1% 108 82
* day

_gal
600 day-ft2

= 1667 ft?

Use a rectangular basin with a length-to-width ratio
of b:1.

Asm‘fﬂcc = (5 W) W
= 1667 ft*

W=18.25ft
L=9133f
‘water depth =10 ft

tank volume = (18.25 £t)(91.33 £)(10 ft)
= (16,668 &3)( 48 gal)

£t
= 124,675 gal

detention time = t = ¥

Q

| 124,675 gal (94 hr)
= | = (2

1% 100 886
day

=30hr [OK]

SOLUTION 5 i

5.1. The excavation may be represented as

200 ft .
| L

original 25 ft gxcavation
water level w ¥ 3 f o

10 water level

—_— ] after pumping
120 fi

=

impervious clay iayer

not to scale

(15 — 13)

In =
T

well flow, Q==

K, = permeability = 190 ft/day
1, = original thickness of saturated layer
= 120) ft — 25 ft
=05 fi
i, = thickness of aquifier at edge of excavation
=120 ft — 35 {t — 10 ft
=75 ft
ry = radius of influence of the well, 800 ft
Ty = radius of excavation (distance from center of

square to corner)

= (200 ft}/2
=283 &t
ft: J 2
190 a—; ((95 ft)" — (75 ft) )
Q:
4 sec \ 1. 300 f
(86 00 day) 283 ft
== 22.60 ft*/sec
wal
Q= {2260 ﬁ—s 448,83 ﬁ
T sec ) ftd
sec

=110,144 gal/min
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B-8& CIVIL ENGINEERING SOLVED PROBLEMS

5.2. 10,144 gal/min is too much water to draw from
wells in the center of this excavation site, More than one
well would be required. A 20 ft drawdown almost 300
from a well requiires pumiping a great deal of water. Wells
in the center of a 400 ft x- 400 ft excavation do not appear
to be the best way to lower the water table 20 ft at this
site.

5.3. Other methods that could be used to provide a-dry
working site include the following.

(a) Wells spaced around the perimeter of the site, as

well as one or two wells in the middle, would also

dewater the sife.

{(b) A bentonite slurry or concrete cutoff wall could be
buiit around thé site to a depth greater thau the desired
dewatered depth {such as 55 ft) to slow the flow of
groundwater into the site. The excavation could then
be dewatered by wells or trenches.

(¢) Dewatering trenches could be used around the site.

SOLUTION 6
6.1. The assumed average water demands are

residential 100 gped
corunercial 80 gped
public 20 gpedd

waste 20 gped

total demand 220 gped

Population records from the past 20—40 yr for this town,
as well as for surrounding-towns, should be analyzed to
help estimate future population growth.

Use the night population of 35,000, and assume a con-
stant population growth of 20% per decade. Design a
water treatment plant for a 30 yr life. The maltiplier for
the design population is 1+ 0.2=1.2. The exponent. for
the design population is 30 yr/10 yr=3.0.

design population = {35,000)(1.2)°
= 60,480  |[use 60,500]
(220 gped)(60,500)

gal
1,000,000 e

[T 8]

average design flow =

6.2. The maximum hourly flow can he caleulated using
the average flow and a peak flow multiplier of 3.0.
(13 31 % 10° d%l) (3.0)
— =[1.66 x 10° gal/hr]
24

day

The maximum daily flow is 1.8 times the average flow.

(13 31 x 10° ?zi) (1.8) == 23.96 x 10° gal/day

6.3. Fire-fighting water requirements are

Q s = (1020 P)(1 — 0.01V/P)
P = population in thousands of people
60,500
1000
= (0.5

lei-m = (1020_\/60.5 W1 - 0.014/60.5)
gal miny 4 hr
(7317 111) (60 hr ) (- day

=[10.54 % 10° gal/day |

6.4. The minifmum watér pressure requireniént is
50 bf/in®. This can be maintained by pumping water
to storage tanks that are high cnough to provide ade-
quate pressure, such as

(50 lbf) 2.31 ft = 115.5 ft 4+ head losses
1

in? bt
inZ

The maximum water pressure requiretnent is

80 Ibf/in® = 184.7 ft. This can be maintained (not
exceeded) by proper design of the storage tanks and
distribution systemn and by using pressure-regulating
or altitude valves where appropriate.

6.5. The storage flow to equalize the pumping rate is
0.25 times the maximum daily flow.

storage flow = (0.25) (23 96 x 10" ———-) (1 day)
= 6.0 x 10° gal

fire-flow storage = (7 111)(7317 E’all) (60 57)

= 3.07 x 10% gal

emiergency storage = (3 days) (13 31 % 108 Edl)
= 39.93 % 10¢ gal
total storage == 6.0 x 108 gal 4 3.07 x 10° gal
+39.93 % 10° gal
=49 x 10°gal (49 MG)]|
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6.6. The system layout is

2.9 mi {15,312 ft}

Trls D
Ayl

1

4.4 mi main
(23,232 ft)
— storage tower
{typical)
-— submain loop
{typical}

L

6.7. This answer ig subject to variations in assumed
layout of the network. Using seven tanks,

49 x 10° gal
7 tanks
=7 x 10% gal/tank

storage in each tank =

1.66 x 10° %—a]"
maximum flow = ——— 10
60 S22

b

= 27,730 gal/min

There are seven towers, each feeding two directions..

27,730 %
flow in 16 in (main} pipe =~ ———4=
( @0)
= 1980 gal/min

Assume each feed direction has three submain take-offs.

1980 23
111

3
= 660 gal/min

flow in 12 in pipe=

Assume reasonable valnes for the remaining pipes.
flow in 6 in pipe = 200 gal/min
flow in 3/4 in tube =8 gal/min

Calculate the head losses with the Hazen-Williams
eguation.

B 10.44L QM
= 185 g487

pipe
diameter length flow, ¢ Ty
(in) (&) (gal/min) € {ft)
16 4000 1980 100 14.5
12 4000 660 100 7.7
6 1000 200 100 6.2
3 80 8 130 19.5

total friction losses = 47.9 &t

minimum pressure at house == 50 Ibf/in®

static head = (50 lbf) (2 g1 _ft )

2/ \"7 Ibhfin?
=1155 &

Add static head and friction losses. The working tank
glevation is

1155 ft +47.9 ft =|163.4 {4

6.8. The water tanks should be filled at periods of low
demand, such as carly morning (2:00-5:00 a.m.) and
afterncon (2:00-4:00 p.m.). In addition to being filled
twice a day, the tanks may need to have water pumped
in during peak demand periods, such as morning (6:00~

9:00 a.mm.) and evening (4:30-8:30 p.m.}.

6.9, The minimuwm water pressure requirement is

(50 i:#f) (231 E%ﬁg) = 1155 f

The working static elevation in & tank 80 fi above the
ground is the static head. Subtract the friction losses to
get the total available head: 80 ft < 115.5 ft.

]The water pressure: requirements will not be met.]

SOLUTION 7

7.4. Hardness is contributed by Ca™™, Fe™ " ,and Mg™™.
Convert mg/L of substance to'mg/L as CaCOy

equivalent weight CaCOjy
equivalent weight substance
Y
MW
charge

multiplier =

For Cat™*, MW = 40.

- 50
multiplier = ik 2.5

2
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concentration hardness
compound {mg/L) multiplier (mg/L as CaCOy)
Ca™" 30 2.5 200.0
Fetr 3 1.79 54
Mg** 30 41 123.0
total hardness = 200.0 Pri_g +5.4 % +123.0 58

=[328.4 mg/L as CaCO,|

7.2. Calculate {COy] and [HCOy].

15x 1078 &
(00| = ———L

- mol
= 3.41 x 107" mol/L

336 x 1073 %
[HCOz} = —
61
moi

=45.51 x 10™* mol/L

Assume
[HyCO3l = [COg 4q) = 3.41 x 107 mol/L
LCO% = HCO; + H
pK, = 6.3
[H*)[HCO3] = 10763
[H,CO3]

(10-5%)[H,CO3)
[HCO;]

~63y (5 47 « 10—+ mok
(10 )(3.41><10 L)

B =

5 -3 mol
5.5]1 x 10 T

= 3.10 x 107 mol/1,

pll = —log[H*]
= -5 mol
= —log(3.10 x 10 = )

~[73]

7.3. The alkalinity is found by
alkalinity (eq/L} = [HCO3]+ 2{CO; -] + [OH] — [H7]
From Sol. 7.2,

[HCO;] = 5.51 x 10™* mol/L
H*]= 3.1 x 107 mol/L

[H*][OH"] = (1 x 10~ OH"]

- 1% 1M
3.1 x107F

=3.23 x 1077 mol/L
HCOj; = CO;~ +H*

pKs = 10.3
{H”"HCO.E[_“] - -104('),3
[HCO;

103\ [ = -3 mol
(10 _)(.,3.51 %10 L)

o= 3.1 % 107° ol
1x 107 2

=891 x 1079 mol /L

alkalinity = 5.51 x 107" mTol
2)(8. -¢ mol
+(2)(891x 10 L )
+3.23 x 1077 %0_1
- -5 mol
3.1x10 T
= 5.528 x 1078 4
5.528 x 10 T
alkalinity ox s og
— (5528 x 10 )

as CaCO4
w {50 % 103 mg ag CaCQy
' eq

=[276.4 mg/L as CaCO;s]|

acidity (eq/L) = 2[H,CO] + [HCO;] -+ [H*] — [OH"}
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From Sol. 7.2,

[HyCOY] = 341 x 107 22l
ae ity e (D -4 M
acidity = (2) (3.41 x 10 T )
5 -3 mol
+ 5510 L
+3.1  107% 101
-7 mol
+3.23 x 10 T
= 6.19 x 107 eq/L
acidity 3 eq
as CaCOy — (6 19 % 10 L)
w (50 % 10 M8 CaCO3
) e

=1309.6 mg/L as CaCOjz |

74 Alkalinity is mainly caused by HCOjZ. Acidity is
mainly caused by HaCOj (ie.. the combination of H.O
and COz). Assume the water is alkaline—check in Sol. 7.3.
From Sol. 7.2, pH=7.5.

{The water is alkaline. |

7.5. This water would probably bé the color of rust or
rusty tea, The iron would contribute a rust color. Any
organics (sucll as TDS) may also confribute a tea color.

7.6. This water should be softened to reduce the hard-
ness to 60 mg/L or less {which is considered soft water).

7.7. From Sol. 7.3,

total hardness = 323.4 mg/L as CaCOQOjy
alkalinity = 276.4 mg/L as CaCQy

2

= 34.1 mg/L as CaCOy

In the first stage, add hydrated lime (93% pure Ca(OH)s)
to remove CO,, alkalinity Ca(HCOg}s, and Mg{HCOj),).

Hydrated lime must be converted to CaCOj; equivalents.

formula weight, Ca(OH), = T4

valence = 2
50
T4
2
= 1.35

equivalence, Ca(OH), =

The amount of lime réquired to remove CO, and HCOS is

mg
276.4 8
I —+

(1.35)(0.93)

Add another 50 mg/L of lime to raise the pH above 10.8
to precipitate Mg(OH),.

34.1

L = 247.3 mg/L of Ca(OH),

ep IE
VT

extra Ca(OH), = o3 = 53.8 mg/L

total Ca(OH), = 247.3 ”ig +53.8 Iig

=1301.1 mg/L

In the second stage, add soda ash (98% Na.,COj} to
remove CaS0, and MgS0,.

noncarbonate hardness = total hardness - alkalinity

_ mg ., mg
= 3284 I 276.4 3

= 52.0 mg/L as CaCOy

The hardness needs to be reduced to 80 mg/L as
CaCO;. Remove

52.0 8 80 28 = .98 mg/L as CaCO;

L L
. - 50
CaCOy equivalence of NasCOjz = 106
9
= 0.94

No soda ash is required because hardness is less thian
80 mg/L: after lime treatment.
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Chapter
6. Soils
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Soils

PROBLEM 1 i

Soil ig taken from a borrow site and used as fill at a
construction site. ‘A standard Proctor test indicates that
the dry specific weight of a borrow soil is 105 Ibf/ft* at
an optimum moisture content of 20%. The borrow soil
las a water dontent of 26%. The specific gravity of the
50il solids is 2.65. Per contract, the fill must be com-
pacted to 95% of the standard Proctor maximum, but
the earthwork contractor complains that the fill pumps
and ruts badly before reaching 95% compaction.

1.1. Plot three points on the zero air void curve for
moisture contents of 20%, 25%, and 30%.

1.2. What is the maximum water content when the fill
is compacted £0.95% of the standard Proctor maxirmum?

1.3. What is the maximum density without pumping
or rutting at the original wafter content of 26%7?

1.4. Does the earthwork contractor have a valid
argument?

1.5. Briefly give your recommendations.

PROBLEM 2

Samples of five different soils, A, B, C, D, and E, are

taken, The properties of the five soils are given.

steve analysis {% passing)

soil no. 10 no, 40 no, 100 no. 200
A 45 15 5 _
B 75 40 20 15
C 85 62 35 7
D 89 72 48 39
E 95 87 72 68

licjuid plastic plasticity
s0il it wy limis, index, 1,
A 8 - -
B 27 13 12
« a7 29 8
D 35 22 13
E 52 25 27

2.1. What are the soils’ classifications according to the
AASHTO system?

2.2, What are the soils’ classifications aceording to the
Unified Soils systern?

2.3. Which soil(s) would require undercutting if
exposed after excavation and grading (i.e., would not
be suitabie for roadway base material}?

2.4. Which soil(s) would not make suitable roadway
emmbankment material?

2.5. Which soil(s) would not make suitable borrow
material for a-subbase?

PROBLEM 3 i

The cut and fill volumes (in cubic yards) of seil for 20
stations along a new highway are given. The soil has a
shrinkage factor of 0.25. The contractual free haul dis-
tance is 600 ft.

station ent, (yd®) fill (yd®)
1400 - 1000
2400 2000 -
3400 1000 -
4400 — 1560
5400 H50Q -
6-+00 1000 —
7+00 1500 -
8-+00 — 500
9+00 - 1500
10-+00 - 500
11400 - 1000
124400 2000 -
13400 ) 2500 -
14+00 1600 -
15400 0 0
16400 - 1600
17400 — 1500
18400 - 2000
19+00 - 2500
20-+00 - 2060

3.1. Draw the mass diagram.
3.2. Show all balance points.

3.3. Calculate all haul amounts and draw arrows to
show all haul directions.

3.4. What is the station yardage of overbaul between
1+00 and the first balance point?

3.5. What is the definition of a bank yard?

3.6. What methods can be used to protect the slope
and control erosion from the sides of cuts made along
the highway?
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PROBLEM 4 oo i

Two 20 ft deep cuts are made at an angle of 45°, one in
sandy soil (angle of internal friction = 30°, spec1ﬁc
weight = 120 Ibf/ft*), and another in hemogeneous soft
clay (specific weight =110 lbf/ft unconfined compres-
sive strength = 1600 1bf/ft%). Answer parts 4.1 thirough
4.4 for both soils.

4.1. Find the slope stability factor of safety for the
miaterial alone.

4.2. Find the factor of safety for translational or lateral
block failure.

4.3. Is either of the factors of safety (from parts 4.1.and
4.2) adequate? Why or why not?

4.4. If the slope is inadequate, what slope is required?

PROBLEM S oo

An 18 ft high, 40 ft wide braced cut is made in clay
{cohesion = 450 ibf/ft" specific weight=115 1bf/ft®).
The bottom of the cut is ‘well above a hard clay layer.

TR a2 )
braces

clay: : —_—
¢ = 450 |bf/12 ~—wall {typical)
v = 116 b

40 ft

hard clay layer

8.1. What is the factor of safety against bottom heave?
5.2, At what depth will the bottom heave?

5.3. If the bottom of the cut is only 10 ft above a hard
clay layer, what will be the factor of safety?

PROBLEM 6 o

A 20 in diameter concrete pipe with a crushing strength
of 1000 Ibf/ft* is buried 4 ft below grade. The trench is
backfilled with granuldr soil having a dry specific weight
of 120 Ibf/ft> The p 2’pe is 10aded with an additional
dead load of 100 Ibf/ft”. Determine if the pipe will break
under H-20 loading for bedding classes B and D.

PROBLEM 7 e
Two soils have been proposed for use ag a landfill soil

liner. Falling head permeability tests have been
performed.

permeability test results

test parameter soil A soil B
sawmple length 15 em 153 em
sample area 40 ¢m® 40 cm?
initial head 160 cm 200 cm
final head 75 em 190 ¢m
test time 300 min 6000 min
standpipe area 5 cni® 2 em?

7.1. What are the permeabilities of the two soils in
units of f/yr?

7.2. Based on the permeabilities alone, make a recom-
mendation as to which soil(s) should be used as a liner.
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SOLUTION 1 e e

1.1. Plot the zero air voids curve. Use the following
equation in which the degree of saturation, &, equals 1.
The dry specific weiglit is

Yws

§
w-f-ﬁ

7, = specific weight of water = 62.4 Ibf/ft®

Ta =

w == water content expressed as a decimal
SG =specific gravity of solids
Choose values for waier content and solve for v,

w o g (b5

15% 118.3

20% 108.1

25% 99.5

30% 92.1
dry specific
weight,
vq fIbFi13)

120

zero air void curve

110

95% of standard
Proctor maximum
density = 99,8 1bf/ft3

100 b
|~ standard : :
~ Proctor i
| maximum | }
density I |
- =105 Ibfift? |1
90 i L t W !
0.15 0.20 0.25 0.30  water
contant,
w

1.2. 95% of the standard Proctot maximum density is

Ibf
~ = (0.95) (105 @) = 09.8 IbE/ft?
Soil can be no more than fully saturated (s=1). Find
the intersection of the zero air voids curve with 95% of
the standard Proctor maximum.

From the plot, the maximun water content at 95%
of the standard Proctor maximum is approximately
25%.

1.3. Maximum specific weight without pumping at
26% water content is the point on the zefo air voids
curve af 26%. From the plot, v = 08 Thf/ft>,

The maximum specific weight cdn also be found by

Y
62.4
3 7
vy = -t = (575 iR
0.26 -+
Y-

1.4. The carthwork contractor has a valid point. Af
26% moisture content, any density over 98 Ibf/ft? will
cause the scii to purp and rut.

1.5. The contractor should dry the soil back to near-
optimum water content {20%). Each lift should he
spread and then disked until it dries to about 20% water
content. Disking skould be done prior to compaction.

Drying all the way back to 20% is rétommended, but
not required. Anything less than er equal to about 24%
should be acceptable.

Finally, the contractor should be reminded that the
nearver the soil is 10 optimum water content, the easier
it will be to reach 95% of the standard Proctor max-
imum. Fewer compacior passes are required at 20%
water content than would be required at 24% or 25%
water content.

SOLUTION 2 s

2.1, Use the AASHTO soil classification chart. Pro-
ceed from left to right in the chart. The correct group
will be found by the process of elimination. The first
group meeting all the test-data is the group classifica-
tion. Interpolate unknown sieve percentages.

AASHTO Unified Soils
soil groip Classification
A A-l-a SW or 8P (C, undetermined)
B A-2-6 SC (CL fines)
C A.2-4 SP-5M (ML fines; ¢, < 4)
D A-B SC (CL fines)
E A-T-6 CH {CH fines)

2.2. Use the Unified Soil Classification flow charts
found in ASTM. D2487, Stendard Proctice for Classifi-
cation of Sails for Engineering Purposes, Choose the
appropriate flow chart based on 50% or more passing
the. no. 200 sfeve, or 50% or more retained on the no.
200 sieve. Enter the flow chart from the left and follow
the path that meets all the test data. Assume all soils
have 50% or more passing the no. 4 sieve,
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C, is not specified and cannot be determined for soil A.
Classify fines using ASTM 2487 or any standard plas-
ticlty chart..

D
¢, =2w
Dho

2.3. Refer to the AASHTO soil classification chart.
Soils B, D, and E would not be suitable for roadway
base material becanse they are rated A-2-6 or worse.

2.4. Soils D and E are clayey soils rated A-6 or worse.
They would not be suitable for a roadway embankment.

2.5, Soils rated A-2-6 or worse (such as soils B, 1D, and
E) would not make good subbase borrow soil.

SOLUTION 38 i

3.1. The mass diagram is constiucted by first modify-
ing the fill values by the shrinkage factor given for the.
s01l, Next, add all the cut values and subtract all the
modified fill valiies, then tabulate the cumulative values
for each station as shown.in the following table. Plot the
cumulative values as shown in Hlustration for Sols. 3.1
and 3.2,

8.2. Balance points may be found by drawing a hori-
zontal line at any location on the mass diagram. Cut and
fill are bhalanced between any two adjacent stations
wliere the mass diagram is intersected by the horizontal.
Consider the points where the mass diagram crosses the
zero cut and fill horizontal. Balance points along this line
are indicated by vertical arrows on the mass diagram.
These points ogeur appreximately at stations 1450, 44-00,
9450, 11470, and 17+40. (See Table for Sols: 3.1 and 3.2
and [ustration for Seis. 3.1 and 3.2.}

Htustration for Sols. 3.1 and 3.2

cumulative
cut-or fill
{10% yd3)
4 r halance
cut 2
0 koS T N2 T
fill -2
-4 |
-6
WS | ] 1

Haul directions are indicated on the mass diagram. In
general, a positive slope indicates cutting, and a nega-
tive slope indicates filling,.

3.3. Haul volumes may be calculated a5 the areas
below the mass diagram between balance points. For
example, the volume between stations 1450 and 4-+00 is
found by

.
sta (2 = 1.5) (75023"1)
A3 TR w3
+sta (3-2) (1750 yd ;— 750 yd )
195 g8 brd 3
4 sta (-4__3)( 125 yd ;—1(50 vd )

= 188 sta yd® + 1250 sta yd® + 813 sta yd®

=|[2251 sta yd® (2251 sta yd)|

Other haul volumes for balange points are showa in the
preceding table.

3.4. The overhau! volume between station 14-00 and
the first balance point is 0 sta yd, since 50 % is less than
the frechand distance.

3.5. A bank yard is defined as cubic yardage in place or
in the ground.

3.6. Measures to control slope stability and erosion
include reducing slope arigles, hydroseeding or vegetat-
ing slopes, and using silt fences.

haul direction
ﬁ

balance points

10 15 20

station
mass diagram
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Table for Sols. 3.1 and 3.2

total volume

fill (_].03 yd®) cumudative haul volume at balance

sta cut (10% yd®) 81 (307 yd¥) x1.25 ant or fill 10° yd* (sta-10° yd) points (sta-10° yd)
0 - 0 - 0 - -

1 0 1 1.25 —1.25 —(1.625 -

1.5 - - - 0 -().3125 -0.9375

2 2 4] 0 0.75 (1875 -

3 1 0 0 1.75 1.25 -

4 t} 1.5 1.875 —0.125 0.8125 2.25

H 0.5 0 0 0.375 0.125 s

6 1 0 0 1.875 0.875 -

7 L5 0 0 2.875 2.125 -

8 0 0.5 (0.625 2,26 2.5625 -

9 0 1.5 1.875 0.375 1.3125 -

9.5 - - - 0 0.09375 7.09375
10 0 0.5 0.625 ~0.2b —0.0625 -
11 0 1 1.25 —-1.5 —0.87H -
11.7 - - — 0 —-0.525 ~1.4625
12 2 0 0 0.5 0.075 -
13 2.5 0 0 3 1.75 s
14 1 0 0 4 3.5 —
15 0 (3 i 4 4 —
16 0 1 1.25 2.75 3.375 -

17 0 1.5 1.875 0.875 1.8125 -
174 - — - 0 0.175 14,6875
18 0 2 25 ~1.625 —0.4875 -
19 0 2.5 3.125 —~4.75 -3.1875 -
20 0 2 2.5 ~T7.25 -G —0.675
SOLUTION 4 4.2, The factor of safety against a soil block translation

4.1. The factor of safety, FS, for-the material alone is
calculated as the ratio of soil friction angle, ¢, to slope
angle, &,

30°
FSina= % = 455

- [6%7)

For homogeneous soft clay, the friction angle is taken as
ZEro.

20 ft

T //?/f.".r/

or rotdtion is computed by a computer program or
taken from a slope stability chart. For the sand, there
is no surcharge and no water inside or outside of the
slope.

__tang

T tan s

. tan 30°
tan 45°

(053]

For the clay, wse the Taylor slope stability chart
(¢=10°). The factor of safety can be computed as

N, is the stability number from the chart, ¢ is the
coliesion intercept taken as one-half the unconfined
compressive strength for ¢=0, v is the specific weight
of the soil, and H is the slope height.
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From the Taylor slope stability chart, an average value of
N, is approximately 6 for 3 =45° The factor of safety is

1600 1%"
) | —5 2
N, c_
FS =
vH (110 ibf) (20 £)

-2

4.3. Any factor of safety less than 1 is unacceptable
because failure is indicated. Generally, a factor of safety
of 1.25-1.5 is considered acceptable. The «clay siope
should be stable as shown in Sol. 4.2, but the sand slope
will be unstable.

4.4. The clay slope is stable with a factor of safety of

2.2, The sand slope should be revised to have a factor
of safety of approximately 1.5. From the previous
equation, a maximum stable slope angle may be deter-
mined by

u ¢
FS

tan 30°
1.5

ta:
B =-arctan

= arctan

-]

SOLUTION S o,

5.1. When the hard clay layer is decpel than 0.78
(B=excavation width), the factor of safety, F'S, against
the bottom heave i

Q 57(—'81
Qo MU Zf el
B = = HB, -l

¢ = cohesion

= soil specific weight

H = excavation height

(5.7) (450 @) (0.7)(40 )

i
(18 £)(0.7)(40 ) - (450 1}9!)(18 1)

(115 lbf)

5.2, If all other parameters remain the same but the
excavation is carried deeper, the bottom will heave
when the factor of safety equals 1.

0.78
Solve for H.
. 5.7e
H= ————————’Y ma%é
(5.7)(150 1f‘t3—2f)
et N

s (0.7)(40 &)

-9

5.3. Assume that the original condifions apply but
that the hard clay is now 10 {f below the bottom of
the excavation. For a depth to hard layer, D, of less than
0.78, use

Tbof
L b 0
5 10k
=[208
SOLUTION 6

Compute the dead load per unit length w, and the dead
load pressure, Pyeadioad- Cu 18 the correction coefficient,
and B is the trench width.

= Cu:7B2
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For a 20 in diameter pipe, a trench of approximately
36 in would be required. The C,, is approximately 1, so

w=(1){120 lf%,f) (3 £6)?

= 1080 Ibf/ft

1080 1bf
P =t 4100 2
dead load EE 2
= 460 Ibf/f?

The Hve load, Diveions, 10r H-20 loading is determined
from UFC 3-220-10N, 2005 (previously: NAVFAC DM
7.1 (1982)), Chap. 4, Fig. 19. For 4 ft of cover, the live
load on the pipe is approximately 350 lbf/ft?, This value
includes impact effects. '

Blive load =350 Ibf/ftg

The allowable load, paowanle; that the pipe should be
able to withstand without excessive cracking is

(F8
Pallowable = (_pdead toad T pliv_cload) (""I':”f”)

L¢is a load factor depending on bedding conditions. For
bedding class B, Ly =1.9; for bedding class D, Ly =1.1.
For class B,

Palowatle = (‘460 % +350 %?f) (%)

=533 Ibf/ft” < 1000 Ibf/ft> [safe]|

For class D,

Dallowable = (460 %f%f'i' 350 %) (_112:[5—)

=920 [bf/ft? < 1000 Ibf/ft® [safe]|

However, if a factor of safety of 1.5 is desired, the pipe
would not be safe for class D bedding.

SOLUTION 7 s i

7.1. The hiydraulic conductivity of the two soils may be
computed from the equation for the falling-head test.

. AL hs.

k= At : hf
e (5 em?)(15 cm) ipy 100 cm
501 A (40 cm?2) (300 min) Th cm

= (.0018 cm/min

Converting the units,

595,600 %

S cim 4

Feosl & (0.001_8 m—in) — Cfﬂ
t

- Lo w/]

200 cm
190 em

o (2om®){15 cm)
ksoiip = ((‘40 cm?) (6000 min})ln

= 6.4 % 107 cin/rpin

595,600 20
=

kSOiiB = (64 e 1()"6 _fi]}_l_)

min/ 30.5

ft

- [T 7]

7.2. Most regulations require a soil liner to have a mini-
muni in-place hydraulic conduetivity of 1 x 1077 cmi/sec
(or 0.1 f/yr). Soil B would be acceptable as a liner.
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PROBLEM

20 in diameter concrete end—bearing piles placed every
12 ft (each way) carry a 24 in thick, steel-reinforced
concrete slab and a 1100 1bf/fe* live load. The piles
penetrate 10 ft of recently placed granular fill (specific
weight = 110 Ibf/ft”) and 24 ft of normally consolidated
clay {specific weight == 95 lbf/ ft* angle of internal frmtxon
= 30°; unconfined compressive strength = 960 1bf/1t%).
The piles continie another 16 £, and plle ends bear on a
dense sand layer (¢ = 35°; vy =125 lbf/ft. ). Piles have
been installed loosely thlough a steel casing for the first
10 ft.

stab
R

10t

24 ft

dense sand layer

16 ft

1.1. Is the end eapacity sufficient for this installation?
Why or why not?

1.2. Would your approach to determining the pile
strength be any different if the clay layer was overcon-
solidated? If so, in what manner would your approach
differ?

Foundations

PROBLEM 2 oo o

Two square footings in a structure must have the same
settlement even thongh their lpadings and sizes are
different. Both footings are located at the same depth
in a sand layer 2 fi -above the water table. The first
footing (A) is 6 ft square. Disregard any interaction
between the two footings.

%45 kips

% 75 kips

I/ S—

bedrc;ck
2.4. 'What is the settlement of footing A7

2.2. For a first approximation, assuine a 2:1 (vertical:
horizantal) pressure distribution and determine the size
of footing B that will produce the same settlement as
footing A.

PROBLEM 3 .

A pipe support in a refinery consists of a single 20 ft
long, 20 in diameter concrete pile. A lateral (heorizontal
to the ground) load is applied at the top of the pile.
Six feet of the pile remain above ground. The modulus
of elasticity of the concrete is 60,000 Thf/ft* The soil
consists of sand (efie(,tlvc friction angle =30°; specific
weight = 120 1bf/ft*; coefficient of modulus variation =
40,000 Ibt/ft"). Assume the water table is at the ground
surface. Use a factor of safety of 2.5 to determine the
raximum allowable lateral load. State the authority
for your method.
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-2 CIVIL ENGINEEARING SOLVED PROBLEMS

6 ft

water table

A 4

PROBLEM 4 oo,

The bay spacing in a reinforced concrete frame is 20 ft.
Each bay has a series of 6 ft x 6 ft footings that carry
vertical loads of 50,000 Ibf. The footings are located over
two layers of clay and two layers of sand. The specific
gravity of the clay solids is 2.7.

¢SO kips
7

L

-sand:
‘v = 130 tof/ft® .

4.1. Find the primary settlement under the center of
the footing.

4.2. [s this settlement tolerable? Why or why not?

SOLUTION 1 e
1.1. Compute the pile load.

pile load = (area){live load + dead load)

= (12 ££)(12 &) (1100 lfbf +(2 ft)(150 lfb—.sf))

= 201,600 Ibf

Pile capacity is derived from side (skin) resistance and
tip (end) resistance. In this problem, negative skin
friction or downdrag will occur as the clay consoli-
dates. Additional load will be applied to the pile.
Downdrag will occur between the top of the clay
layer and the neutral axis (generally taken as the
center of the layer, although a more rigorous solution
may be employed). The average lateral force applied
by the clay is

Fave = 0wk tand
7, = effective vertical stress
k== earth pressure coefficient
=1 ~sing
& = soil-pile friction angle
= (0.5¢ to 0.7¢

The average vertical stress acting over the top half
of the layer is computed at a depth of 8 ft below the
top of the clay.

fave = Tyktand

= ((10 ft)(uo ?’—Bf) +(6 t) (95 @))

x (1 - sin30°)tan ((0.6)(30%))
= 271 Ibf/ft?

The downdrag force may he computed as

Qn = f zweApile surface

Ibf e | 20 in
(271 F)(12 ft ) LB
ft

= 17,027 Ibf

The load applied to the pile is

load applied = 201,600, Ibf 4 17,027 1bf
= 218,627 Ibf
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FOUNDATIONS 7-3

The critical embedment depth in the dense sand may he
determined.

(ﬂ) 2 20 for dense sand
D7 aitical
Ly = embedment length
D= pile diameter
The maximum tip capacity is obtained at

Ly= 20D

20 in
ydn
! ft

=(20)
= 33.3 ft
For ¢ =35°, N,=41.4. (Value used may vary with other
SOULCES. ) '
For a depth of 16 ft into the dense sand,

¢ = (10 ) (110 Ebf)

ft?
+ (24 1) (95 25) + (16 ) (125 )
= 5380 Ibf/ft?
The tip capacity of the pilé may be computed as
Qp = QpAp = Apg Ny
A, = pile tip cross-sectional area
¢ = effective vertical stress at pile tip
N, = bearing capacity factor
Q= Ayd N,

2
| 20in T\ (= Ibf
b (4)(0380 &2)(41.4}
ft
= 486,000 Ibt

_%
Quliqwah}e - "ﬁ_s_

A factor of safety of about 3 should be used.

486,000 1bf
Qa]l()wab]e = --—————33——————-—

= 162,000 1bf

Qdiowants < load applied, so the pile end capacity
iz not sufficient.

1.2. If the clay was overconsolidated, settlement would
he negligible and no downdrag would eccur. Additional
pile capacity would be derived from friction between the
pile and the ¢lay, For highly overconsolidated clays, it
would be couservative to ignore increased capacity
because the clay may crack, which would limit the
strength increase. Potential for cracking may be reduced
by augering a hole for the pile before driving.

SOLUTION 2
2.1. Footing A applies 45 kips of load over 36 ft* of
footing area. The applied stress on the bottom of the
footing; g, may be computed as

(45 kips Ibf
7= (36 f12 ) (IUUG kip)

= 1250 1bf/ft?

Cempute effective overburden pressures, 7, and the
change in stress, Ap, at the top of the sand layers and
the center of the clay. zis the depth fromn the bottom of
the footing: Use Boussinesq stréss contour charts or
other suitable means to determine the ratio Ap/y (or
calculate Ap graphically from an influence chart), (The
sand settlement is probably negligible, but check it
Anyway.) ' '

footing

surface ¢

2t

To, =70
At a depth of 2 f,
- ihf
= [ 120 = }(2 ft
T (_1“0 ftii)( f)

= 240 Ibf/ft?  |at base of footing]
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7-4 CIVIL ENGINEERING SOLVED PROBLEMS

At a depth of 4 ft,
— 1bf Ibf
By, = 240 25 + (120 EB') (2 ft)
= 480 Ibf / ft?  {at water table]

At a depth of 8 ft,

5 =450 1of )DL oy Iof
7, = 480 25 + (2 £5)(130 15— 62.4 %)
Ibf 1bf
+(2 1) (113 o - 624 'ft—ﬁ)
= 716.4. bf/ft* [at center of clay]
depth below Ty, Z Ap Ap
footing, z (ft)  (Ibf/f%) B 7 {Ibf/fth
0 240 0 1 1250
2 480 033 09 1125
6 7164 1.0 033 412

Use the illustration in the solution to compute the.
change in stress below the footing at depths of 1 fi,
3 ft, 5 ft, and 8 ft from the bottom of the footing,

At 1,

z _1fb

E—G&_&H
At 3 ft,

2 _3f_

TR 0°
At 5 1,

2 Bt _

}_%'"ft‘"“o'8
At 8 ft,

z 8fi

=2,

B 6 3

Settlement in the sand layers may be computed using
the following equation.

- I.
§
I, =strain influence factor

(') = correction for embedment

=(1-05) (q fa)

(s = correction for creep

=1+ 0.21og(time in yr/0.1 yr)

E, = Young’s modulus

For a square footing,

I,=01latz=0
I.=05at 2=05B=(0.5)(6 ft) = 3 ft

At z=11t and 3 ft, 2/B=0.167 and 0.5, respectively,
and [;=10.23 and 0.5, respectively.

N

0.4 L

0.3 |

0.2 L

0.1 L

"The settlement in the sand one year after the footing is
placed is

Ibf

240 =

4 ft
Ibf 1bf
1250 ) 240 %)

x (1 +0.2 log.(olly;r) )

0.23

o 1l
2 ol
720,000 e

§=|1-(0.5)

(24 in)

720,000 R

x (1250 bf_ 549 ﬂ’—f)
i

ft? 1t2
= 0.026 in [negligible]
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Settlement for a mormally consolidated clay may be
computed as

$= (thickness) C.log (‘5%_4- Ap)
Ty

I+ 5,
716.4 1L 4 410 If
_ 4 f& (0.38)log ft? H
A1T+080/" 16,4 1BF
T Ofi2

x (1-2 %)

=204 iz (2.0 in)

Settlement in the sand layers is negligible, so the
total seftlement beneath footing A is 2.0 in. Note
that, this value is excessive for a typical structure.

2.2. Assume, based on.the previous calculations, that
settlement in the sand is negligible for footing B. Foot-

ing B should be sized so that 2 in of settlement is

induced in the clay layer. In order for this to occur, the

change in stress at the center of the clay layer must be
the same as for footing A-—that is, 412 Ibf/ft*. The
hypothetical loaded area at the center of the clay layer
would be

load 75,000 1bf
A= = -
stress 412 Iht
)

=182 ft*

A square loaded area of 182 ft® would have dimensions
of 13.5 ft x 13.5 ft. Assuming the 2:1 {vertical-to-
horizontal} stress distribution, project upward to the
deptl of footing B as shown.

footing B

Footing B should have a side dimension of

13.5 ft — (2)(0.5)(6 ft) = [7.5 ft]

SOLUTION 3

The first step is to determine if the pile is short and rigid
or long and flexible. Compute the stiffness factor, R.

_[EI
= kB
oo KL

1.5

b = Terzaghi's subgrade moduius for
1= )
a 1 ft* plate
B= pile width
I = moment of inertia
= %ﬂ:’r"i

= ).0491.5*

For sand with ¢ =307, density may range from leose to
medium. k; may be estiniated to be from 50 tons/ ft* to
100 tons/ft°. Use k = (50 tons/ft*)(2000 1bf/ton) =
100,000 1bf/ft*. Solve for R.

(60,000 24 (0.0491)(20 fn)* (12 )
R ft? ft
= I
100000 2\
15 (20 in)
=8 in

Compute the stiffness factor, T

JEL

g

T=

fy, = coefficient of modulus variation

N Iht y Y 5 E

o (60.000 ———ft,z)((].[l-lgl)(QU i)' (12 ﬁ)
1bf
40,000 25

=10.7 in

Compare the embedded pile length, L, to Rand T
I =1{14 ( mn =168 1
{14 )12 ft) 168 in

Since L'=4T and L > 3.5R, the pile is considered to be
long and elastic. An elastic solution must be used.

Find the ultimate moment resistance, M,, for the pile. A
20 in round (or octagonal) pile will typically have eight
no. 5 or no. B bars. Such piles will have A, values of
70 kN-m and 100 kN-m, respectively.
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-0 ClVIL ENGINEERING SOLVED PROBLEMS

kp = tan® (45” + gi)

(70,000 N-m) (3,28 %)

M!L c—
Biyk, / 4
20 Ibf @)
" (120 624 55
ft
2 yme o 30° N
X tan (45 + & ) (4.45 lbf)
=387 (40)
b, 6 .. € :
=81 — =3,
kpBS'y 8 for B ratio =:3.6
H, = ultimate lateral load
= 8k, By
3
_ 2 g0 "S"Qi 20 in_
= (8) [ tan? (45 +55 ) ol
ft
o Ibf 1bf
x (120 5 — 624 &—3)
= 6400 1bf
The allowable lateral load is
: H, 6400 Ibf

Hatlowable = bFTS— =:

= [ 2560 1bf  [minimum] I

If the larger steel is used, then

SOLUTION 4 e
4.1.

‘RJ'I[ = 100 kN-m
M
~opd = 55
B“I')fkp
Ky By
H, = 8000 !b_f
Hilowabls = SDgOEIbf

=|3200 Ibf [maximum]|

The applied footing load is

Joad _ 50,000 1bE
9= area (6 f1)(6 ft)

= 1389 Ibf/ft?

Determine the change in stress, Ap, at the centér of each
soil layer from stress-contour charts or by other means.

depth _A_E
center of - depth B q Ap
layer no.  (ft) (for B=61f) (L/B=1) (Ibi/ft?)
1 2.5 0.4 0.8 1111
2 7.5 1.3 0.23 319
3 12.5 2.1 0.095 132
4 17.5 2.9 0.055 76

Compute the spécific weight of the clay layers.

L Db _ 1rq m e
r}’s_nlids - (27} (624 fta) = 168.5 ].bf/ft
R Ysolids

Ta= 1+e
For clay 1,

168.5 It

_ ftd 3
Y= Ty1s =00 Ibf/1t

For clay 2,
1bf

168.5 —

- fts 3
Y= = 84.3 Ibi/i

Clay 2 is below the water table, so compute the water
content.

_ Se

e

Below the water table, the degree of saturation, S, is
approximately 1.

- )a0) :

The saturated density of clay 2 is

7$nt = ’Yd(l + ’U}')
fans BBy Lo
= (843 Z5) (1 +037)

= 115.5 Ibf/ft3

The change in stress at a depth of 28 below a footing is
usually negligible. Only 4-9% of the applied footing load
reaches the sand layers. Settlement in the sand layers is
negligible.
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FOUNPATIONS '7-7

The effective overburden pressure at the center of the
clay layers is

= Ibf
Brnyer 1= (25 1) (766 )

= 192 1bf /ft?

i T . Ibf
w,dayer 2= (5 ft) (76.6 E‘é’)
+ (2.5 f L Ibf
(2.5 it)(119.5 RE 62.4 3)

= 516 1bf/ft2

Assume the clay is normally consolidated and compute
the settlement.

G ([élye}- helght) (Gr log ((fl;!)_*{“ Af)))
14 e T2,

Slaycj'l: (1 + 12) O‘J]Og 109 @
2
= 0.95 ft
| 516 126 4 319 10
S . _SL G 410g ftz f
= (725 [0 S
516 —
ft2
=021 1%

total settlement = (0.95 ft + 0.21 f&) (12 %)

S E

4.2, This gettlement is not tolerable. Generally, a set-
tlement of 1 in or less is acceptable, For a concrete
frame, angular distortion, 6/0 of 0.003 is considered
acceptable. This results in a settlement of approxi-
mately ¥4 in in a colwn span, §, of 20 ft. The computed
settlement would be excessive.
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Topic [il: Environmental

Chapter
8. Wastewater
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PROBLEM 1
A wastewater treatment plant receives 4.5 MGD of 70%
wastewater influent with the following characteristics.
° 950 lbm BOD/MG

& 3200 mg/L MLSS

e 21ng/L dissolved oxygen

e 70% volatile solids

As part of its processing, the wastewater is aerated with
diffusion aerators operating with the following char-
acteristics.

BOD constant 1.15 Ibm Oy /lbm BOD removed
MLSS constant 0.03 tbm Og/1bm BOD removad
oxygen transfer 18%

efficiency

BOD removal 85%
efficiency

mechanical 80%
efficiency

outlet pressure 22.7 Ibf/in®

What is the cost of 24 hr of constant aeration if the
aerators have been sized with 100% excess capacity and
electrical power costs $0.08/kW-hr?

PROBLEM 2

Three covered digesters are used to process 30,000 gal of
waste sludge per day. Each digester has an internal
diameéter of 45 ft, vertical walls of unspecified height,
and a 7.5 ft high tapered section at the boettom. Prior to
loading, the waste is thickened 5% and enters with the
following characteristics.

BODy loading 12,000 tbm/day
volatile organics 70%
temperature 61°F

BOD reaction. constarit 0.2 1/day

Use the following data in calculating methane production.

efficiericy of waste utilization, E 70%

yield coefficient, ¥ 0.06 lbm/lbm
endogenous coefficient, R, 0.03 1/day
mean celi residence time, 4, 10 days

® Wastewater

The average ambient temperature is 58°F, and the tem-.
perature of digestion is 91°F. The average heat loss
through the vertical pertion of the digester walls is
110,000 Btu/hr per digester. The overall coefficients of
heat transfer for the floor and roof of the digester are
0.15 Btu/ft%-°F-hr and 0.16 Btu/f-°F-hr, respectively.

2.1. How much heéat (in Btus) must be supplied to
maintain the 31°F digestion temperature?

2.2, Ts the methane produced from the digestion pro-
cess sufficient to provide the energy required?

PROBLEM 3 oot

An existing 24 in (inside diameter} unlined concrete
sewer pipe currently serves a small town but is expected
to be under capacity when the population peaks at
300,000. The. existing line drops 100 ft as it travels
4000 ft to the first pumnping station. A second pipe will
be installed in parallel with the existing pipe. Use
250 gped (gal per capita per day) as au estimate of the
future wastewater production.

3.1. What diameter pipe should be installed so that the
combined capacity is adequate for the peak population?

3.2, If both pipes are 24 in in diameter, what is the
depth of flow in each pipe?

PROBLEM 4 oo

A pretreatment plant processes waste from several local
industries prior to discharging it into the municipal
system. The following mix of influents must be handled
simultaneously.

volume sOUree
13,000 gal/day
41,250 gal/day
5000 gai/day
15,000 gal/day

sanitary waste from employees
hospital medical waste

plating plant chemical waste
dairy animal waste

4.1. What typical limits of BOD would be expected
from each of these four sources?

4.2. What other wastewater quality characteristics
must be considered when designing the pretreatmens
process?

4.3. Design a pretreatment process and briefly explain
why each step is required.
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PROBLEM S

Design a stabilization pond to support a large national
park campground. The population of the campground
increases dramatically during the summer. During winter
months, a skeleton crew remains to perform maintenance.
The following characteristics must be considered in the
pond design.

BOD loading (all sources) 250 mg/L
average annual temperature T0°F
latitude 29°N

300 people
10,000 people
100 beds

20 washers
500 seats

8 pimps

skeleton population
peak summer population
haospital

laundromat

dining rooms

gas stations

The dining room serves three mesls a day. During the
sumuner, the dining facility offers a choice of three
sittings/servings per meal.

Use the following data in calculating the performance of
the stabilization pond.

BOD loadinig from all sources 250 mg/L

BOD; conversion 90%

first-order BOD; rate congtant, & 0.25 1/day at 20°C
temperasure coefficient, 8 1.06 at 20°C
summer pond temperature 32°C (90°F)
winter pond femperature 10°C. (50°F)
maximum individual pond area 10 ae

maximum porid depth 2 it

The product of the first-order reaction constant, &, and
the detention thme, 1, is 5.

PROBLEM 6 e

Specify five different inethods for disposing of solid
waste in open areas. For eacli, indicate the {a) advan-
tages, (b} disadvantages, and (c} relative cost. Also
gpecify (d) the approximate population size for which
each method is appropriate.

PROBLEM 7 oo

The present population of a large town 15 500,000 and is
expected to increase by 3% each year as it has in the past.
The population ewrrently disposes of 5.4 lbm of “solid
waste per day per person, but this amount is expected
to increase at the rate of 1% per year asit has in the past.

Through a new recycling program, 3% of all solid waste
can be recovered. A solid-waste disposal site has been in
use (without recycling) for 16 years and was originally
designed with a 20 year life. The site is roughly square in
configuration with vertical side slopes. There is a 250 i
buifer zome around the site, and waste can be piled o an
average height of 40 fi. Daily, intermittent, and final
cover oceupies 25% of the disposal site. The existing site
has four vears of capacity remaining. Solid waste is
compacted to a density of 1000 Tbm/yd®.

7-1. How many acres does the current site ocoupy?

7.2. Specify the size (in acres) of a replacement site that
would extend the useful life by an additional five years.

PROBLEM 8

Onie MGD of wastewater is treéated in a lagoon/holding
pond arrangement. The effluent from the ponds is sub-
sequently processed by spraying into fields at the rate of
2.5 in/wk. The static head available in the spray lines is
45 £, but head losses due to friction through the piping
systern are 30 ft. Each spray mnozzle covers a circular
area 350 ft in diameter when operating at its rated
capacity of 275 gal/min and 75 psig. Pumps increase
the head above the static value. To ensure uniform
coverage, only 25% of the field nozzles are in use at
one time. Pump mechanical efficiency is 82%; motor
electrical conversion efficiency is 92%.

8.1. At rated capacity, what land area (in acres) can he
in use at any given moment?

8.2. How many nozzles (total) are needed?

8.3. What horsepower motor(s) should be used to
drive the pumps?

8.4. What considerations should be taken into account
when determining the application rate of effluent to the
spray fields?

PROBLEM O o

A typical block in a five block by eight block subdivision
is illustrated. Streets are 24 ft wide. The subdivision is
constructed on 4 160 ac section of land. Individual build-
ing sites (parcels, lots, etc.) are 0.25 ac (90 ft x 120 ft)
each, and building sites are grouped into blocks contain-
ing 12 sites as shown. There are 480 such sites planned.
Each site will support, on the average, 4.1 residents.
Infiltration to the sewer is 200 gal/in-mi-day. Inflow to

the sewer is 2000 gal/in-mi-day. What flow must the

wastewater pump station be able to bandle?

8in main
—————— B e At It Bl e
{ o1 1 e B in feeder, typical
[ HEEEEE I
| 11811 ] |
£l : - : . Ll
gl typical block g1
=y c |
= |
- | - |
| |
| |
' I
| . .
______ 4 ____B8inmain
1 |
1 I
1 I
] 1
| 1
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PROBLEM 10

A complete mix-activated shudge processing facility will
be designed using the theory of kinetics and the follow-
ing characteristics.

incoming flow, @ 5 MGD
influent soluble BODs, 5 250 mg/L
effluent. BOD 20 mg/L
éffluent suspended solids 20 mg/L

mixed liquor volatile
suspended solids,
MLVSS=0.8 MLSS

return sludge suspended
solids, 58

return sludge. volatile
suspended solids, z,

3500 mg / L

10,000 meg/L

8000 mg/L:

‘mean cell residence time, 8, 10 days
kinetic coefficient, y 0.6 Ibm V5S/1bm BODy
kinetic coefficient, kg 0.06/day
percent of effluent 65%
biodegradable
suspended solids
ratio of BODs/BOD, 0.68

Calculate the following quantities.

10.1. biological efficienicy (in soluble BODy removal)
10.2. overall efficiency (in BODj; removal)

10.3. biomass production (lbm/day)

10.4. increase in mixed liquor suspended solids
(Ibm/day)

10.5. sludge to be wasted (Ibm/day)
10.6. sludge-wasting rate (MGD)
10.7. recirculation ratio

10.8. hydraulic retention time (hr)

10.9. specific substrate utilization rate (mg BOD;/mg
MLVSS-day)

10.10. food-to-microorganism ratio (mg BODs/mg
MLVSS-day)

10.41. blower capacity (f*/min) if the oxygen trans-
fer efficiency is 8% and 100% excess capacity is used

PROBLEM 11

Design an industrial wastewater treatment plant to pro-
cess wastewater from a beet sugar processing facility. The
facility will operate for 3 months during the fall and
winter. The facility will have a total capacity of 1000 tons
per day. The flows and characteristics of different sources
within the plant are as follows.

unit daily
volume flow BOD T8 TD8
souree {gal/ten} (gal/day) {mg/L) (mg/L) {mg/L)
fume/wash 2200  2.2x%10° 200 800 780
water .
process water 660 6.6 x10° 1230 1100 1120
lime drainage ™S TEx100 1420 450 2850

11.1. Buppose the flume/wash water will be recovered
and reused. Design a sediinentation basin to treat the
flure/wash water. Assume the detention time will be
2.0 br and the water depth will be 10.0 ft.

11.2. Evaluate the use of an aerobic lagoon to treat the
facility’s wastewater. Assume a detention time.of 2.0 days,
a working depth of 1.5 ft, and a target loading rate of
86 lbm BOD/ac-day.

11.3. Briefly describe two alternative methods for treat-
ing the wastewater from this facility.

PROBLEM 12

A wastewater treatment plant will bé designed accord-
ing to the Ten States’ Standards to process incoming
wastewater with the following characteristics.

2.0 MGD average annual daily flow (AADF)

250 mg/L BOD;

180 mg/L suspended solids
Treatment will consist of circular trickling filters using
synthetic plastic media, a grit chamber, and rectangular
primary and secondary clarifiers.

il
g =
2
£
it st
= X
RN
P
e

12.1. Draw the process diagram showing each opera-
tion in sequence.

12.2. Size the primary clarifiers with an aspect ratio of
4:1. State your assumptions.

12.3. Size the trickling filters. State your assumptions.
PROBLEM 13 = = ...

Outline the general procedure and list the general equa-
tions you would usé to design a three-cell aeration pond
based on the following characteristics.

wastewater flow
wastewater organic strength
wastewater nutriénts

Q
S, BODy
P, NH3-N or TKN

average winter wastewater Tow
temperature

Average summer wastewater s
temperature

critical ambient winter Ty
air temperature

critical ambierit summer Tos,
alr temperature

substrate utilization coefficient k

theoretical yield coefficient Yoo

microbial decay coefficient kgogec

mean cell residence time 8,

temperature. factor

detention time in each cell t

depth of each cell D

13.1. What are the cell volume and cell -suiface area?

13.2. What are the winter and suminer lagoon operat-
ing temperatures?

13.3. How are k and ky corrected for the winter and
sunmumer operating temperatures?
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8-4 CcivIiL ENGINEERING SOLVED PROBLEMS

13.4. What is the soluble BODg from the first eell?

13.5. What is the biomass concentration entering the
first cell?

13.6. What is the biomass concentration entering the
second cell?

13.7. What is the biomass concentration entering the
third eell?

13.8. Estimate the effluent BOD; before clarification,
assuming the soluble BOD; from the third cell is 5,.
43.9. Calculafe the minimum mean cell residence time
for nitrification. Assume pip., and pHep, are known.
13.10. Calculate the oxygen requirements for each cell
of the lagoon, including nitrification where appropriate.

13.11. Deterniine the motor horsepower required to
supply oxyegen to each cell, assuming a surface aerator
delivers 1.5 Ibf of oxygen per horsepower-hour.

13.12. Determine the motor horsepower for complete
mixing in each cell.

13.13. Specify a maximum length:width aspect ratio
for réctangular cells,

13.14. Compare ihe mitrient requirements and supply
in the first cell. Assume the first cell controls the nutri-
ent requirernents.

PROBLEM 14 o

Efftuent from a primary treatment plant -discharges
from an 8 in diameter pipe into an intermittent stream.

The characteristics of the effluent are

velocity 0.6 i fsec (flowing full)
BOD, 150 tng/L (20°C)
dissolved oxygen, DO 1.0 mg/L

temperature 22°C

The characteristics of the intermittent stream are

fAow 2 1t fsec
velocity 0.2 ft/sec
BOD; 4 mg/L (20°C)
dissolved oxygen, DO 10.0 mg/L
snmmer tensperature 52°F

winter temperature 45°F
deaeration coofficient, Kp 0.1 1/day
reagration coefficient, K 0.25 1/day
dederation temperature constant 1.047

aeration temperature constant 1.016

14.1. Find the effluent volumetric flow rate.
14.2. Find the 5 day BOD immediately after mixing.

14.3. Find the dissolved oxygen immediately after
mixing.

14.4. Find the temperature in the summer immedi-
ately after mixing.

14.5. Find the temperature in the wiiter immmediately
after mixing.

14.6. Find the dissolved oxygen concentration at a point
20 mi downstreaimn.

PROBLEM 15

A retirement community supports 2000 people. A single
concrete sewer main connects the community to a local
treatment plant.

15.1. Determine the. required diameter of the waste
main assuming a minimum permissible slope. State all
of your assumptions.

15.2. Giveu that the waste main diameter is § in and
the slope is 0.021 ft/ft, find the depth and velocity of
flow.

PROBLEM 16 o

A large spill of a toxic liquid cheniical has occurred. The
following steps have already heen faken.

(a) The spill has been adequately contained by a malke-
shift dike.

(b) The identity of the chemical has been determined
and no other hazardous or toxic contaminants hawve
been identified.

(¢) Tt has been determined that there are no immediate
hazards. due to fire or explosion.

(d) Tt has been deterrnined that there is no serious
threat of contamination to municipal water supplies,
major groundwater supplies, or surface water.

Specify the steps you would take to neuntralize the chem-
ical and clean up the site.

PROBLEM 17 o

Explain how you would design and use a lagoon as an
equalizing basin to alter peak flow. Discuss the merits of
using such a method to equalize flow.

PROBLEM 18 o

18.1. What is the difference (if any) between scouring
and self-cleansing velocities? What are typical values?

18.2. What minimum scouring velocity sliould he
maintained given a roughly spherical particle with a
diameter of 0.5 in?
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PROBLEM 19 o

The following questions apply to sanitary landfills.

19.1. What agencies in the United States confrol land-
ill design?

19.2. What is the average density of shredded waste?

19.3. What is the average density of baled and com-
pacted waste?

19.4. What is a typical depth of daily soil cover?

19.5. What is a typical depth of intermediate soil
cover?

19.6. What is a typical depth of final soil cover?

19.7. What is the maximum length of time that inter-
mediate cover can be used?

19.8. What is the purpose of a clay liner?
19.9. What is the primary limitation of clay finers?

19.10. What is the significance (as related to sanitary
tandfill design} of the acronym NIMBY?

SOLUTION 1
The influent wastewater flow is

Ibm BOD

(4.5 MGD) (950 et ) = 4275 Ibm BOD/day

85% of the BOD is removed in this process.

Ibin BOD

. 97
(0.85) (4 R

) = 3634 Ibm BOD/day

The Oy required is
1.15 Oy/ibm BOD removed
+ 0.03 Og/tbm BOD removed
1.18 Og/lbm BOD removed
lbm O, ana, ibm BOD
A8 = 34 ——
(115 i) (303 220 %)
= 4288 1bm O,/day

Air is 232% Oo by weight and has a density of
0.075 lbm/ft®. The oxygen transfer efficiency of the
diffusers in wastewateris 15%. The airflow required is

428_8 lbgl 02

i & = 1.643 x 10° £t3/day
(0.075_ _ﬁ) (0.232)(0.15)

The air blowers have been sized with 100% excess capac-

ity, so double the air flow.

3N
ft—) (2.0)
ma = 2282 ft* /min
1440 TH2
day

Assuming the compression is steady state, open flow,
and ‘isentropic, the theoretical blower power can be
calculated from the following equation. (Assumes k =

1.4 for ajr.)

= () (&) )

P = power {(hp)

(1.643 x 100

7= mass flow rate of air (Ibm/sec)

3 Ibim
_ (2282 min) (0'075 ?tT)

0 ==
min
= 2.85 Ibm/sec
B = gas constant = 53.3 ft-ibf/lbm air-°R
T == temperature ("R) =°F + 460° = 70°F + 460°
= 530°R
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8-6 CIVIL ENGINEERING SOLVED PROBLEMS

7 == efficiency of blowers
py = inlet pressure = standard atmospheric pressure
14.7 Ibf/in?

py = outlet pressure

, (285 %) (533 gﬁ%%) (530°R)
(550 :eclii) (0.283)(0.80)
997 % {.283 1
) 1.7 %E-; -

=84.6 hp (85 hp)

The power cost. for 24 hr of constant aeration is

. CEWY /), ho $0.08
(85 hp) (0.746 hp) (24 day) (1 day) (kVV—hr)
==[$121.75/day

SOLUTION 2

2.1. The heat required for raw sludge. is calculated
from the following equation.

g = VC;!(T‘J - TI}
V= 30,000 gal/day of sludge
¢p = 1.0 Btu/lbm-°F (water)

Ty = §1°F
Ty =91°F
gal
30,000 =— .
_ day 834 Ibm (10 Bin )
= g4 B T ogal VT IbmoF
" day

% (91°F — 61°F)
= 312,750 Btu/hr

The digester shape is

_ 45 ft ,
¥ |

\/7.5ﬁ

i |
22,5t 22.5f

not to scale

The heat required to make up for heat loss from the
walls is
Q= GQuigester(n0- Of digesters)

Btu
hr-digester

= (110,000 )(3 digesters)
= 330,000 Btu/hr

For the floor,

A= 7r*.r'\/7?—l-_b2
= 1(22.5 ft) \/ (22.5 £6)* + (7.5 ft)°
= 1676 ft? /digester
q= AU(Th — T4)
7 = 0.15 Btu/ft*-°F-hr
Ty=91°F
Ty = 58°F

B fit? N _Btu
g5 = (1676 digestei‘) (3 digesters) (0.15 ft2_<’F—1‘lr)

% (91°F — b8°F}
=24 889 Btu/hr
For the roof,
A=t =q{22.5 f)*
= 1590 ft*/digester
U = 0.16 Btu/&*-"F-hr-

4 = (1590 >(3 digesters) (.0‘16 ft?-"F~hr)
% (91°F — 58°F)
= 25,186 Btu/hr

digester

Add the heat values required from the walls, fleor, and
roof.

4= Qu'+Qf+Qr
Btu Btu Btu

= 330,000 =—— + 24,880 —— 4 25,186 ——
hr ar lir
= 380,075 Btu/hr
The total heat required is
~ 372750 B 75 Btu
g= 312,750 = -+ 380,075 -

= 692,825 Btu/hr|
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2.2. The volume of methane produced from the sludge
is calenlated by

Vou, = (5 61 %)(EQSO 1.42P,)
Ven, = volume of methane produced (ft*/day)

5.61 = theoretical conversion factor for amount,
of methane produced from conversion
of 1 lbm of BOD;

E = efficiency of waste utilization = 70%
@) = sludge flow rate = 30,000 gal/day
8y = uitimate BODy, (lbm/gal)

P, = net mass of cell tissue produced (lbm/day)

BOD;
BOD; = %
R=021/day and t=5 days.
12,000 g)—“;
BODL = 1 — ¢—{0.2 1/day)(5 days)
=18,984 lbm/day
lbm
. 18,984 —
g _BODy _ day
6= . al
@ 30,000 E2
day
= (.63 lbm/gal
P - YQES,
T 1+ Rgb,

vield coefficient, ¥ = 0.06 lbny/ibm
endogenous coefficient, By = 0.03 1/day

mean cell residence time, , = 10 days

lbm gl lbn
(0 06 = )(301000 _day) (0.70) (0 63 1)

(o 03 di) (10 days)

P, =

= 611 lbm/day

Vou, = (5 61 —) ((0 70) (30 000 gai) (o 63 @)
gal
- lbm
~(1.42) (611 gal))

= 69,352 ft3/day

The heating value of methane is approximately

960 Btu/ft3.
(960 —Bm) 69,352 L
_ ft? day
heat produced = T
4 I
day

=2.78 x 10° Btu/hr
2.78 x 10% Btu/hr > 380,075 Btu/hr

Since the heating value of the methane produced is
greater than the heat required to raise the sludge
temperature, the methane produced is sufficient

to provide the energy required.

SOLUTION 3 s

w0

-k
wa
g
Bl =
9
L

3.1. The flow is
= (population)(flow per capita}
. gal
= (300,000 ta}| 250 ————
( capita) ( ' 'cap:ta—day)

=75 x 10° gal/day

For the existing 24 in (inside diameter) unlined concrete
sewer pipe,

length = 4000 ft
vertical drop = 100 ft

100 ft -
l - - =) 2
slope = o5 m 0.025 ft/ft
diameter = 3%—:% =2 ft
12 T

For an unlined concrete pipe, assume n=0.013.

Calculate the capacity of the 2 ft diameter pipe flow-
ing full
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Use the Chezy-Manning equation.

Q = (}_}9_) AR?/:S\/‘S?

A9 9 2/3
1 25
(0 013)(3 4 £2)(0.5 £)75/00
= 35.85 ft*/sec
Compare this to the flow rate.

3
N
Q= (7o x 10 day) w zal
dav

= 116 £t /sec

A second pipe is required to handle the flow.

116 —————658

£ ft3
Glold sec

= 80:2 ft*/sec

Asgsume that the second pipe i8 flowing full with the
saine slope (0.025. ft/ft) and is also an unlined concrete
pipe {n==0.013}.

o D
R=7

_nD?
A= 1

Use the Chezy-Manning equation.

sec (0.013/ 4
. — D /8
= (14.23D )(4)
= 5.65D%3

- (52" (12 )

=325in

g f£7 _ (‘1.49 ) (nD ) (D)"”m

The 32:5 in pipe size is not standard, and sewers are not
normally designed to flow full.

[Use a 36 in diameter pipe. |

3.2, Two 24 in diameter unlined concrete pipes with a
slope of 0.025 ft/ft will flow full dnd will not handle a
peak flow of 75 x 10° gal/day (116 ft*/sec).

SOLUTION 4

4.1, The typical limits of BOD for the four sources are

wastewater expected
SOUTCE BOD
sanitary 250 mg/L
hospital 350 me/L
plating plant 0 mg/L

dairy animal 1200 mg/L

4.2. In addition to organic loading {(measured as BOD),
the following wastewater characteristics should be con-
sidered hecause. these conditions may upset biological
{reatment processes.

® the presence of heavy metals

e the presence of hexavalent chromium

e the presence of cyanide

o 5 high or low pH (Jess than 6 or greater than 9)

The following .compotnds should also be checked for,
although their presence is less likely: phenol, excessive
oil and grease, and high levels of hydrogen sulfide.

All these compounds miust be removed or nentralized in
pretreatment before biclogical treatment to reduce the
organic waste load {BOD).

To lelp design biological pretreatment, analyze the fol-

lowing constituents.

e dissolved oxygen in incoming waste (COD)

® qutrients such as nitrogen and phosphoms (deficient

or rich)
o chlorides and sodium, total dissolved solids (TDS),
suspended.solids, and the settleability of the waste
4.3. The pretreatment process is as follows.

{a) Use a basin (with aeration if required) to egualize
the flow and waste strength.,

{b} In the same badin, allow solids to settie out {during
quiescent times}. A skimrner aud/or absorbent boom
will be used to remove floating material (especially oil
and grease).

{c} Use chemical treatment and precipitation to remove

heavy metals such as Cr™, CN™, and phenol.

{d) Adjust the pH to 6.0-9.0 (if required).

{¢) Add nutrietits (N or P) or carbon (if required).

{f) Use a trickling filter or.aerated lagoon to provide a
moderate amount. of biclogical treatment (i.e., to reduce
BOD and NHy-N or organic nitrogen to levels accept-
able to the municipal wastewater treatment facility).

{g) Use final ¢larification-and turbulent discharge to the
municipal sewer system to reoxygenate wastewater.
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SOLUTION 5 | sttt

Peak sumnmer wastewater flows are listed in the table,

unit units flow
wastewater source volume (gal/unit-day) (gal/day)
summer population 10,000 30 300,000
hospital (beds) 100 165 16,500
Iaundromat (washers) 20 550 11,000
dining room. (meals) 4500% 7 31,500
gas station (employees) 4 12 48

total 359,048
“The dining room serves:
(3 meals/day)(3 servings){500 scats} = 4500 meals/day

Referenive: Wastewaler Engineering, Metcalf and Eddy

Winter wastewater flows are as follows.

unit units flow
wastewater source volume (gal/unit-day) (gal/day)
winter population 300 30 8000
hospital (beds) 10 165 1650
laundromat (washers) 4 550 2200
dining room (meals} 900" 7 6300
gas station (employees) 2 12 24

total 19,174
“The dinirg room serves:
(3 meals/day){300 seats) =900 meals/day

Ruference: Wastewater Engineering; Metcalf and Eddy

Adjust & for winter and summer temperatures.

kr = kyyct”HC

In winter,

(o 1 10°C-20°C
ko= (0.25 day) (1.06)
= 0.14/day

In surhmer,

: 1 $ 2 3200200 C
ko= [ 0.25 — |(1.
wo= (025 ) (109
= 0.5/day
The detention time in winter is

t= Kt L = 35.7 days

k1o 1
0.14 day

The detention time in summer is

5

1
05 2oy

tz

= 10 days

Determine the pond surface area requirements. in both
summer and winter.

i
Asummer = %

(359,048 jil) (10 days)

i3
(2 ) (7 18 iaj) (43,560 %%)
= 5.5 ac

(19 174 ga‘l) (35.7 days)

'A‘ﬁntcr =
(2 ft) (7 48 ga) (43 560 —)
== 1.056 ac

Check the BOD loading.

mg lbm-L
(250 7)(0.36 MGD) (8'34 mg-MG)
LoD summer = 5.5 ac
= 136 Ibm/ac-day
- gal\ /. . Lm‘_ln‘_
(250 ) (19 M Y) (8'34 "“MG)
LBOD’,winber ==

(1><106 I\g/I )(11ac
= 36.3 [bm/ac-day

For this facility, use a non-aerated stabilization pond
with 2 maximum working depth of 2 Tt that has five
cells, each 1.1 ac in surface area. The total area is 5.5 ac.
Only one cell will be required during the winter months.
Additional cells can be brought on-line as the waste-
water flows increase in the spring and early summer. All
the cells are used during the peak surmer seasomn.

SOLUTION 8 s

e Londfill: (a) The principle advantage of landfills is
that they can handle all types of waste. (b) The
disadvantages include the requirement for large land
areas, the slow decomposition of wastes, and the
possibility of leachate contaminating nearby ground-
water and surfice water. (¢) The relative cost of
landfills is' average but increasing. (d) Landfills can
serve any size population.

® (Open burning: (a) The main advantages of open
burning are that it can be done on both small and
large scales with relatively little ¢ost, and that it
reduces the volume of waste, leaving only ash.
(b) The disadvantages are that it only works with
combustible waste such as paper and wood products.
The combustion of the waste may not be complete.
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Combustion of large amounts. of waste may he diffi-
cult to control. No eénergy is recovered from the
combustion of wastes, and the process produces air
pollution. (¢) The relative cost is low. (d) The popu-
lation served is usually small.

© Incineration: {a) The advantages of incineration
inchude more complete destruction of the wastes
and less ash production than in open burning. This
process can destroy less-burnable wastes such as
plastics and food. Energy from incineration can he
captured and used to make steam and electricity.
{b) The disadvantages are the high cost and large
volumes of waste required. If the waste combustion is
not self-sustaining, supplemental fuel may be
required to maintain incineration. This process does
not work for incombustible materials such as glass
and steel. The ash may contain hazardous com-
pounds. This process also produces air pollution.
(¢) The cost of incineration is high. (d) Tt best serves
a large population.

© (Composting: (a) The advantages of composting are
that it uses the process of natural degradation of
wastes and that it can be performed on a small or large
scale. () The main disadvantage is that this process is
only applicable to easily degradable wastes. It is not
applicable to plastic, glass, or metal. The addition of
moisture and readily degradable material such as yard
wastes may be needed to help this process. (¢} The
relative costs are low to medium. (d) Composting best
serves a small to medium population.

e Recycling: {a) The maii advantagés of recycling are
that it reuses process materials and saves natural
vesources. It also reduces the amount of waste that
must be disposed by other means. (b) The disadvan-
tage is that it uses more labor than other methods.
This method is viable only if there is & company will-
ing to perform the recycling and if there is a market
for the recycled materials. The trash must be sepa-
rated into different waste streams. (¢) The relative
costs of recycling are medium to low and should
decrease as the demand for recycled materials and
the cost of other disposal methods inérease. (d) The
population served is mediun to large depending on
the market for recycled materials.

SOLUTION 7 e

7.1. Use the trash disposal in the eighth year as the
average over the past 16 years.

The population in year 8 is

500,000
(1.03)%

= 394,705 people

The solid waste disposed (per capita in year 8) is
b

" day-person
(1.01)®

The solid waste disposed over the past 16 years is

T )6 )

day-person

= 4.99 Ibm/day-person

(394,705 people) (4.99

= 31,513,247 lbm-yr/day

Over the next four years, use the average trash disposal
as the second year.

The population in two years is
(500,000)(1.03)* = 530,450 people
The solid waste disposed is
(5.4 %;“m;) (1 —0.03)(1.01)°
= 5.34 tbm/day-person
The solid waste disposed over the next four years is

lbm )( 4y1)

4 } 50 1 5.34
(530,450 people) (J day-person

= 11,330,412 Ibm-yr/day

The solid waste occupies 75% of the site. The depth of
the waste ig 40 ft.

The area filled by 16 years of trash is

3
31,513,247 DBIL) (365 days) (o 0L
. day ¥ yd

Ibm : . 12 4
1 —_— 43,560 — (0.
( 000 ds)(40 ft)( 3,560 ac) {0.75)
= 237.65 ac

The area filled in the next four years is

.
11,330,412 0T (g6 days) (o ft
A= day yr yd

(1000 lbﬂ) (40 ft) (43 560 —) (0.75)

43
=: 85.45 ac  [135.5 ac with buffer zone|

Add the areas and include the 250 ft buffer zone.

2 )
\/ (237.65 ac + 85.45 ac) (43,56_0 %) — 3752 ft

. _ 2
(3752 ft + 250 ftft J; 250 ft)° _

43,560 ==
ac
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7.2. The life of the replacement site is
4 yr+ 5 yr capacity =9 yr

The average trash disposal at 4.5 years is calculated as
follows.

population in 4.5 yr = (500,000)(1.03)**
= 571,133 people

lbm
person-day

% (1.01)*P
= 5.48 Ibm/person-day

solid waste disposed = (

)(1 —0.03)

The solid waste disposed over the next nine years is

b o3

(571,133 people) (5-48 person-day

= 28,168,280 Ibm-yr/day

The area of the site is

3
28,168,280 YT (965 da¥s) (5 £
e day yr yd

(moo lbg) (40 £)(0.75)

= 9,253,280 2
Include the 250 ft buffer zone.

/9,253,980 ft2 ='3042 ft

(3042 ft + 250 ft + 250 ft)?

2
43,560 1
ac.

-]

A=

SOLUTION 8 i s o

8.1. The spray volunie is

(2.5 %) (43 560 fi) (7 48 ftasl)
(12 B) (v %)

= 0697 gal/day-ac

The total area required is

x 10° gal

Atzmmmmqu—lﬂ:ﬂac

o697 52
day-ac

Only 25% of the nozzles are used at one time, so 25% of
the total area isused at one time. The area used at any
moment is

A = (103.1 ac)(0.25)

8.2. The ared covered by each nozzle is

(350 ft)*

2
(4) (43,550‘ fL)
ac

=2.21 ac/nozzle

Au i

The number of nozzles is

n= 2;23'—1;5 =[46.7 nozzles [use 48] |

nozzle

-:'.E':
e
A
o E
=5
R =)
=
L

8.3. Each nozzle delivers 275 gal/min at 75 1bf/in”.
There are 48 nozzles in use, but only 25% are used at
one time,

(48 nozzles)(0.25) = 12 nozzles at once

The pump flow is

@= (275 g_al) (12 nozzles)
ITI
= 3300 gal/min through 12 nozzles
=475 MGD > 1 MGD [OK]

The exit liead st the nozzles is

ibf

Pt = (75 _) 2.31

f
in?
= 173.25 {t

The head added by the pumps is

ha=173.25ft —45 ft +30 ft

= 158.25 ft
ha Q(SG of water)
3956

158 gl
(158.25 ft) (3300 min) (1.0

water hp =

3956 88l
"~ hp-min
=132.0 hp
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motor hp = water ip

npump
_132.0 hp
082
=161 hp (200 hp)

Use one 200 hp pump motor or $wo 100 hp pump
motors. Motors are rated by their output power
and motor efficiency is irrelevant.

8.4. The following should be considered when determin-
ing the application rate of effluent to spray the fields.

e goil permeability

¢ soil erop cover {crop uptake of moisture and nutrients)

® average monthly/annual  precipitation  and

evaporation
® organic and nutrient content of effluent to be sprayed
e metal/toxic content of effluent to be sprayed
& depth to groundwater table
¢ subsurface geology
® gsite topography and drainage
e distance to nearest surface water

The first five considerations are primarily used in deter-
mining the application rate. All the considerations are
used in determining the overall site applicability.
SOLUTION 9
Cadlculate the areas.
Agte = 0.25 ac
Aploik = (12 sites) Asire
= (12 sites) (0 25 i)

te
= 3 ac
80 SIES _ 40 blocks
sites
blocks

Assume wastewater flow is 100 gal/capita-day. Waste-
water flow from the houses is

(41 capita 100 gl (480 sites)
gite capita-day

= 196,800 gal/day

gal
in-mi-day
= 2200 gal/in-mi-day

gal

infiltration + inflow = 200 + 2000 ————
in-mi-day

The length of the 6 in feeder from the houses is

L= (12 ft of street) +

=62 ft
(62 ft)(480 sites)

5980 L&
mi

(50 ft of lot)

Ligga) =

= 5.64 mi

Infiltration/inflow from the 6 in pipe is

gal
in-mi-da;

(2200 )(6 in)(5.64 mi} = 74,448 gal/day

Assume the 8 in main is eight blocks long and there are
five mains.

((8 blocks)(540 ft) + (8 blocks}(24 ft))(5 mains)
5280 L&
mi

= 4.27 mi

Infiltration/inflow from the 3 in pipe is
2900 —BaL (8 in)(4.27 mi) = 75,152 gal/day
in-mi-day

Assume that the 10 in main is five blocks long and 200 ft
to the pump station.
(5 blocks)(240 ft) + (5 blocks)(24 ft) + 200 ft
ft

9280 —
I

= (.29 mi

Infiltration/inflow from the 10 in main is

(220'0 _gal

oy da.y) (10 in){0.29 mi) = 6380 gal/day

The total flow is

gal gal
74,44
d y+ 8 day

gal gal
20
day =—+63 o po.

== 352,780 gal/day|

Qo = 196,800

+ 75,152
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SOLUTION 10 et

10.1. The effluent BOD; is the untreated influent solu-
ble BOD;, S, plus the BOD; of the effluent biological
solids.
meg _ mg'
20 ZE= 5+ (20 7 )(0.65)(1.42)(0.68)
=5+ 12.6 mg/L

w90 B8 _ 19 ME
§=20 S2-126 T

= 7.4 mg/L

The biological efficiency, 0y, is

influent BODg

mg mg
950 D& _ 74 D8
= ( L L) % 100%

_ (_inﬂuent- BOD; — effluent BOD{;) % 100%

mg
250 —=
L

= 97%]

10.2. The overall efficiency is

250 %—20 ng
n= g x 100% =

250
SL

10.3. Calculate the reactor volume.

Vreactor = 6 Q
8.Y(Sy — 8)

X =0T Ry

Rearrange for £ and substitute into Vieacror

(5 MGD)(10 days) (0.6 tbm Vi3 )

Ibim BOD5
mg

x (250 %—7.4 T)

(3500 18 1
(3500 . ) (1 + (0.06 day) (10 da.ys))
—1.3 MG

Vieactor =

Shidge production can be calculated from the observed
yield.

.
1+ k40,

0.6

Yubs =

Jbm V8S
lbm BOD

- 1

= 0.375

The biomass production is

Pa:(MLVSS) = chs(SO _S) )

= (0.375) (2650 2874 ZE)

x (5 MGD) (8.34 ﬂm—'L—)

mg-MGD
= 13794 lbmi/day

10.4. The increase in MLSS is

Ibm
3794 ——
MLVSS day

0.8 08

= 14743 Ibm/day

10.5. The sludge to be wasted is the increase in
MLSS —~ MLSS in the effluent.

a743 1bm ((20 EHI:%) (5 MGD) (8.34 _Jbm-L ))

day mg-MGD
= (3909 Ibm/day

10.6. If sludge is wasted from the reactor, the sludge
wasting rate is Q).

B:’: - Vreactor-X

QX+ QX

Rearrange this equation, solving for Q.

Vieactor X
QwX + QaXe = re;:m'
_— VreactorX. _ L
= ( 0. Q‘*X") (X)

Assume that @, = @, since it is being diminished only by
the waste sludge.

(VSS) X, = (0.8) (_20 Tﬁ%) = 16 mg/L

(1.3 MG) (3500 E)

= L/ _g (16 T8
Q= T dore (5 MGD) (16 ZE)
me
3500 =
= [0.107 MGD
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10.7. Calculate the recirculation ratio, R, using a mass
balance around the reactor.

reactor MLV3S = 3500 mg/L
recycle MLVSS = 8000 ing/L

(3500 52) (@ + Quooror) = (8000 25} Q1

mg
Q + Qmantm 8000 - L
Qrcautnr 3500 me
= 2,29
¢
+1=229
Qrea’ctor
9] ;
=220—-1
-Qreacmr
= 1.29
. Qrmctor 1
A= Q 1.29
=|(.78

10.8. The hydraulic retention time is

1.3 MG

g=Y -
g~ 5MGD

10.9. Check the specific substrate utilization rate.

Sy — 8§
X

mg mg
2 - 74 ==
50 T T

(0.26 day) (3500 %g_)

=

=0.27 mg BOD; utilized/mg MLVSS-day |

10.10. Check the food-to-microorganism ratio.

M=o
FiM = 0xX
g
2 —_—c
. 50 &
3500 8
(0.26 day) (3500 L)

= [0275 mg BOD/mg MLVSS-day]|

10.11. Check the volumetric loading rate (VLR).

~ 5@
VLR =

(250 )(n MGD) (8.34 §M>

ng-MG
ft?
(1000 1000 &3>

1.3 x 105 gal
zal
4 D
T7.48 o

= 60 Ibm/day-BOD/1000 ft*

Calculate the oxygen required.

g, = 250=5) 4 1op.
f
_ BOD; _
/= Eop. = 0.8
oo G mgy\ o5, bm-L
- (5 MGD) (200 £ 74 T ) (8.31 T G)
0.7 0.68

Ibm
—{1.42 —
(14 }(3794 da;)

= 9490 Ibm/day

Air is 23.2% O, by weight. Since the transfer efficiency
is 8%, the normal airflow- is

9490 bm
. day
airflow = lb -
w ADIN min
(0.075 25 (0:232)(0.08) (1440 —day)

= 4734 ft*/min
With the 100% excess capacity, the blower capacity is

.
(2) (4.734 ﬂ—) = [9468 t? /min
. min

SOLUTION 11 .

11.1. Reuse as much flume/wash water as possible
after sedimentation and chlorination to reduce the
wastewater flow.

The sedimentation tank volume is

(22 % 108 gal)(z ht)

g4ﬂ.

day

V= Qt=

= 1.83 x 107 gal
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1:83 x 10° gal

Y-
D al
(7 48 %3)(10 ft)

A=

= 2451 ft?
Use a Ieng_th-to—width ratio of 4:1.

LW = L@ — 2451 fi?

L= /(4)(2451 1t2) = 99 ft

L 99t
W==2=22=2475 1t
4 4

The surface overflow rate is

2.9 x 100 2L
day

— % — 898 gal/day-ft*
TR oo eal/day-
The required weir length is

2.9 5100 8L
day

gal

15,000 m

Loy = = 147 ft

The desigri summary of the sedimentation basin for the
flume/wash water is

defention time, ¢ 2 hr

volume, V 1.83 ¢ 10° gal
dimensions, L x Wx.D 99 ft x 24.75 ft x 101t
weir length, Ly 147 {t

overflow rate 900 gal/ da.y-ﬂ:-2

11.2. Design an aerobic lagoon to ftreat all the
wastewater,

The composition of the combined wastes is

=99 ¢ gal 5 gal
€=22x10 day + 6.6 x 10 day

7510t B
day

=2.935 x 10° gal/day

¢ gal s gal
9 {66 x10° 22
( 10 da})(oo ) (GGX 0 day)

. x (1230 ’ig) + ( % 10% 5:}1() (1420 %)

9.935 x 100 5L
day

= 463 mg/L

The BOD organic loading is

oL
(2.935 MGD) (463 = ) (8 34 )

mg-MG
= 11,333 lbm/day

Size the aerobic lagoon for a 2 day detention time at
1.5 ft depth.

(2.935 % 108 g—al) (2 days)

A= day
' D gal ft?
(1.5 f) (7 48 E3) (43 560 ac)
=12.0 ac

Check the organic loading.

Ibm
11,333 —
Ssdy

o 944.4 Ibm/ac-day

Check the lagoon size based on an organic loading of
86 Ibm/ac-day and 1.5 ft depth.

11,333 g’—“;
A= i =131.8 ac
ac-day
. ' 2 gal
V = (131.8 ac) (43,560 E) (1.5 ft) (7 48 &3)
=64.4 x 10° gal
i . )
tzzzwz 21.9 days
@ 5935 x 108 .

A lagoon that is 64.4 % 10° gal in volume with an area of
131.8 ac is too large to be practical or economical for
this facility.

Design a lagoon for a compesite of process water and
lime drainage only.

. 1 al
. 10° ga _ 104 g
G=66x10 —day+7'5x 0 —day

= 7.35 x 10° gal/day

5 gal mg

(6.6 x 10 —day) (1230 2 )
4 gal mg
+ (7 5% 10 day) (1420 = )

gal
day

BOD =
7.35 x 10°

]

1249 mg/L
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The BOD organic loading is

(0.735 MGD)} (1'249 %) (8.34 Ibr-L, )

mg-MG,

=7658 lom/day
Design a lagoon for a 2 day detention time at 1.5 ft
depth.

(7.35 x 10° g—al) (2 days)

A= day
gal ft*
(1.5 ft)(7.48 .&3) (43,560 ac)
=3.0 ac
7658 101
organic loading = __ dey
3.0 ac

= 2553 lbm/ac-day

A Jagoon that is only 3.0 ac has a very high orgaric
loading and will not effectively treat the waste.

Use an aerobic lagoon, built in four cells, to treat all the
waste. ach cell is 3.0 ac to aceommodate the flow of the
process water and lime drainage only.

The design summary for an aerobic lageon to treat all
the wastewater is

total area, A 12 ac

nutnber of cells and size four 3.0 ac calls
detention time, £ 2 days

working depth, D 1.5 1t

organic loading 944 .4 lbm/ac-day

The treated effluent will be disposed by land application.

11.3. The following alternatives may also be consid-
ered for treating the wastewater from this facility.

(a) Since the beet sugar plant operates only three
monthis of the year, the wastewsdter could be stored
and treated slowly over the entire year. More storage
capacity would be required. This option would reduce
the organic loading on the aerobic lagoon.

(b) Treat the composite flow of process water and lime
drainage by a high-rate-activated sludge system.

SOLUTION 12

12.1. The treatment process is shown in the following
schematic diagram.

; Y =
}
S
- =
grit > @ >
chamber primary  trickling  secondary
clarifiers filters clarifiers

12.2. According to the Ten States’ Standards Sec. 61.1,
this facility requires two primary and secondary clari-
fiers, each designed for the AADF. Since two sets of
clarifiers are required, two trickling filters should also
be provided. Each set of units can handle the full flow,
and either may be taken out of service for maintenance,

From Table 29.10, assume a surface loading rate (SLR)
of 1000 gal/day-ft".

]
2 x 106 B2
A=Y _ day
SLR. gal
1
000 Tt
= 2000 ft?

Assume a detention time of two hours.

v &L
(2 hy) (2 x 10 day)

V=10 =— - :
24 B ) (7.48 B
( day}( & ft")
= 22,982 {3
V22282 f3
:—-:--«-?u-—x . f
b A= Soop pe AL

For each clarifier, the length-to-width ratio is 4:1.
— (& 2
LW = L(3) = 2000

L= +/(d}(2000 ft2) = 89.4 ft

L 894t
W=g="rm =224 0t

Assume a weir loading rate of 20,000 gal-day/ft.

1
9 % 108 £
x 10 day
gal-day
20, =
0.000 m

Liyegy = =100 ft
The design summary of the clarifiers is

dimensions, L x Wx D 804 x224 fx11.1 £t

detention time, £ 2 hr
volume, V 22,282 fe?
weir length, Loy 100 ft

In the primary clarifiers, assume the BODy reduction is
30% and the TSS reduction is 60%.

12.3. For a trickling filter using plastic media, the
NRC formulas are not applicable.

The influent BOD; to the trickling filter is
= MEY .
s (250 - )(1 0.3)
=175 mg/L
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Assume the effluent BODj from the trickling filter: 5, <
30 mg/L. The treatment efficiency is

s _g 175 5 ~30 ZF
(——‘————") x 100% = m % 100%
S; 175 8

= 82.9%

Assume the depth of the trickling filter is 10 ft. The area
of the trickling filter can be calculated by

Se _ D@4

Rearranging,

Assume average values (modified for depth) of k=
0.085 gal/min and n=0.5. (Corrections for variations
with depth and/or temperature would normally be
required. However, no supperting information was given,
so already corrected values are assumed.)

10 gal
Q= Td_?: = 1389 gal/inin

30 mg 1/0.5

A= (1389 g—a}) 1'{5 L
. m (0 085 &2 )(10 £t)

= 5979 ft?
D \/4} _ . [(4)(5979 1t%)
i T
= §7.25 ft

The trickling filter dimensions are 87.25 ft diameter x
10 ft deep.

V = (5979 £2)(10 ft) = 59,790 ft?
The organic loading is
1 mg Ibm-L
(2 MGD)(175 L ) (8.34 —r G)

59,790 ft3
=148.8 lbm/day-1000 £t°

The hydraulic. loading is

1389 £

WI;EI;] = | 0.23 gal/min—ftg 1

These values fit the criteria for a high-rate trickling
filter.

SOLUTION 13 ot

13.1. The design procédure is as follows. Calculate the
cell volume from the flow and detention time. (Assume
all three ponds have the same volume.)

v =[]

Calculate the cell surface area.

7
4=3]

13.2. The lagoon operating temperatures are

T Aft'zf Taw,“F + QMGD Tw“,_s_p-
winter = - -
Agaf + Quep
T . Agef Tas,“F + QE\’IGD.TW\VfF
simmer
Agef + Qucp

13.3. To correct k for another operating temperature,

¢ = temperature coefficient

13.4. Assuine there is no aigal growth in any of the
three cells.

1+ ky0,
Y kb,

S =

13.5. The concentration is

(S5 —51)Q

X1,VSS = SV

13.6. Assume all the soluble BOD,, entering the cell is
removed.

Xavss = kd

13.7. Assume the soluble BOD, entering the cell is
0 mg/L.

X3='%‘1+1
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13.8. BOD; . = | 0.54.X3(VSS.q) + Sel

13.9. The correction factor for pH is

1
1+ (0.04)(10PHr—2H _ 1)

PHfacter =

The correction for temperature is
Thactor = 10(0'033)(T"20°G)

Hmax,cormcted = Ju'mux,assumed (practor) Tfact,or

Calculate the retention time above which nitrification
will occur.

1

8, =
“lﬂ.ﬂx

13.10. To find the oxygen requirements,

NOD = 3. 18 QNzwaiIable mg/L

8.34Q(1 — 1.424T) (S, — S)

AO, =
? + (8.34)(1.42)kq V -+ NOD.

13.11. The motor horsepower required is

bp = 1 Ibm Oy required ~[0.03 p

. Ibm O»
(1.8 e )(24 hr)

13.12. Assume the mixing power is approximately
30 horsepower per million gailons.

hp
P = (30 M—G) Ve

Use the greater value of this and the power requirement

from Sol. 13.11 in each cell. Determine the number of

aerators needed to achieve the tfotal horsepower
required.

13.13. Use & length-to-width ratic of 3:1 minimum
and determine the position of the aerators.

13.14. The first cell controls the nutrient requirements.

AX = 8.34QX,
Nrequiremens = 0.122AX
Prequirement = 0.023AX

Navaitable = 8,34 G Niafluent,mg/1,
Povaitatie = 8.34 QPinfiuent me/L

H the amount-of N or P available is less than the amount
required, add the difference of & or P,

SOLUTION 14 e
14.1. For the pipe,

2
& in
12
A= L _ ft
4 4

= 0.349 f?
Q=va= (0 -fi)(o 349 £12)

—f(om £ gal) (oo sec
. (0'21 'Sec:) (7 48 &3) (60 mm)
 [FTga

14.2. The diluted characteristics can be calculated
from

0= Q] Cl + QQ.OQ

G+ &
3’ 3
(150 mg) o &) 4 ( %) o It
: L sec L sec
BOD5 = ft &3
021 —+2 —
sec sec

- [Tomet]

14.3. The dissolved oxygen is

(39on £)+ (03 )

3
091 £ o £

sec sec
= [PTme/t]

14.4. The summer temperature is

(22°C)(0.21 mfﬂ) +(11.1°C) (2 %)

0.21 fi—i—2~€-t~—
sec s€C

DO =

Tsumm_er =

~ [

14.5. The winter témperature is

(-22"(3)(0‘21 %) (7200)( ‘ec)

3 i3
0.21 E--|-2 fL

Sec sec
- 557G

Twizlter' =
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14.6. Calculate the dissolved oxygen concentration
20 mi downstream using the summer temperature and
the following equation.

Kppe= 1.047??—20501{1),20“(;

1 e R 1P0- 3P0 1
EXal-— . ! .1 -
Kparrec ((1 047) ) (0 da_y)

= 0.07 1/day
Krr=(1.016)"""C K pawe
{13 el C-20°C 1
e = ((1016) ) (0.25 day)
= (.22 1/day
A ft
5 (20 mi) (5280 —)

Y (02 fetc) (3600 ) (24 c%

S

= 6.1 'da,ys
BOD
mg
179 —=
= L
1 e 1007 L/duy)(5 days)
= 32.35 mg/L

Use the Streeter-Phelps equation to calculate the dis-
solved oxygen concentration 20 mi downistream.

I(_})BODH - iopt ~Kpt —K it
T —————rreim, _ 1 £ &
D, (K‘R—KD)(IO 0551y 4 D10

D, is the oxygen deficit at time { and D, is the oxygen
deficit after initial mixing.

DOy at 12.1°C = 10.8 mg/L

m mg
D, =108 =2 g -9.1 22
:17mg/L
mg
(007 dc )(3235 L)
D=
99 .
0. dy 0.07 day

% (10—(0.0? 1/day)(6.1 days)

_ 10-(0.22 1/day )Gt days})

(1 7 Hﬁg) (10—(0-22 1/day)i6.1 da;vs})

= 5.04 mg/L

The dissolved oxygen at 20 mi is

T
DO — Dy == 10.8 Lg 5.04 nIng

S T

SOLUTION 15 i,

15.1. Assume the wastewater flow is 125 gal/capita-
day. Add 10% for infiltration.

ga-ll A - .
= (125 —=—— (2000 ca |
? ( ’ Capita—day) (2000 capita)(1 -+ 0.10)

= 275,000 gal/day

Design a pipe to flow Lalf full at a rate of 275,000 gal/day:
(A peak flow factor could also be used.) Use the Chezy-
Manning equation.

Q= (1) armrvs
n
Assume n=0.013.
O 25 in

o = 0021 ft/fs
The flow area is
rD* _ wD?
Atoy = ONE
nD?
~A_ 8 D
R=3%= D 4
2
975,000 _(’1‘3&;
Q1 =

gal Ly s
(7 48 ftJ)(zzL 5 y) (3600 m)

= .426 fi* /sec

a2 o= (o) () () Vo

D (% M 0.0653

Simplifying,
DY = 0.1646
th- = 051 ft
Dy = (051 &)(12 E—)
=6.11in

Use an § in pipe {the recommended minimum size
for a sewer main).
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15.2. Calculate the full pipe flow, @, for an 8 in pipe
at a slope 5=0.021 and n=0.013.

D2
A=T2
4
,_ D
R=1
]
.| 8in 8 iy ¥?
1 in 1218
/149 ft fr
&= (0.013> 1 ) v0.021
=1.76 f_t3/sec
3
g, 0426 Bl _
51 = __.....___fstgc = (.242
w2176
sec

From & graph or table of circular channel ratios,

d 3
D= 0.38

The depth of flow is

d= (0.38)(8 in) =

From a table of properties of partially filled circular
pipes, for d/D=0.38, A/D*=0.2739.

2
A=(02739)[ 2 | — 0122 2
12 2
ft
3
g 0426 ik

5€C
Ml il s o i 3.49 ft/sec

SOLUTION 16 e

The following steps should be taken to neutralize .and
clean up the site.

(a) Secure the site by a fence and/or other barrier to
prevent unauthorized entry, possible injury, and damage
to the confineiment dike. '

(b) Implément the required health and safety plan,
measures, and procedures. These include protective
clothing and equipment, monitors, an exclusion zone,
and a decontamination area.

(e) Remove the liquid chemical from the diked area by
pumping it into a tanker truck for transport off-site to
be treated and disposed of or recycled.

(d) Visually assess the area of contamination. Perform
soil borings or excavation of pits or trenches to charac-
terize the soil, determine the groundwater elevation,
locate confining layers, and define the depth and area
of contamination. Sample the contaminated soil and
water to determine the concentrations of the toxic
chemical around the site. This will help define the area
that must be treated.

(e) Install groundwater-monitoring wells to determine if
the groundwater becomes contaminated and to monitor
its depth and movement. This step assumes that the
groundwater is fairly close to the surface.

(f) Cover the contaminated area and install hay bales
or silt fences around it to minimize the spread of con-
tamination by rainwater and the formastion of leachate.

Perform the same measures for any excavated piles of

contaminated soil during the site cleanup process. This

step is based on the assumption that the area of con-

tamination is small.

(g) Determine the best methods to treat the contami-
nated soil, and begin treatment. These methods may
include on-site treatment, in situ treatment, excavation
and on-site treatment, or excavation and off-site
treatmient.

(h) Begin treating any contaminated groundwater and
surface water by ou-site pumping, if necessary.

(i) Once the contaminated soil is removed and/or
treated, replace the treated soil on-site to fill any
excavations (if permitted by the regulatory agencies),
or fill the excavations with clean soil. Finish cleaning
up the site and return it to its original condition.

(j) Regulatory agencies (U.S. EPA as well as state and
local) must be notified of the spill and the cleanup
activities. Regulatory approval may be requived before
site cleanup can begin. If the spill is in a heavily popu-
lated area, a public relations/information. campaign
may be warranted to gain the support of the residents.

SOLUTION 17

A lagoon is typically designed for at least several days'
detention time of wastewater flow. Detention times of
lagoons range from one day to more than 100 days. This
large volume of wastewater can readily absorb peak
flow rates of several times the average flow rate, as long
as the capacity of the lagoon is not exceeded. The
wastewater in the lagoon can be discharged at lower
flow rates to other treatment processes. A lagoon serves
as a good equalization basin to dampen peak flow rates
to lower average flow rates.

SOLUTION 18 oo

18.1. The self-cleansing velocity is used in sewer
design. It is the minimuimn velocity required to pick up
and caxry solid particles of a typical size with the flow.
This velocity is usually between 2.0 ft/sec and 2.5 ft /sec.
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The scour velocity is used in the design of aerated grit
chambers. It is the velocity required to scour organic
particles off the grit. This velocity is usually between
1.5 ft/sec and 2.0 ft/sec.

18.2. For a spherical particle of a 0.5 in diameter, the
miniinum velocity should be the self-cleansing-velocity,
which can be calculated with the following equation.

v
~ = specific weight of water = 62.4 Ibf/ft3

Viinimum = C

v, = specific weight of the particle =100 Ihf/ft?
(' = Chezy coefficient = 100

k= 0.04 (initiation of scour) to 0.8

(effective cleansing)

d = particle diameter

Use k== 0.8.
(0.8)(100 % — 624 2
. i-tS ftd.
Veninimum = 100 bf
62.4 =—
ft3
0.5 in
in
12 o)

~ (5T e

SOLUTION 19 o

19.1. The state regulatory agencies and the U.S. EPA
control sanitary landfill design.

19.2. The aveérage density of shiredded waste is

approximately | 450 lbm/yd?® | before compaction in the

landfill.

19.3. The average density of baled and compacted
waste is [ 1600—1800 lbm/yd". |

19.4. Daily soil cover is typically
19.5. Intermediate soil cover is typically
19.6. Final soil cover is typically | 2 ft deep.

19.7. Intermedidte soil cover can be used for

up to 30 days.

19.8. The clay liner serves to separate the waste from
the underlying soil and groundwater. It reduces the
chance of landfill leachate seeping into the nearby
groundwater and surface water.

19.9. The limitation of clay linérs is that they -are
somewhat permeable and their properties can change
considarably over time due o inferactions with materi-
als itt the landfill and surrounding forces. When clay
dries out. (becomes desiccated) it is much more perme-
able. Chemicals in the landfili may break down and
permeate the clay. The clay liner may fracture or rup-
ture due to the weight of the landfill, shifting of the
underlying soil or landfill material, or other subsurface
disturbances.

19.10. NIMBY stands for “not in my backyard.” This
is the prevailing attitude of people regarding the siting
of landfills (and other waste-treatment and disposal
facilities). People agree that these facilities are neces-

sary, but they do not want to }ve near them. The

NIMBY attitude makes landfill siting difficult.
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Concrete

PROBLEM 1 oo oo

1.1. What is an admixture?

1.2. Give gix examples of admixtures and explain the
purpose of each.

PROBLEM 2 ot

A 1:1.6:2.6 (by weight) mixture of cement, sand, and

coarse aggregate is produced with the following.

specifications.

cement: specific gravity =3.15
94 1bf per sack

sand specific gravity = 2.62
85D

coarse aggregate specific gravity =2.65
S50

water 5.8 gal per sack cement

entrained air 3%

2.1. How much cement, sand, coarse aggregate, and
water are required to produce 1 yd® of concrete? Express
all answers in pounds-foree.

2.2, If the sand absorbs 1.6% moisture and the coarse
aggregate has 3.2% excess moisture {(hased on saturated
surface dry conditions), what weight (in pounds-force)
of water is needed?

2.3. Discuss four techniques that can be used to ensure
proper curirig of concrete pavement.

2.4. Discuss two methods of installing transverse joints
in concrete pavement.

PROBLEM 3 = == i

A concrete mixture uses the following materials,

34 sacks
specific gravity =3.15
94 1bf per sack
6500 Ibf {dry basis}
specific gravity = 2.67
~2% moisture absorption fram 5SD
gravel 13,500 Ibf (dry basis)
specific gravity = 2.64
+1.5% moisture excess from SSD
water 142 gal (as delivered)
entrained. air 4%

cement

fine aggregate

3.1. What is the concrete yield (in cubic yards)?

3.2. What is the water-cement ratio in gallons per sack
of cement?

3.3. What is the cement factor in sacks per cubic yard?

PROBLEM 4 st

A 16 in (gross dimension) square, tled column must
carry 220 kip dead and 250 kip live loads. The dead
load includes the column self-weiglit. The column is not

exposed to any moments. Sidesway is prevented at the

top, and slenderness effects are to be dlslegarded The
concrete compressive strength is 4000 Ibf/in?; the steel
tensile yield strength is 60,000 Ibf/in

4.1. Design the column. Specify longitudinal steel size
and tie spacing.

4.2. Sketch the column cross section.

PROBLEM 5 ot

A simiply supported exterior concrete beam has a length
of 22 ft. The beam carries a live load of 3.5 kips/ft and a
dead load of 1.5 kips/ft. The dead load does not include
the beam welght The beam width is 16 in. The con-
crete compressive Strength is 3000 Ibf/in* the steel yield
strength is 36,000 Ibf/in®. Design the beam depth and
steel remforceme_nt No compressive reinforcement is to
be used. Do not design shear reéinforceinent.

PROBLEM 6 o

Determine the deflection. of the concrete beam designed
in the previous problem. Assume a depth to reinforce-
ment, d; of 27.3 in.

PROBLEM 7 i

A cantilever beam extends 8 ft from a rigid support and
carries 100 Ibf/ft dead load and 350 Ibf/ft live load.
The dead load does not include the concrete weight.
The beam width is 10 in. 4000 Ibf/in* conerete and
60 kips/in® steel will be used, No. 3 bar is available
for stirrup and miscellaneous use. Design the beam.

7.1. Specify the beam depth.

7.2. Give the amount, type, and location of the longi-
tudinal steel and shear reinforcement.

7.3. Draw a cross section of the beam.
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Q-2 CIVIL ENGINEERING SOLVED PROBLEMS

PROBLEM 8 i

A combined footing supports two 18 in columns sepa-
rated by a distance of 18 ft (center-to-center). The right
column {column A) is located near a property line and
cannot extend more than 2 ft to the right. There is no
limitation on how far the footing can extend to the left
of column B, nor is there any limitation on the footing
width. The footing thickness is limited to 2 ft overall.
Overburden loading and punching shear are to be
neglected in the design. Use the following data.

column A 80 kips dead load
55 kips live load
column B 110 kips.dead load

105 kips live load
concrete compressive strength 3000 Thf/in®
steel yield strength 60,000 1bf/in?
allowable soil bearing pressure. 3500 Lbf/#?

|
property
line

18 in 18 in
I

|-n—--[_

§18in

184t 2ft

not to scale

8.1. Size the footing for a uniform pressure distribution.

B.2. Draw the shear and moment diagrams for the
footing.

PROBLEM O ]

A 101in x 10 in column caxries a service-level axial load of
10,000 1bf and a moment of 5000 fi-1bf, and it rests on a
square footing. The allowable soil pressure is 1500 Ibf/ft>.
Ultimate or factored loads may be taken as 1.6 times
service loads. 3000 1bf/in” concrete and 60 kips/in? steel
are used.

9.1. Determine the size of the footing required to keep
the soil pressure belew the allowable value.

9.2. Check for shear.

9.3. Design the amount, spacing, and location of the
stee] reinforcement.

PROBLEM 10 oo

A water tank weighs 40,000 1bf when full, Tt is supported
by four square legs that, in turn, are supported by two
isolated, 2 ft wide footings with the dimensions illus-
trated. The footings rest on a 6 in thick concrete slab
with an effective depth-of 3 in. All concrete has a com-
pressive strength of 3000 Ibf/in”. The allowable bearing
pressure of the soil is 1300 1bf/ft>,

footing,
20 in thick,

n —— water tank, 40 kips
reinforced

plain concrete
slab, 6 in thick

[} |~ leg, T ft X 1 ft square

soil

elevation view

10 ft.

plan view

not to scale

10.1. Determine if the two footings are of sufficient
size.

10.2. Determine if the slab shear strength is sufficient.
PROBLEM 11 e

A 32 1t didmeter tank is used to hold 55,000 gal of a
water-based solution from a plating operation. The spe-
cific gravity of the solution is L.0. The tank itself weighs
200,000 Ibf. The tank is supported by a ringwall (circu-
lar) foundation, also 32 ft in diameter, that supports all
of the tank and content weight. The soil in which the
ringwall is located has a frost-line depth of 18 in and an
allowable soil pressure of 1500 lbf/ft*. Use the following
material properties: f/=3000 Ibf/in® f,=60 kips/in®.
Do not design for wind or seismic loading.

11.1. Determine the required depth of the ringwall.

11.2. Design the steel reinforcement. State the
assumptions or the basis for the design.

11.3. Draw a cross section of the wall and label all
dimensions and steel bars.
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PROBLEM 12 i s

A 20 ft long rib-slab system has the dimensions shown.
Each beam uses.three no. 9 longitudinal bars. The con-
crete has a compressive strength of 3000 lbf/m The
steel has a tensile yield strength of 60,000 Ibf/in”, Deter-
mine the ultimate moment capacity of this design per
repeating unit.

34in

=t

12n

- \-—_no.Sbars_——/. B

not to scale.

PROBLEM 13 i

A 4 ft wide, 30 ft long simply supported beam is patt of
a roof section and is constructed as a double-tee, pre-
stressed section as shown. The total super 1mposed dead
load is 45 1bf/ft?; the live load is 40 Ibf/ft”. The initial
congrete compressive strength is 3500 Ibf/m the ultl—
mate conmete compressive strength is 5000 Ibf/in®
250 kips/in® tendons are used, and each web contains
two tendons.

44t

15in

{

3into
centroid

strands with
0.16 in? sach

not to scale

13.1. Check all permissible concrete stresses immedi-
ately after prestress transfer.

13.2. Check all permissible concrete stresses with ser-
vice loading.
13.3.. What is the section’s nominal moment strength?

PROBLEM 14 e

A reinforced concrete beam has a trough in the com-
pression région as shown. Concrete is norma!welght
with ‘specified compressive strength of 4000 Ibf/in®
and grade 60, no. 11 rebars are specified. Given that
the steel y_ields when flexural failure occurs, what is the
strain in the tension reinforcement when the com-
pression strain in concrete reaches the ultimate value
of 0.0037

18in

10 in

281in

PROBLEM 15 i

A two-gpan post-tensioned concrete beam has an effective
strand prestress of 280 kips in the idealized strand sag
profile shown. The rigidity (product of modulus of elas-
ticity and moment of inertia, EI) of the member is
250 x 10° kips-in®. What is the secondary downward
reaction at support B induced by the prestress?

10 in

280 kips | 280 kips

40 ft

notto scale
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9-4 CIVIL ENGINEERING SOLVED PROBLEMS

SOLUTION 1. e

1.1. Ingredients added to concrete immediately before
or during mixing {other than portland cement, aggre-

gates, and water) are known as admiztures.

1.2. Six types of admixtures are

(a) Accelerators (ASTM €494, Type C): Accelerate
setting and enhance early strength. Example: calcium
chloride (ASTM D98}.

{b) Air entraining (ASTM C260): Improve durability
and workability. Example: salts of wood resins (vinsol
resing).

(¢) Retarders (ASTM (494, Type B): Retard the set-
ting time to avoid difficulties with placing and finishing
(typically used in hot weather). Example: lignins.

(d) Superplasticizers (ASTM C1017, Type 1): Make
high-slump concrete (flowing concrete) from concrete
with normal to low water-cement ratios, allow for easy
placing, and reduce and sometimes eliminate the need
for vibration. Example: lignosulfonates.

(e) Water reducers (ASTM C494, Type A): Reduce
water requirement to produce concrete of a certain
shump. Example: lignosulfonates.

(£) Pozzolans (ASTM C618): Improve the properties of
concrete by changing the properties of the various types
of cement; substituted for certain amounts of cement;
rednce temperature rise, alkali-aggregate expanston, and
harmful effects of tricalcium aluminate. Examples: fly
ash, blast furnace slag, ground pumice.

SOLUTION 2
2.1. Calculate the volume for one sack of cement.

fy, .
(94 ——E) {proportion)

(624 M) (SQ)

V o=

SG = SSD specific gravity

For cement, the volume is
Ibf
4 =2
(g sack)( )

(624 %) (3.15)

V= = 0.48 ft* /sack

For fine aggregate, the volume is

o (94 S%)(l.ﬁ)

b

= = 0.92 ft*/sack
(62 4 —) (2.62)

For coarse aggregate, the volume is

(o ﬁ) (2.6)

sack

1bf

(62 p _) o) = 1.48 £t% /sack

V =

For water, the volume is

5.8 gal

gal
7.48 RF

V= = 0.78 ft3 /sack

The yield volunie is

0.48 ft* + 0.92 ft?
+ 1.48 ft3 + 0.78 ft?

(1 - 0.03) (3 y%)g

= 0.140 yd? /sack

)

sack,

For 1 yd®,
3
cément = _Lyd® 94 ﬁ)
yd sack
140
fine aggregate = | ———— | (1. )( Slbi
0.14 0 R,
1074 Ibf
3
coarse aggregate = % (2. )( lbf
0.140 <—
sacky

— [T ]

3 3
water = 1 yd g (0.78 guffu-g) (62 4 If%f)
0.140 2 ae
sack
= [ 348 1bf
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CONCRETE O-5H

2.2. The ordered material weights are based on SSD
density. The water absorbed by sand ig

(—0.016)(1074 1bf) = —17.18 Ibf
The excess water in coarse aggregate is

(0.032)(1746 Ibf) = 55.87 Ibf

The adjustment to required water is

55,87 Ibf 4 17.18 Ibf = —38.60 (-39 Ibf)

The weight of the water needed is

348 1bf — 39 1bf = {309 1bf

2.3. Four techniques that.can be used to obtain proper

curing are

8 ponding, which uses earth or sand dikes around the
perimeter to retain a pond of water. It requires con-
siderable labor and is generally restricted to small
jobs.

@ covering with plastic sheets, which provides an effec-
tive moisture barrier and is easily applied

o spraying or fogging, which is effective and can be
cartied out using ordinary lawn sprinklers. This
method requires an ample water supply and may be
costly.

® applying comunercial cuwring compounds to the
surface

2.4. One way to install transverse joints is to saw a
continuous straight slot in the top of the slab. Another
méthod is to place strips of wood, plastic, or nietal in the
fresh- concrete. Dimiensions vary greatly depending on
conditions.

—-—| [--— t=%into%in

iinl ‘_' 1inI A= strip
AN Bz

SOLUTION 3 i i

3.1. Calculate the volumes based on 88D density.

For cement,

weight = (34 sacks) (94 %) = 3196 Ibf
R 11 TR
(3.15)(62.4 &)

For fine aggregate,

_ G500
ibf )

(2.67)(62.4 =

For the water deficit, of fine aggregate,

Vo= = 39.0 f*

(—0.02)(6500 Ibf) == —130.0 Ibf
For coarse aggregate,

11,500 1bf

(2.64) (62.4 lf%f)

V= = 69.8 ft°

The excess water in coarse aggregate is
{0.015)(11,500 1bf) = 172.5 Ibf

For water,
_ 142gal
h gal

7.48 )

The correction from aggregate deviations from 35D is

—130 Ibf +172.5 Ibf _ 3
i =0.7f

62.4 )

1% =19.0 f*

The total volurne of water is

V=190 ft* +0.7 ft* = 19.7 ft?

3 3 3 £43
sidld= (16.3 fit* + 39.0 it_—l(—)%i.s fid +19.7 ft )

.
3
yd,

-E557)

X

‘3.2, The water-cement ratio is

water-cement; ratio = (19.7 i) (’7.48 %f’?l)

x (34 slacks)

[T ct]

3.3. The cement factor is

324 sacks
5.6 yd?

=16.1 sacks,/yd®

cement factor =

PPI 06 www.ppiZ2pass.com
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O-6 CIVIL ENGINEERING SOLVED PROBLEMS

SOLUTION 4 s

4.1. Determine the design load, P, From ACI 318
Eq. 8-2,

Pu= 1.2Pgesq + 1.6 Piiee
= (1.2)(220 kips) + (1.6)(250 kips)
== 664 kips

Determine the column capacity, ¢F;; mayx. From ACI 318
Eq. 10-2,

Py max = 0.80@(0.85f’c(44g — Ag) +fyA5g)
Ag= (16 in)(16 in) = 256 in?

For a tied column, ¢=0.65. Substituting numerical
values, the capacity is

gsz,,j_mu:(0.80)(0.65)((0 85)( k‘ps)(zaﬁ in? — Agy)

(60 k‘ps) Asﬂ)

= 452.6 kips + (29 4 k‘ps) Ay

The design criterion is
PPrmax = Py
664 kips = 452.6 kips -+ (29 4 k‘ps) Ay,
Ag = 7.19 in? |
Check the limits.

Prtin < 2 < Proax
Ase
p - Ag

From ACI 318 Sec. 10.9.1,

Pmin = 0.01
P = 0.08

10 i
= 725169 ;:2 = 0.028 [within limits—OK]

Select the longitudinal reinforcement. Various combi-
nations are possible—for example, using no. 9 bars.

For eight no. 9 bars,

fnl
As,pro_\'_ided =8 in

Select: the ties. The tie spacing is governed by ACT 318
Sec. 7.10.5.

16dy = (16)(1.125 in} = 18'in
484, = (48)(0.375in) = 18 in  [for no. 3 tie]

least column dimension = 16 in  [coritrols]

4.2.
16 in
1.5 in (cover specified
in ACi 318 Sec. 7.7.1}
18in eight no. 9 bars

no.3tiesat16in

A

In accordance with ACL 318 Sec, 7.10.5.3, if clear dis-
tance dimension A in the illustration is larger than 6 im,
supplementary ties would be needed. Calculate A.

(3){1.125 in)

. 16 in — (2)(1.5 in + 0.375 in) —
= 5

=444 in < 6in

Supplementary ties are not needed.

SOLUTION 5 i,

To control deflection, select a depth that satisfies the
requirement of ACI 318 Table 9.5(a).

h (12) (04+-1%6)

(22 £) (12 E) Kips
> ﬂ] 04 + 1T
= 16 100

> 1254 in
The nominal moment of capacity for a singly reinforced
section is given by
My = fibd%w(1 — 0.59w)

My
%
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CONCRETE O.7

Large w values will result in small depths and heavy
reinforcement, while the opposite oecurs when w is
small. Use the common intermediate value of w=0.18.

M,,:( k‘l’s)(lﬁ n)d2(0.18) (1 — (0.59)(0.18))
=7.724d°

Obtain a first estimate of the applied moment by
neglecting self~weight.

Wy, = 1. 2Wead + 1.6Wiive

kips kips
{12)(15 i ) (16)(35 ft)
= 7.4 kips/ft.

¥3
M, =tw 0

= )(7 4 klps) (22 f)?
= 4477 fokips

The désign réquirement is

@Mﬂ 2 Mu
(0.9)(7.72d%) = (447.7 ft-kips) (_12 %)
d=27.8in

On the basis of the previous calculations, select a depth,
d, of 30 in.

Caleulate the actual value of M, (including self-weight).

Welf = (

= (.50 kips/ft

. kips kips
= 1.
wy, = (1.2) ( ) Tt ——+0.5 T )

con(os )
— 8.0 kips/ft
My= (! )(s 0 klpﬁ’) (22 ft)?

= 484 ft-kips

1

(23

Eﬂps

){16 in}(30 in)

Using the actual moment and a depth, d, of 27.5 in,
solve for w.

M,y = ¢M75.
: L A kipsy .. .
(484 fi-kips) (12 ft) - (0.9)( = )(16 in)
x (27.5 in)°w(1 — 0.59u)
w(l — 0.59w) = 0.178
w= 0.203

From this value of @, the area of steel is

Ay = w(f’) bd

kips
= {0.203) —k (16 in)(27.5 in)
: i
36 7
v in
=T7.44 in®

Various arrangements and bar selections are possible.
Using no. 11 bars, the number of bars is

A _ 744 n?
Auuehar 1.56 in?

= 4.77 [use five no. 11 bars]

n =

In order to fit these bars in the 16 in width available:and
satisfy the spacing requirements, it is necessary to nse
bundles as shown.

i f’:-::\—five no. 11 bars-

beam size = |16 in % 30 in

SOLUTION 6 e

Determine the cracked moment of inertia, I,. From
ACT 318 Sec. 8.5.1,

57,0004 /3000 — 1bf
E, = 57,000/f =

Ibf
1 2
000 ip

= 3122 kips/in®
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O-8 CIVIL ENGINEERING SOLVED PROBLEMS

5 29,000 klps
et ———
B 3122@
n

=93

16 in

| l_
[
A

27.31in

(9.3}{5)(1.66in?) = 72.54 in*

= (72.54)(27.3 - ¢

E4+91c—2475=10
c=11.83 in

T = ({16 in)(11.83 in)® + (72.54 in®)(15.47 in)”
= 26,190 in*

Calculate the gross moment of inertia, .
I,= 5bh® = () (16 in)(30 in)*
= 36,000 in*

Determine the cracking moment, M.. From ACI 318

Eq. 9-10,
fo =15V =75/3000 2

= 410.8 Ibf/in®

The cracking moment is given by ACI 318 Eq. 9-9.

frI.q
i

(4108 M) (36,000 in)

) (302“1) (1000 %) (12 R)

= 82.9 ft-kips

M=

Obtain the maximum service load moment, 3M,.

kips kips kip
Waorvice = 9:D B o v | G e + 0.5 ’
= 5.5 kips/ft

1 2
M, = §w_ser.vicel

kips s
()(55 B )(22 ft)
= 332.8 fi-kips

Calculate the effectivé moment of inertia using ACI 318
Eq. 9-8.

3 .

Mo I,
I,= (MC) I+ (1_ (ﬁ:) )Iw
_ 82.2 ft-klps 3 i
h (332.8’ ft—kips) {36,000 in*)

| 82.2 ft-kips 5 i i
+ (1 (332.8 ﬂ;_kips) )(26,190 in%)

= 96,338 in?

Caleulate the imrmediate deflections.

4
O Wservice [

384E1,
(5) (5 5 kg’b) (264 in)*
kips\ . ‘4 in
(384) (3122 )(26,338 in )(12 R)

=.0.35 in

Aimmcdiate -

Find the long-terni additonal deflection using ACI 318
Eq. 9-11.

A{creep + shrinkdge} = AAimmediate
1+ 507
-2
1+ (50)(0)

A{creep + shrinkage) = (2)(0.35 in) = 0.70 in
total deflection = 0.35 in + 0.70 in

=[1.051n (1 in) ;
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CONCRETE 9.9

SOLUTION 7 e e

7.1.

A

8ft

Select the preliminary beam depth based on deflection.

From ACT 318 Table 9.5(a},
[ (8)(12in)

hmin - 8 - 3 =12 in

Estimate the heam weight as that of a 10 in x 12 in beam.

(L.2)(120 in?) (0 15 1;5)

we= (1.2) (0 1 kfltp) +

2
in
(12 %)
_ 1o EP kip
=0.12 . B +0.15 T
= (.27 kip/ft
kip - kip
=(0.27 +({1.6)}{ 0.35
£+ (16) 045 K2)
= 0.83 kip/ft
wyl?
M, ==

kip 2 in
()(083 &)(8 )’ (12 2)
= 318.7 in-kips
Calculate the required bd>,
M, = $(fbdas(1 — 0.59w))
_Ph
5
Use w=10.18 to define the section size.

, kips

fc) Y

pe=wf E ) = (018} —2—
( y 60 klps

=0.012

p—

ofw(l — 0.59)
_ 318.7 in-kips
(0.9)( klps) (0.18)(1 — (0.59)(0.18))

= 550.3 in®

fou 02 _ [550.3 in®
b 10 in

=T7.42 In

1.5in

¢1.53n +a‘s+%’

7.2, Assuming no. 6 bars and no. 3 stirrups,

h>T42n+ 1542

8

Use h = 10 in.

Refine the value of w by using the exact selected
dimensions.

in + g« in = 9.67 in

d=10in—15 in—% i‘n—g in = 17.75 in

bd? = (10 in)(7.75 in)*
= 600.6 in®

_ M
(1—0.59w)w = ¢f£b’&2
318.7 in-kips

=(0.9)( k‘ps)(ﬁow in3)

= ().147
w=1(0.163

_ (fé)
p=wlZ
¥

4

2

= (0.163) in
kips

60

11

kips

= 0,011
Ay = pbd = (0.011 n)(10 in)(7.75 in)
= (.85 in®

Two no. 6 bars provide 0.88 in®.

[ Use two no. 6 bars. |
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O-]0 cI1VIL ENGINEERING SOLVED PROBLEMS

The shear at the critical section is

critical section

) T

Bf————=
o
v, = (0 83 klp) 8 f— LTI | 611 kips
it in
1218 ]

From ACI 318 Eqg. 11-3,

Vo= 2/flbyd

=2, /4000 Ej£(10 in)(7.75 in)

= 9803 Ibf (9.80 kips)
GV o= (0.75){9.80 kips)
= 7.35 Kips

Even though V, > 9V,/2, the beam depth is 10 in, so no
shear reinforcement is needed (ACI 318 Sec. 11,4,6.1).

7.3.
. 10 in
1 |
two no. 6 bars
10in le— 1.5 in clear cover
n (ACI 318 Sec. 7.7.1)

construction stirrup
{as required)

SOLUTION 8 e

B.1. Size the footing to attain a uniform pressure dis-
tribution under service loads, Locate the resultant of
applied service loads.

l 135 kips

#21 5 kips

e

18 ft

I
R = 360kips

(350 kips)e = (135 kips)(18 ft)
e=06.94 ft
({18 . — e) + 2 f£)(2)
= ({18 ft — 6.94 f) + 2 1t)(2)
=261 f

footing length =

26.1 ft

6.1 ft 18 ft 2ft

The footing thickness is likely to be governed by punch-
ing shear around the columns. Because this problem
does not require checking punching shear, assume the
footing thickness is the maximum allowed (i.e., 2 ft).

Determine the dimernsion . Equating the total load to
the soil capacity times the bearing area gives

350 kips + (0 15 k“’) (26.1 ££)(2 fe)b

3.5 klp*’) (26.1 ft)b

b=[T2F]

8.2. Calculate the shear and moment diagrams. The
design of the footing uses factored loads.

eolumn A = (1.2)(80 kips) + (1.6)(55 kips)
= 184 kips
column B = (1.2)(110 kips) + (1.6)(105 kips)
= 300 kips
total = 184 kips 4+ 300 kips.
=484 kips

(The footing weight does not induce shear or moment,
50 these are not included.)

The resultant of the factored load is not exactly in the

same position as the resultant for the service load, but

this shift is typically neglected and the pressure is
assumed uniform. For this reason, the reactions on the
inverted footing are not exactly equal to the factored
eolumin loads.

_ 484 kips
T ™ 96111

= 18.5 kips/ft
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CONCRETE

inverted footing

Gu l

k.
cohlimn——- 7 =
Jocations 296.8 kips 186.1 kips
6.1 18t 21t
1 1
37.0 kips
113.0 kips 149:1 kips
9.93 1 ,
567 ft-kips
. ~37.1 ft-kips
—344.7 ft-kips
SOLUTION O e

9.1. The problem can be illustrated 4s shown.

10 kips

T 5 ft-kips

_ 4
I=kb
_ 10 kips (5 f-kips)(0.55)
Ginnxe = bg T
10 , 30
A

To determine the size of the footing, b, solve by trial
and error. To allow for a 1 ft thick footing, limit g, to
1.5 kips/ft” — 0.15 kip/ft* = 1.35 kips/ft*.

b qmﬁ.‘ﬁ
(&) (kips/1t?)
2 6.25
3 2.92
3.5 152
3.6 142
3.7 1.32

I = 0.14 ]’C‘lp/ﬂ‘2
= B F ]

9.2. Check the 1 ft depth for punching shear. Find the
fraction of the moment transferred by shear, ~,, from
ACI 318 Eq: 11-37 and Eq. 13-1. Since b = by,

1
’Ys.:zl——b
1+2 /2
+3 B
11
14+ (GHD)
== ().4

Find the factored moment affecting the punching shear.

YoMy = (0.4)(1.6)(5 ft-kips) ='3.2 ft-kips

{1.6110 kips} = 16 kips

'

IR

Yave

|
1R

Assuming a single layer of no. 6 bars and a clear cover
of 3 in,
d=12in—-3in-0.75in =825 in

R= Tave bl 62

b1=62=10in+d
= 10 in+ 8.25 in

=18.25 in
_P_ 16 kips
Gave A= (3.7 ft)2

= 1.17 kips/ft?
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9-12 CIVIL ENGINEERING SOLVED PROBLEMS

V=16 kips — R

=16 kips — (1.17 XB5) | 18.251n
ft? g
e
=13.29 kips
From ACI 318 Sec. R11.11-7,
At By dbb
=% "5 T2
(8.25-in)(18.25 in)®  (8.25 in)*(18.25 in)
= 6 * 6

(8.25 in)(18.25 in)(18.25 in)?
2

Je

T
= 35,1389 in*

Ap=2d(bi + by) = (2)(8.25 in}(18.25 in + 18.25 in)
= 602.25 in*

Calculate the maximum punching shear stress using
ACT 318 Sec. R11.11.7.2.

v, oM (%)

'Uu—Aﬂ'i' Jc
' 1o (18,25 in in
(1339 kaps (32 fekins (B) (12 5
602.25 in* 35,139 in?

_ Ibf
X (1000 %)
= 32.0 Ibf /in®

Caleulate the allowable stress using ACT 318 Eq. 11-38.

9V,
DU = bd

Using ACI 318 Eq. 11-31,

3 4\ /7
v, = (2 + 6_) \/Tibod
Using ACI 318 See. R11.11.2.1,

__ long column dimension
short column dimension

Be

by = 2(by + ba)
= (2}(18.25 in + 18.25 in)
=73 in

From ACI 318 Eq. 11-32 (with o=40) and Eq. 11-33,
V.. should not exceed the smallest of

04, ) /7 g - (0525 )
(ba”)‘/ib"d“( w2
o] Ibf : .

= 215,001 Ibf

4r/Fbod = 44/3000 %(73 i1)(8.25 in)

= 131,946-1bf  [controls]

b = ¢d/F, = (0.75)(4)4/3000 %

= 164 1bf/in?

Since ¢u, > v, the punching shear capacity is adequate.

Check the one-way shear. The capacity is @ V..

-« critical section, per
AC!I 318 Sec. 16.5.2

¢Vo= ¢24/f bd
ibf

(0.75)(2),/3000 -5 (37 £) (12 -’f%) (8.25 in)

1000 }'Ef-
kip

= 30.0 kips

¢V, is greater than the total factored load, so there is no
need to obtain V. The one-way shear is adequate.
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9.3. Calculate the maximum moment.

3.7t

1.43 ft

critical section —=

0.224 kip/fi2 1.32 kips/ft2 X 1.6

= 2,11 kipsAt?

q=1.38kips/ft2 |B

. kips
force A= (3.7 ft)(1.43 ft) (1 38 ftlz )
= 7.30 kips

Using values calculated in the illustration,

. kips kips\ (1.43 ft
force B = (2 11 2 - 138 &2)( )37 &)

= 1.93 kips

M= (7.30 kips) (1.423 fc)

+ (1.93 kips) @ (143 ft)

= 7.06 ft-kips
Use trial and error to compute the required steel area.
M
Ay == 2
*T0.9f,4d

Assume j==0.95.
; . n
i (7.06 ft-kips) (12 E)

(0.9) (60 klps) (0.95)(8.25 in)
=0.20 in® [clearly less than minimumn]

Using ACI 318 Sec. 7.12.2.1,

Aslmin = Pmin-A
= (0.0018)(44.4 in)(12 in)
= 0.96 in®

| Use five no. 4 bars in each direction. |

12 in}j

SOLUTION 10

— |=— 3 in clear

T2 3in clear
K

371t

not to scale-

Since the plan dimension of the plain concrete slab is not
specified, calculate the minimum reguired.

Ibf

Tspilnet — 1300 ft2

(150 lbf) ] in.

ft3

= 1225 Ibf/ft?

40,000 Ibf
Ibf
1225 )

= 32.65 ft?

A=

Given that the clear distance between the footings is 6 ft.
and that the length is 10 ft, the minimum area exceeds
60 ft2.

10.1. Neglect the slab. Assuming all the load is dead,
= (2)(10 kips)(1.2)
" 10 ft
= 2.4 kips/ft
The shear at the tank leg is
klps
Vi=wz= | 24 (25ft)
=6 kips

The moment at the tark leg is

-Mu :'%wuﬂ:? = (_) (2 4 k;_'fs) (25 &)2

= 7.5 ft-kips
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w,, = reaction from soil

Y
inverted —w-1
footing 7 W
25 51t 2,54t
B ki B kips
v

6 kips 6 kips

7.5 ft-kips 7.5 ft-kips
Taking d = (0.8)(20 in) =16 in,
Ve=2/f bd
24/ 3000 M(24 i) (16 in)
- Ibf
1000 kip
= 42.07 kips
Vo < 7 kips
V.= (0.75)(42.07 kips)
= 31.5 kips > V',

The footing size is sufficient for shear. (The moment
of 8.75 ft-kips is small and can be easily accommo-
dated by the footing.)

10.2. The critical section for:shear in the plain slab is
at a distance, d, from the face of the footings (see
illustration).

101t

% ' A= footing

. . -— slab
critical section

7

14 kips {factored)} per leg

Vo= 24/ f:b‘d [normalweéight concrete]

2, /3000 l—b—f(lgo in)(3 in)

= bt
1000 2L
00 =

= 39.44 kips
V. < 28 kips
Vo= (0.75)(39.44 kips)

=29.6 kips > V, [conservatively estimated]

{ The plain slab shear strength is sufficient. |

11.1. Calcilate the load per foot of ringwail.

weight of liquid = (55,000 gal) (0 13368 f—tT)

Ibf
er
= 458,780 Ibf  (458.8 kips)

weight of tank = 200,000 1bf (200 kips)

total weight = 458.8 kips -+ 200 kips

= 658.8 kips
perimeter of
centerline of ringwall 7(32 ft)
= 100.53 £t

The service load per foot of ringwall is

__658.8 kips

= 0053 &t 6.55 kips/ft

Neglecting the weight of the ringwall, the required
width to keep the soil pressure within allowances is

6.55 klpf:
bm T _ a7
15 HBs
ft2

This dimension is large and requires the use of a footing
under-the ringwall. Because of the 18 in deep frost line,
transfer the load at a depth of 24 in. Assuming access to
the underside of the tank is unnecessary, the projection
of the ringwall above the ground surface iy arbitrary,
Select, 6 in. '

PPl &# www.ppi2pass.com




CONCRETE

9-15

B in (arbitrary)

St h

T | A

24in

frost line

Assuming the full loading is dead load, the factored load
per foot 18
Py, = 1.2¢

Using ACT 318 Sec. 14.5.3.2,
ty > 7.5 1n {_8' in)

Check the 8 in value for strength.

Estimate h. The shear force at; the critical section, V,, is

'Vﬂ = Pu(b — '(tw * 2d))

The ghear capacity of a 1 ft long section is ¢ V...

Vo= (0.75)(2)/Fd

(0.75)(2)1 3000 ﬂ'if(l fr)a(12 %)
—=10),9864d kips

Ibf
1 LS
000 kip

Takinig tentative values of b and &, ds 60 in and § i,
respectively, and working on a per foot of perimeter
basis,

_ 1.2(total weight)
" centerline perimeter

~ (1.2)(658.8 kips)
T 10053 ft

= T7.86 kips/ft

vo=e(t ta_y)

b N2 2
kips
— 786 & (GOin_@_d)
60 in 2 2
= 3.41 — 0.131d

Eqguating V, to ¢V,
3.41 — 0.131d = (0.9864d
d=3.05 ini

However, ACI 318 Sec. 15.7, prescribes a minimum
effective depth, d, of 6 in. With a 3 in clear cover, the
total depth is

h=d+3+dy~d+4in

Use d = 6 in, and try A= 10 in. Checkthe flexure before
finalizing h.

i

a=13in

Again taking =60 in, the load between points A and B
in the illustration is

R -
_ 7.86 kgs)s (60 in m)
60 in 2 3
= 3,41 kips/ft
M,= Ra= (3 41 kg’s) (13 in)

= 44.3 in-kips/ft of ringwall footing

Assume j=0.95.

M
Appo = —u
A 8f g

44.3

in-kips
ft

(0.9) (60 klps) (0.95)(6 in)

= 0.144 in?/ft
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O-16 CIVIL ENGINEERING SOLVED PROBLEMS

The reinforcement area per circumferential foot (12 in}
of ringwall is

Aganin = Pnbh = (0.0018)(12 in)(10 in)
= 0.216 in?/ft [controls]

Use no. 3 bars at 6 in on center spacing (provides
0.22 in?/ft).

[ =10 in can be used. |

8in

[~

60 in

not to scale

Check the bearing pressure, taking into consideration
the weight of the concrete {150 Ibf/f°) in the wall and
footing,

added weight (8 in}(20 in} + (10 in){60 in)

per foot of wall - PN
(12 R)
_ kip
(oo )
= 0.79 kip/ft
kips kip
actual bearing 6.55 —ft—+ 0.79 5
pressure 5t

= 1.47 kips/#® < 1.5 kips/ft?

[allowable]

11.2. Select the steel for the ringwall. The load per
foot is small, so minimum requirements will govern.

For vertical steel, from ACT 318 Sec. 14.3.2, p =:0.0012.
The reinforcement area per circumferential foot (12 in)
of ringwall is

Agp= pytyb ={0.0012){8 in)(12 in)
=0.12 in?/ft

[ Use no. 3 bars at 11 in.]

For horizontal steel, from ACI 318 Sec. 14.3.3, p = 0.002.

Agp = pptuh = (0.002)(8 in)(20 in}
=0.32 in?/ft [in shaded area]

{ Use three 10, 3 or two no. 4 bars. |

This solution assumes that the bottom of the tank is
adequate to carry all of the content’s weight. This will
require a very stiff tank bottom. If the bottom is flexible,
there will be a radial force on the ringwall, translating
into & hoop stress in the ringwall steel. The minimum
requirements for horizontal steel in the ringwall would
not bé adequate in that case.

114.3. A sunmary of the final design is showx.

Ton

R

8in

R

. 1 i b
no. 3 bars at 11 in |~ no. 3 bars

24in - - 3'in clear
ainflea e b o .]“"”
; clearp__ ] 1Y -l
/ 60 in \ temperature
no. 3 ba_rs reinforcement
at§'in (not designed}
not to:scale

SOLUTION 12 e

34in

in

10in
typical unit

not to scale
Use ACI 318 Sec. 8.12:2 to check the width of the flange.
bott max = (2)(12 in)_ 4+ 10 in
=34 in
The full width is available.

Calculate the drea of conerete in compression at ulti-
mate tehsion.
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an KIDSY . .
T = fyAS = (60 F) (3 1n2}
= 180 kips
Aj = bgrh = (34 in}(2 in) = 68 in®
A = T 180 kips
“To8sf kips
e (0.85) (3 "'""é")
in®

=70.59 in® > 68 in* {OK]
Ay= A, — Af

= 70.59 in? — (2 in){34 in)
{ required ]

from web

= 2.59 in?
Ay _ 2,59 in?
by 10 in

[from underside of ﬂange]
to compression depth

Oy =
= 0.259 in®

Compute the moment capacity, ¢M,.

(68 i_n2)(o.as)(3 kips )

= 173.4 kips
Vi i ——

j0.259 in — | —— Kins

‘ {0.259 in}10 in)(0. 35)(3 2 )
11in = 6.6 kips
9.87in
steel
. - 180 kips.

notto scale

(173.4 kips)(11 in) - (6.6 kips)(9.87 in)

M, =
12 E
= 164.4 ft-kips
$My = (0.9)(164.4 ft-kips)
-

SOLUTION 13 oo

13.1. Locate the centroid and calculate the moment of
inertia.

=

area (area)y  (area)(y—7)° L
{n?)  {in) (in®) (in%) (in*)
24, 104 85 884 1347.8 1464.7
Ay 96 10 96 1460.2 32.0
totals 200 980 2808.0 1496.7
—_ 980 in .
= = 4.
7=%00mz =+
I = 2808 in® 4-1496.7 in*
= 4304.7 in*
y,=4.9in
yp=18.11n
e="T.lin

Check stresses at transfer. Assume tendon stress after
transfer, f,; is the maximum permitted. From ACI 318
Sec. 18.5.1,

Fpi=0.7F = (0.7) (250 klpb)

= 175 kips/in®
area of tendons = (4){0.16 in?)
= (.64 in?

The prestressing force at transfer is

= (0.64 in?) (175 klps)
= 112 kips

The stresses should be checked at 50 diameters of the
strand from the ends and at the centerline.
(dy = 0375 in.)

Calculate the hending moments from self-weight at sec-
tiors 1 and 2.

-

50d, = 18.75 in {1.56 ft)

(200 1n2)(0 15 k‘p)

2
I
|
I
t

1

1
|
|
1
T
|
| .
centerline

TN A N

ft3
(2 )

= (.208 kips/Tt

Waetf = A7 =
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At section 1,
M= (0 208 )(15 t)(1.56 ft)
Sy )(o 208 k“’) (1.56 )

= 4.62 ft-kips
At section 2,

My =lwi? = (3 (0 208 k;f) (30 £)*

= 23.4 ft-kips

Caleulate the stresses at section 1.

P, Pec
TELTT
112 kips | (112 kips)(7.1 in){(4.9 in)
200 in? - 4304.7 in4
: . . in
_ (4.62 ft-kips)(4.9 in) (12 -{-_,tm)
4304.7 in?

( 0.560 klp+090f klp 0,063 klp)(woo %)

SPEEY

_ klp kip /10.1 in
= —0.560 (O 905 1112) (4.9 in)

kip\ /10,1 in
(0063 ) (1oL
( —0.560 klp ~ 1.865 klpsw 130 klp)
1bf
(1000 H)
=["2295 Ibf/in?
At section 2,

kxp

= - 560 + 0.905

(23.4 fi-kips) (4.7 in) (12 :}E)
N 4304.7 in
= ( 0.560 k‘P D +0.905 £ - 0.31 @) (1000 R’f)

kip
=[]

oy = —0.560 kﬂ —1.865 k‘PS

klp 10.1 in
(0 32 ) (4 9 m)
( —0.560 - klp —1.865 kip“wo 660 klp)
Ibf
(on 2
=[ 1765 Ibf /in?

In summary, at transfer the stresses ave as follows. The
maximum compression is

12295 Ibf/in® [not OK]|

According to ACI 318 Sec. 18.4.1, the allowable com-
pression is

0.6, = (0.6) (3500 125)
= 2100 1bf/in?
The maximum tension is

282 psi  [OK]

Akcording to ACT 318 Sec. 18.4.1, the allowable ténsion is

64/, = 61/3500 % — 354 1bf/in?

13.2. Check stresses at the service load level. Assume
total losses = 20% of f,;.

For =081, = (08) (175 klfs)
= 140 kips/in®

The final tendon force is
klps 5
P = [ 140 (0.64.in") = 89.6 kips

The service load is

45 lfi’—f+ 40 %f G
Urervice = —_l_&__i:._ (4 ft) + 0.208 &p
1000 —
kip

== 0.548 kip/ft
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The moments at sections 1 and 2 are

0.548 kflp
M = (4:62 ft-kips) —klt
0.208 ?EE

= 12.17 ft-kips
0.548 -lif‘B
My = (234 ft-kips) | —I&

kip
0.208 =
8 it

= (G1.65 ft-kips

Calculate the stresses at section 1.

o =L Pec_ _ 89.6 kips | (89.6 kips)(7.1 in)(4.9 in)
AT T T 200in? 4304.7 int
(12,17 ft-kips)(12 in)(4.9 in)

1304.7 in®
( 0.448 k‘p+0 794 - k‘P —0.166 klp)(looo

S

_ k}p kip\ /10.1 in
= 0448 5 (O 724 1112) ( 4.9 in )

Kip\ /10.1 in
+ (0166 )(49 )
( 0.448 - klp —1.492 klps +0.342 klp)
Ibt
(1000 % p)
=[—1508 Ibf/in?

At section 2,

= —(0.448 klp - 0.724 - k‘p
_ (61.65 ft—k1ps)(12 in)(4.9 in)
4304.7 in?
= ( 0.448 klp TP 4 .74 klp —0.842 klp) (1000
= [~566 lbf/in?'

Ibf
kip

1bf
ki

i)

oy = —(.448 @—

kip\ /10.1 in
(084~ ) (i)
( 0.448 k’p —1.492 l—“—‘—)-s-ﬂ 736 k’lfs)
Ibf
(1000 = p)
= [=204 ibf/in?

[n summary, at service the stresses are as follows. The
maximum compression is

klps
in?

11508 1bf/in®  [OK]|

According to ACI 318 Sec. 18.4.2, the allowable com-
pression is

0.45f, = (0.45) (5000 121)

= 2250 1bf/i in?

"The maximum tension is

[110 Ibf/in® [OK]]

This is less than T7.54/f, permitted by ACI 318
Sec. 18.3.3.

13.3. Find the section’s nominal moment strength.
Calculate the stress in the tendon at ultimate, f,,. Using
ACI 318 Eq. 18.1 and omitting the terms that account
for compression reinforcement,

i1 (3)e(7))

fpu 18 the specified tensile strength of the tendons. Using
ACI 318 Chap. 18 notation,

hﬂ 0.85

T

Ty = 0.4

£ = 5000 1bf/in?
B = 0.80
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=T b S - e
0.64 in2 ) b=18in ! ‘
- PR | ] _
(4 fr){12 m)(w E)

= 0.0011 -
fom (250 %) (1 - (5z5) o (X9))

= 243.1 kips/in?

The total tension at ultimate is d=28in
T'= Apsfps
kips .
= (243.1 m—g) (0.64 in?)

= 155.58 kips

The depth of the compression block is

gL
0.85/b
_ 155.58 kips
(0.85) (5 kl—lf’) (48 in)

in ;

= 0.76 in

_ neutral axis
The fiexural capacity is '

GM = pA,f ps (dp - %)

(0.9)(155.58 kips) (12 in - m)
= = 2
o 1
2%
= [135.6 ft-kips
Eg
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The area of concrete in compression when the section
reaches its moment capacity is

) : 1bf "

_fA (60,000 ———ing) (7.80 in?)
‘085, - 1bf
(0.85) (4000 iﬂ2)

= 137.6 in®
This is greater than the area to the sides of the trough.
Agop = (4 in)(18 in'-~ 10 in) = 32 in®

Therefore, the compression area extends below the
trough to a depth of

Ac - Atop
="y

1376 in* — 32 in®

B 18 in

= 5.87 in

The depth of the neutral axis is

_a_ Argp + ay,
B B

_ 4.00 in + 5.87 in

N 0.85

=11.6 in

T

From similar triangles,

& _ 0.003
d—x z
¢s= (28 in - 11.6 in) (101‘%0?11)

=[0.004)

SOLUTION 15 s

Applying the usual assumptions for the analysis of pre-
stressed. beams, the tendon profile over each 40 ft seg-
ment can be represented by superposition. of the chord,
which is inclined upward 10 in, and by a parabolic
strand that has an equivalent sag of

5=10 in + (0.5)(10 in)
=15in

P = 280 kips |
P=280 kip_?_’_/f’/

e T T T T T T T T T ?
e = 1Win
P = 280 kips P = 280 kips

a = 40t

The equivalent prestress forces are those of the reactions
of the stressed stranl against the rigid concrete.

(8)(280 kips) | 2218
_8Ps_ 2
a {40 fe)*
= 1.75 kips/ft T
2Pe,
a

F=w.a+

' ki.p's . (2)(280 kips)(10 in)
= {175 == )(40 ft :
( & )( o (40 £) (12 g)

= 81.67 kips |
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The structure is statically indeterminate to one degree. ‘The flexibility coefficient is-obtained by applying a unit
Let the reaction at point B be the unknown force, and force upward at the reledsed point and computing the
release it. deflection caused by that force.
F= 81.67 kips 3 imy?
80 ft)° (12 —
w, = 1.75 kips/ft fa B '(_ ) ( ft)
¥ | , 48E1  (48)(250 x 10° kips-in?)
P 2
el i ————— ;;* = 0.0737 in/kip. T
A m B f I O )
i d | For.consistent displacement,
) 80 ft '
. d+ Bpf=20
EJ =250 x 108 kips-in® . nf
5wt FL 0.430 in+ Rp (0.0737 ﬁ?ﬁ) =0
T 384El  4BEI
: kips -\ iny? R =58 kips |
(5)(1.75 <2 ) (80 £) (12 g)

(384}1(250 x 108 kips-in?}

: 3
. s 3 11
(S1.67 kips)(80 ft) (12 ft)
(48)(250 x 10° kips-in?)
= 0.430 in T
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Steel

PROBLEM 1 i i

A moment-resisting connection between a W18 x 46
beam and a W10 x 45 column iz designed to resist a
moment of 140 ft-kips and a 70 kip vertical load. All

steel is A36. Use 7/s in A325 bolts.

P WT7 section
1.
53in |—j——f—‘

W18 X 46 beam

o web v

+ + M =
plate

+ +

=

WT7 section

W10 x 45
column

!V

1.1. How many bolts are needed to attach the WT7
section to the column flange?

1.2. Specify the required flange thickness of the WT'7
sections. Prying force is to be reduced to an insignificant
amount.

1.3. If four %5 in diameter A325 bolts are used in each
WT section instead of /s in bolts, what is the minimum
beam size (depth)?

PROBLEM 2 = i s

A 3.4 kips sign is supported by three equally spaced
eables from a W& heam, the exact type to be deter-

mined. The beam, in turn, is supported by two side

wires and a threaded tie rod. Assume all beam, wite,
and rod connections are pinned.

s 2

<

-threaded tie rod

8ft
41t
J——-|
beam ~—%] W8 beam
centerline
3 cables —

elevation

Bft

!

8t

20H

plan

2.1. What is the lightest W8 besam that can be used to
support the sign? Use A992 steel.

2.2, What are the reactions in the wires and rods?

PROBLEM 3

Design the interior columns of the frame shown in the
figure. The columns-are braced continuously in the plane
perpendicular to the frame. The girders are W12 x 96. Use
A992 stéel. Left-toright sidesway is uninhibited. Connec-
tions of columns to their supports are rigid.
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275 kips 275 kips 4,1. Use A325 bolts in a bearing-type connection with
¢ J{ threads excluded from shear planes to design the bolted

275 kips 275 kips

t

. ﬂ] rwwm X 96
T AA

connections between the mounting stem and the col-
umn. Disregard prying action.

4.2. Design the weld comnection for member B.
Assume E70 electrodes will be used.

T T T bz
! | ! I
40 ft 40 ft 40 ft PROBLEM 5 o

cotumn orientation A 22 ft long W24 %94 beam crosses at right angles and
sits.on an 18 ft long W27 x 148 beam. The W27 x 146
—_— e x ‘heamt is, iin turn, supported on unstiffened L8 » 4.x 1 seat
s angles that are welded to the flanges of the columns. A
fon AA 180 kip conicentrated load is applied at midlength along
i section A the W24 x 94 beam. All beams are simply supported on

2 seats that offer no moment resistance,

A framing bent consists of W-shaped vertical steel col- o

umns with a truss girder constructed of double-angle

tension and. compression members. All steel is A36,

Truss members are welded to the mounting plate (WT

shapes) that are, in turn, bolted to the columns. (The

centerlines of the truss members intersect the centroids 22 ft
of the bolt groups.} Bents are spaced every 22 £ and [ B
carry a uniformly distributed foof load of 70 Ibf/ft?,
which includes an allowance for the truss girder itself.

W24 > g4

/— (See connection detail

in the next illustration.}
51 E

181t
[ P A
typical plan view
4 - A, = 20 ft A - 180 kipS A _
27 kips 2',; kips ¥ V]
# Ly =12 kips = 12 kips
m [ Z §W24X 94
o 35 ft '
not to scale W27 % 146
angle| ségts,
WT7 x 49.5 mounting stem welde H
A
o member A y— 18 ft AL

elevation view

5.1. What fraction of the 180 kip load is carried by
each beam?

column
\\

_ 5.2. What are the maximum bending stresses:in each
F paocr
y wo 2 beam?
L3x2x%2in

5.3. Two parallel vertical welds connect. each seat to the
column. E70 electrodes are used. Evaluate the adequacy of
the seat angles that support the W27 x 146 beam and
design the welds. (The 4 in leg is horizontal.) Assume

connection detail
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reasonable valueg for clearances and underruns. Beams are
AQ92 steel, and seat angles are A36.

PROBLEM 68 i

A horizontal roofis constructed with 36 ft girders support-
ing 32 ft joists, The girders are supported by 32 ft high
columns, All members are A992 steel. All horizontal
members can be assumed to be simply supported. The
columns can be assumed to be pin-ended at both ends.
The roof carries a live load of 0.02 kips/ft* and a dead
load of 0.06 kips/ft>. Wind and. earthquake forces are
carried by an external bracing system and should not
be considered in this design. The roof decking provides
continuoug bracing for the joist.

girder, 6 bays at 6 ft = 36 ft

L @ —
corner -
column, 32 ft joists
32 ft high
b a4 —

6.1. Select the lightest- W-section for the joists such
that the maximum deflection does not exceed 1/360th
of the length.

6.2. Select the lightest W-section for the girders.
6.3, Select the lightest available W14 column,

PROBLEM 7 o oermionmnseniooesoens i

An exterior two-story, 24 ft high steel dolumn supports
an exterior sign, a distributed roof load, and story loads.
The column is pinned at the base. Refer to the illustra-
tion for details. Select a wide-flange column according to
AISC procedures,

roof load, w
il
story loads 6 ft
/ sign 6 ft
column Y w= 5000 1bf
. 12 ft
7,

-— 5 ft

vertical reaction from roof loads: R = 20,000 Ibf
vertical reaction from story loads: £ = 30,000 Ibf

PROBLEM 8 s

A single plate bracket is welded to the face of a column
as shown. The column flanges have a thickness in excess
of 1 in.. Determine the size of the fillet weld required. Use
E70 electrodes and A36 steel.

40 kips
column

T — 10 kips

12in ZinPL

PROBLEM 9 o

Design an A992 wide-flange column to support the loads
indicated.

F =50 kips

M = 18 ft-kips

beams provide lateral support
in plane and out of plane
but add no loads 8ft

i J
2 kips/ft
12 ft
24 1%
cantilever
load ‘r
10 kips
7 | 7 Z
3ft
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10-4 €iVii ENGINEERING SOLVED PROBLEMS

SOLUTION 1.

1.1. The shear of 70 kips is assumed to be carried
entirely by the web plate. This problem is niot concerned
with the web plate, so the 70 kips shear is disregarded.
Onty the 140 ft-kip moment is carried by the WT7
sections.

The depth of the W18 x 46 beam is 18 in. The horizon-
tal tensile (and compressive) forces resisted by all of the
bolts in the column-to-T-section connection is

. in
(140 ft-.klps)(lQ E)
18 in

= 03.33 kips

From AISC Manual Table 7-2, the tensile capacity of

/s in A325 bolts is B=27.1 kips/bolt. The number of
bolts required per T-section is

_ H _ 9333 kips
BT kips
271 —=~

7.l bolt

=|3.44 bolts| [use four bolts per T-section]

1.2. The base of the T-section is bolted to the flange of
the columm. Although the beam-column connection is a
moment coniection, the top T-section is loaded in pure
tension. The procedure in Part 9. of the AISC Manual
can be used.

step 1: From Sol. 1.1, four bolts are needed. The tensile
force per bolt is

7o H_ 9333 kips

= = 23.33 kips/bolt

step 2: Assume that the thickness of the T-section’s web
will be approximately 1 in. Since the bolt-to-bolt
spacing is 5.5 in, the free distance between the
T-section web and the bolt hole is

b= 55in—1in _ 9.95 in
2
The flange width, b5 of the W18 x 46 is 6.06 in. The
flange width of the W10 x 45 beam is 8 in, which per-
mits.a WT & in long. Take the tributary length per bolt
pair, p,-as half of the WT length.

o L_8in_,.
=3=7 =4 in

For a trial WT, assume a stem thickness, t,, of 0.5 in.
This gives

¥ = b—0.5t, =2.25 in — (0.5)(0.5 in)

For A36 steel; F,, = 58 kips/in®. The required flange
thickness to eliminate prying action is

I (X
T / PFu

(6.66)(23.33 kips)(2:0:in)

(4 in) (58 @)

in®

=1.16 in
Try a WT7 x 79.5.
tr=1.19 in
1y =0.745 in
The revised values are

¥ = b— 0.5, = 2.25 in— {0.5)(0.745 in)
=188 in

. _ [666TY
T pFu

{6.66)(23:33 kips)(1.88 in)
. .. kips
4 P8
{4 in) (58 inz)
-

The W7 x 79.5 is satisfactory. Use a WT'7 % 79.5 x 8 it
with four %/s in A325 bolts.

1.3. From AISC Manuel Table 7-2, the capacity of
5/s in A325 bolts in tension is

B = 13.8 kips/bolt

The total capacity of four bolts is

kips} -
(4 bolts) (13.8 bolt) = 55.2 kips
s
dﬂ'].lﬂ - F
A0 L 9 in
_ {140 fi-kips) (1 ft)
55.2 kips
= 304 in

{ A W33 beam size is required. |
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SOLUTION 2 e
21.

A
SITI

o 12 ft

From Y My =0, R,=3P. From the slope of the tie rod,

Rh =2R,=6P.
axial
s 2]
B 6P (compression)
shear 1P
R 7z %]
R 1% A
-P
moment
§
§ R
-4pP

Point B is braced by the cembined effect of the lateral
wires and the restoring twist provided by the applied
loads and the tie rod reaction.

P=

34 ;gps =1.13 kips |negleciing seif-weight)

Segment AB will control the selection of the lightest W8
section. Find the self-weight contributions. wis in Ibf/ft.

The contribution to the moment is

w(4 f£)(2)

1bf
1000 —
Ookp

= (L.008w

The contribution to the axial loading is

w(20 ££)(10 ft)
2)=10.
(1000 lb—f)(lﬁ ft))-( ) = 0.025u
kip
Try a W8 x 18 (KL/r, < 200).
A=5.261n?
ry=1.23-1n
re=3.43 in
w=18 Ibf/ft
. 3.4 kips kip-ft Ibf
= (4 ft)(—————g ) + (ooos = )( 3 ft)

= 4.677 ft-kips

- 232 (n ) o 532

= T7.25 kips

Check the member for combined axial compression and
bending using ASD. Compression strength is controlled
by the y-axis.

16 ) 12 i@)
KL _ J_j_ = 156
- 123

From AISC Manual Table 4-22,

Fa . 6.18 kips/in®

-

P, (Fg kips

Q_(Q)A (618 (5.26 in?)
=32.5 kips

For bending about the z-axis, use Ly =_16 ft and G =

1.0 (conservative). ¥From AISC Menual Table 3-190,

ﬁg” = 91 ft-Kips

For combined bending,

Pz F =725 kips

Py :
P,= i 32.5 kips
P, 325 kips

=0.22 > 0.2
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10-6 €1viL ENGINEERING SOLVED PROBLEMS

AISC Specification Eq. Hl-1a controls.

M= M = 4.677 ft-kips

M, == M, ., 21 f-kips

2

P () -G () (A7)
= (.42 <. L0

The W§ x 18 is satisfactory.

The next smallest W8 is a W8 x 15, which is likely to be

adequate for stress but should not be used because

KL/r, exceeds 200 {the AISC Specification preferred
maximum slénderness ratio listed in Sec. BY).

1 Use'a W8 x 18. ]

2.2, The vertical reaction in each wire is 0. The ratio of
the resultant force in the tie rod to the vertical compo-
nent is

(2 +(1)°

AR

The beam is simply supported at the wall and tie rod.
The reaction in the tie rod is

KR

g

B TR
-t
o
b BEEN

(18 %) (20 1)(10 f)V/5

(16 ft) (1000 %)

R=1/5(34 kips) +
=

SOLUTION 3 e

W12 % 96
1, =833 in?

275 kips 275 kips 275 kips 275 kips

A ¢ \
<Tor
Y

—

In order to select a section from the AISC Manual
tables, it is necessary to know the effective length. Since
the effective length is a function of the relative rigidities,
assume a value of the effective length factor. Assume
K=15.

KL= (15)(21 ft) == 31.5 ft

From AISC Manual Table 4-1, select a W12 x 96,
I, =270 in*

Calculate the effective length.

( I ) 270 in?
Gt — £/ el . : 21 ft
(#) (2)(833 in)
L girder 40 f&

= (309

Gy=1 is recommended by the AISC Manual for rigid
conitections to footings. From AISC Comsentary
Fig. C-A-7.2 (sidesway uninhibited), K = 1.2 and
KL=251t.

Try a W12 x 72.

I, =195 in?

(g) 195 in*
(= L/ colurn — 21 ft
£

B ( I ) ' "~ (2)(833 in?)
L/ ginder 40 ft
=(.223
Gb"—“‘ 1
K=~1.19
KL=251 [OK]

Interpolating between 24 ft and 26 ft, the capacity from
AISC Manual Table 4-1 is

P, 328 kips + 292 kips
Q. 2.0

== 310 kips
The actual loading is

(72 M) (21 f)

ft
1bf
1 —=
000 Iip

P =275 kips +

= 276.5 kips < —gﬂ [OK]

[Use a W12 x 73.]
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SOLUTION 4 s,

4.1. Determine the design forces.

= TA ———]I-—i B,
|
I
5 ft ! 1
] g ;\]
TH—— \i

20t
= e 12 kips
27 kips
> Fy,=27kips— B, =0
B, =27 kips

B =+/2(27 kips) = 38.18 kips
> Migp = —(12 kips)(25 ft) + C(5 ft) = 0
C = 60 kips
Y F,=A+B,— C+12kips=0
A= —12 kips+ 60 kips — 27 kips
=21 kips

The centroids of members A and B intersect at the cen-
terline of the bolted connections to the columns.

< 21 Kips

centroid of
bolt group B

— 2= 27 kips
|
|
|
|

27 kips
tension, T'= 21 kips + 27 kips = 48 kips
shear, V =27 kips

Find the. allowable. bolt stresses for A325 (threads not
excluded from shear plane) from AISC Specification
Table J3.2.

Fpp =90 kips/in®
F,, = 68 kips/in®

From. AISC Specification Sec. J3.6, for ASD (© = 2.0),
the nominal tensile stress for combined tension and
shear is given by AISC Specification Bq. J3-3b.

B = 1.3F — %,F < Py
R
fu is the required shear stress in kips/ in?. Try six %5 in
bolts. (4; = 0.307 in%.)

na 27 kips i s

—— e = 14, 3
fo= Py 16)(0.307 12) 7 kips/in

Fly=13F— %z‘fu < Fo

(2.0) (90 k”‘f)

kips in

( ) (90 n2 ) klp.‘:s
68
1n

(14 7 k“;_‘“‘)
11
= 78.2 kips/in® < 90 kips/in? [OK]
The available tensile strength of the six bolts is
(6) 78.2 klps (0.307 in?)
ni, __ nF;tAb _

Qo 2.0
= 72.0 kipg.> T

[Use six %5 in diameter A325-X bolts.

3818 P2 19,09 kips
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From AISC Specification Tables J2.4 and J2.5, The stiffness is

‘minimum weld size = 2 in b= P A8ET
16 - K - L3
. . 3. 1.
maximum weld size = 3 in - 6 in
5 ' For the W27 x 146 beam.,
= E 1 . ‘
Kips I'=5630 int
06Fg. OO (70 m_s) L= (18 1)(12 ) =216 in
Fafiler === = 50 ft
; (48F)(5630 in*)
= 21 kips/in2 b= L= ).0268F
ips/in (216 in)®
Select a %16 in fillet. The allowable strength, R,/Q, is
L For the W24 x 94 beam,
(0.923)(8) = 2.78 kips/in
The length of fillet required is I=2700 in*
00 T L=(2)(12 ) = 264 in
—m—lg'ﬂgég’: = 6.87 in 28 ft)
278 —. 48 EY(2700 in*
in j= EBEIRT0 ) _ o ozos
) . (264 in)
Neglecting end returns, the centroid of the weld coin-
cides with the centroid of the mémber when
The load on the W27 x 146 beam is
104z, = (3 — 1.04)z
' 0.0268E .
El o " (vozssE +0.00_704E)( 80 kips)
Iy + 29 = 6.87 in :
L =[142.6 kips (79%)]
x5 =238 in
Ty = 4.49 In The load on the W24 x 94 beam is

_ 0.00704 o
- (0.0268}57 + 0-.007043) (180 kips)

=[37.4 kips  (21%}]

5.2, For the W27 x 146 beam,

. PL  wl?
M=l
0.146 NP5 (18 1)’
_ (142.6 kips){18 ft) TR
5.1. For each of the beams, the loading is the same as == 647.6 ft-kips )
for a simple beam. ' i o 10
[ M (647.6 fi-kips) (12 ft)
V TS 411 i3
= (1891 kips/in®

Sl -
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For thie W24 x 94 beam,

PL  wI?
M= T + T
(0.094 LLPS-).@Q ft)?
_ (374 Kips)(22 f1) ft
) g
= 211.4 ft-kips
(2114 fr-lips) (12 lftﬁ)
kit k7N

5.3. The reaction is

kips
0.146 —= }{18 ft)
142.6 kips + ( f, )( )
= 5 5

= 72.61 kips

R,

For the W27 x 146 beam,

by = 13.965 in
== 0,605 in
k= 1.6875 in

The minimum bearing length, N, is the larger of the two

values for local web vielding and web crippling. Use

AISC Manual Table 9-4 to find the values of Ri/Q,
Ry/Q, Ry/QY, and R, /0.

TFor local web yielding,

R
)
_'72.61 kips — 88.7 kips
90.2 KPS
n

= (.80 in < 1.6875 in
Since N cannot be less than k, N= 1.6875 in.

> 1.6875 in

For web crippling,

(Q) _ L6875in
d / max 27.4 in
= 0.062 < 0.20

Since N/d is less than 0.20; use the following equation.

R, —
R
0
_ 72.61 kips — 112 kips

5.9 KPS
in

olE

N= >k

> 1.6875 in

= —6.58 in < 1.6875 iu

-Since N cannot be less than %, N = 1.6875 in.

Check shear yielding and flexural yielding of the angle.
Check local vielding and crippling of the beam web.
From AISC Manual Table 10-6, for an L8 x 4 x 1 with
Neey = 2 i,

£, : .
0= 115 kips > 72.61 kips  [OK]
Design the fillet weld connection for the 8 in vertical leg.
From AISC Manual Table 10-6, for a %16 fillet,

% = 80.1 kips > 72.61 kips [OK]

Bolt the beam to the seat angle, and provide a top angle
connection per AISC Specification Sec. J2.2b.

[The L8 x 4 x 1 is adequate. |

The final bracket design is

\f' 4in

|
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soLutione

6.1, Select a W-section for the joists.

1= (32 ft)(m i—n) =384 in

ft
P A7
384 in ‘
ki
(0 08 ﬂgs) (6 ££) -+ weeys

= 0.36 kips/ft + wear
wy = (0 02 klps) (6 )

== (.12 kips/ft

For uniform loading,

_ 5wt
334ET

The deflection criterion is
1
680

5w13 < 1
384ET = 360

e-...[D.

< —
3

The moment of inertia required to meet the deflection
¢riterion is
4.69wl

I>
- K

Neglecting self-weight,
klpS
(4.6_9) (.48 (384 in)®

(29 000 klps) (12 ’—f‘-;-)

> 366 int

I>

Try a Wlﬁ x 31, (From AISC Manual Table 3-3, I =
375 in*.) Adjust the load to account for the seIf—we1ght

klps+ 0.031 kips

wO'fISf o

= 0.51 kips/ft

Check the expression for the required moment of inertia.

0.51 klps

> (366 int) | — Tt
0.48 k’ff“‘

== 389 in? > 375 in*  [not acceptable}

Next, try a W18 x 35. {From AISC Muanual Table 3-3,
I=510 in?, and from Table 3-6, Z, = 66.5 in® . The
deflection requirement is met _w.ith' this section. Check
the capacity.

The applied momerit is

kips kips
o +0.035 =

=0.515 kips/ft
M= ()(0 515 k;};"") (32 fr)°

= 65.92 ft-kips

w=0.48

The capacity is

kips o
M, FZ. (50 )(66.5 in#)
LY (1.67) (12 %)

=165.9 ft-kips > M {OK]

| Use a W18 x 35 for the joists. ]

6.2. Select a W-shape for girders. Treat the reaction
from the joists as an equivalent uniform load (which is
Justifiable, given the total number of joists). Assume
bracing at-each joist location.

The deflection eriterion is

>

3

! 7360
The required momeht of inertia is

4,69
E

I>

Calculate the load, neglecting self-weight for a first
approximation:

kips kips )
(0 06 ft‘; )(16 fit) -+ (0 02 ff; )(16 ft)
= 1.28 kips/ft

(4.69) (1 28 k‘ps) (432 in)®

(29 000 klps) (12 %)

= 1391 in*

I:

[required]
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Try a W24 x 62 section.

1=1550 in*
Z =144 in®
by =7.04 in
Check the moment capacity.
_ kips kips
w= 1.28 T + 0.062 &

= 1.34 kips/It
M=luwl =} )(1 34 klps) (36 ft)2
= 217.1 ft-kips

From AISC Manual Table 3-2, L, = 4.87 ft is less than
the actual unbraced length, L,=6 ft. Therefore, the
moment strength is controlled by the fully plastic capac-
ity of the section. From AISC Manual Table 3-2, M,/
£2;,== 382 kips-ft > M.

The W24 x 62 is adequate in flexure.

[Use a W24 x 62 for the girders. |

6.3. The load on the column is

(1 34 E“ps) (36 £t)

P =
2

=24.12 kips

Because of the extreme height, the KL/r limit of 200 is
likely to control.

in
(32 ft) (_12_ E) <o

ry
ry > 1.92 in

From AISC Maonual Table 4-22, at KL/ = 200, F,./§} =
3.76 kips/in”. A W14 x 53 has r,=1.92 inand 4 =15.6in?,
80 the allowable load is

Patiowatio = (3 76 ‘“p"") (15.6 in?) = 58.7 kips

This is ruuch Iarger than the design load.

[ Use a W14 x 53 for the columns. |

SOLUTION 7 e
Caleulate the horizontal reaction, H.

A

P

wall - o=

ls kips

Taking clockwise moments as positive,

> My=~H(6 £t} + (5 kips)(5 ft)
=
H=4.17 kips

The loads acting on the column are as illustrated.

¢20 kips + 5 kips = 25 kips

|ateral P A 25 kips
suppon‘% ——T—— o P
from roof
6 ft
4.17 kips
——— M1
| 30kips |6ft
ateral » .
suppon\% -B 55 kips M,
from floor
12
(o

ground level 7 -
72 axial moment
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10-12 civiL ENGINEERING SOLVED PROBLEMS

Calculate the moments using moment distribution.

A ‘ B c

1 1
[ | i |
FEM -6.26 +6.26 0 0
BAL +6.26 -313 | -343
CoM Y33 0
BAL -156 | -1.56 _
0 +469 | -4.69 0

(all units in ft-kips)

Pi_ (4.17 kips)(12 ft)

FEM = iy 3 == .26 ft-kips
My = 4,69 fi-kips
(4.17 kips)(12 ft) _ 4.69 ft-kips

My = 1 2

= 10.17 ft-kips

To simplify connections, the AISC Manual recommends
that W-shape columns have a nominal depth of 8 in or
greater. Select a trial segment based on the flexural
strength for an unbraced length of compression flange
of 12 1t in the upper segment. AISC Manual Table 3-10
shows that a W8 x 21 has a moment strength approxi-
mately triple the required value of 10.17 fi-kips, based
on a conservative value of C,=1.0. AISC Manual
Table 3-2 shows that the section is compact for F,, =
50 kips/in% Try a W8 x 21.

A= 6.16 in®

7. =3.49 in®

ry=1.26 in® [controls|
For segment AB,

P, = 25 kips

M, = M; =10.17 ft-kips
in
k2 i) (12 £)
Ty 1.26 in
=114

From AISC Manual Table 4-22,

Fo _
0
P

= 11.6 kips/in?

&= ()4

(11 6 k‘ps) (6.16 in?)

== 71.5 kips

From AISC Manual Table 3-10, for the unbraced length
of 12 ft,

M, =37 ft-Kips

Check comibined axdal compression plus bending.

Py 25 kips
P, 715 kips
=0.35>0.2

Use AISC Specification Eq. Hl-1a with loading in only
one direction.

_i—:f (_g) (ﬁ:) <10

— 035+ (8) (w) <1.0

37.0 ft-kips
0.59 < 1.0 [OK]

The W8 x 21 is OK for segment AB. Next, check seg-
ment BC. For segment BC,

P, = 55 kips

M, = M; = 4.69 ft-kips

P, 55 kips

P, 71.5kips
=0.77> 0.2

Use AISC Specification Eq. Hl-1a.

7+ ()(5) <10

8y [4.69 ft-kips
=0, Y ) £ 1
077+ (5) ( 37 fi-kips ) =10

0.88< 1.0 [OK]

[ The W8 x 21 is adequate. |

SOLUTION S

8in 40 kips

- 10 kips

12in

t =-effective weld size
{throat dimension)
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Determine the location of the centroid of the welds.

I V_ 40 kips 1429
PTA Bin+8in4+12in)t ¢
- (8t.in*)(4in)(2) 9986 in ( _ )
((8 m)(2) +12in)tim D= 3'291 +'O'?;57 = 4'?;48
The forces and moment on the weld group are Z Ty =3 800 L 4t29 5. 2?529

The resultant is

N (C )

— 6.801
t
p

The des1%n strength for E70 electrodes, F,/§, is

Z 21 kips/in®.
7 = 7 Z /.
L G T 6.801 a1 klps
due to torque due tothrust due to shear t 1n2
f=0.324 in
Use the parallel axis theorem to calculate the centroidal ) o
polar moment of inertia. Disregard higher order terms. The nominal weld size is
#(12)* wy, = 2t = /2 (0.324 in)
I,= 2)( (8 in)t{6 in) ) (12) = 7201 .
12 = (0.458 in

Iy =(12¢)(2.286 i in)? + ({18 in) *(2 i) Try Y2 in fillets.

+ (81)(2)(4 in ~ 2.286 in)° Check the minimum arid maximum limits, using AZSC"
Specification Table J2.4 and Sec. J2.2b.

= 1951
Iy = 1; 4+ I, = T20t + 195¢ minimum m% in [OK]
= 915¢ 5 1
maximum = 3 in - T in
_Mc (608.56 in-kips)(6 in) _ 3.991 9
T = T 9157 T = -E in [OK]
P = V_ 10 kips _0.357
™ET A (8in+8in+12m)t ¢t iUse a Y2 in fillet. 1
Ty = A? (608.56 1n—k1ps)(m-mmm8 in ;12586 in)
SOLUTION O e
_ 3800 . .
T The lower vertical load is

10 kips + ( k‘é’s)(a ft) = 16 kips
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10-14 CiViL ENGINEERING SOLVED PROBLEMS

The lower moment is

. kips .
(3 £)(10 kips) + (-;-) (2 Tp) (3 ft)% = 39 ft-kips
18 ft-kips
¢ 50 kips
i B
8t
% N 18 fe-kips
-
12 ft
- fi-kips 66 kips  ft-kips
{ ‘L 21.56 ft-kips
16 ki
P 21
2 ¢
£ g 13.88 ft-ki
R o A ps
Sy axial moment
T
daml  Obtain the bending momerits.
18 ft-kips 39 ft-kips .
( v
0.297 kips T \L 7
0.297 kips
18] +9.75 +9.75 |
+8.25 +4.13
-18} +18 +13.88
1'8 ﬁ-kipS 21.56 ft-kips
17.44 fkips 00 firkips

Obtain the efféctive length for segment AB. Neglect
second-order effects in segment BC.

S 8t 24 ft |
Py B Y
/x%aGA=ac 7 %
A c

B 6
B &

=3

=

From AISC Commentary Fig. C-A-7.2, K= 3,
KL=(3ft){(8ft) =241t
Try.a W8 x 48.

A= 141 in?
re = 3.61 in

ry=2.18 in [controlg]
For segment BC,
P =50 kips
M, =18 ft-kips

in
KL_ (24 ft) (12 E)
™ 2.08 in
— 138

From AISC Manual Table 4-22,

.%‘Ez 7.89 kips/in®
_Pu P
Pe=gr= ()4
kips .
= 111.2 kips

From AISC Manual Table 3-10, for the unbraced length
of 8 ft,

M. = 122 ft-kips
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sTeEEL 10-15
Check combined axial compression plus bending. For segment BC,
P, 50 kips P, = 50 kips
P, 111.2 kips M, =18 ft-kips
= 0.45 > 0.2 NP
ki % &)(12 ft)
Use AISC Specification Eq. Hl-1a. Ty 2.041n
= 141
P, (M
P, + (S) (*M‘f) =10 From AISC Manual Table 4-22,
8Y [ 18 ft-kips F o
=10, LAY i i el Lo _ 7 2
045+ (9) (122 fhkips) s10 0 7.56 kips/in
058<1.0 [OK] _ P, (Fy
Fe=% ( Q )A
The W8 x 48 is OK for segment AB. Next, check seg- - kips )
ment BC. For segment BC, - (7‘56 inZ (11.7 inf)
= 88.5 ki
P, = 66 kips ps
M,= M, = 21.56 ft-kips Check combined axial compression plus hending.
KL= 241t P 66 kipe
Po=111.2 kips P, 88.5 kips
=075 > (0.2

The laterally unsupported length of 24 ft is three times
larger than for AB. From AISC Manual Table 3-10,
with a conservative value of C}, = 1.0,

M, =93 ft-kips

Check: combined axial compression and bending.

P, 66 kips
P, 111.2 kips
=0.59 > 0.2

Use AISC Specification Eq. Hi-1a.

%4— @ (f’“) <10

. 8\ (21.56 ft-kips
={. e ] Ry [
059+ (9) ( 93 ft-kips ) =10

0.80 < 1.0 [OK]

The W8 w48 ig OK. The relatively low value indicates
that a lighter section might also work. Since the con-
trolling segment, BC, is primarily limited by axial com-
pression, try a W8 x 40.

A=11.7in?
r.= 3.53 in_

ry=2.04 in [controls

Use AISC Specification Eq. H1-1a.,

B B)(3) <10

8\ (2156 ft-kips
=075 4 (8) (A28 ftkips)
075+ () ( 15 ft-kips) =10

1.02 > 1.0

Although there is a slight overstress, the AISC Monual
tables use & conservative value of Cj, = 1.0. For this case
(i.e., a reversal of moment at midspan), from AISC
Manual Table 3-1, Cp= 1.32.

So,
M= Cy{71.5 ft-kips)
= (1.32)(71.5 f-kips)
= 94.4 ft-kips

Use AISC Specification Eq. H1-1a.

7 @)(5) <20

=0.75+ (%) (—21'56 ft‘kips) <10

9/ \ 944 ft-kips
0.95 < 1.0 [OK]
i Use a W8 x 40. |
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Timber

PROBLEM 1 s

Lumber is used to forim and shore up a cast-in-place,
monolithic ¢oncrete slab durlng curing. The concrete
has a specific weight of 150 ibf/ft*, and the form lumber
must also support a. construction. live load of 50 Thf/ft>.
The forms will be removed after 7 days.

The 6 in thick slab is poured on a layer of 1 in x 6 in
(nominal} lumber (shown end-on in Hiustration for
Prob. 1}. The lumber ig, in turn, supported by joists.
The joists sit on the lédger area of soffit beams with a
minimal actual width of 15%2 in each. 4 in x 8 in {nom-
inal) posts support the entire assembly. The 9 in x 12 in
concrete beams are precast, and no formwork is required
for them.

Dlustration for Prob. 1

8ft

face to face

To prevent cross-grain bending of the soffit beam,
4 in % 4 in headers are placed on top of the posts to extend
the post support to the full width of the soffit beam.

The concrete compressive strength is 3000 Ibf/in® The
reinforcing steel has a vield strength of 40,000 Ibf/in®.
The following characteristics can be used f01 all lumber.

E = 1.6 % 10% Ibf/in®
Fy= 1200 1bf/in?
F, =125 Ibf/in?
F = 1200 Ibf/in?
F.), = 400 Ibf/in®
Asitowable = 1/360

o 1Ll (s
soffit beam 1
(con_tinuous _ 4in X 4in
between posts) headsr
(15} in minimum
width)
4in X 8in
{nominal)
post
shim snug
| [ | _
72 77 7 7
not to scale
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11-2 CiIVIL ENGINEERING SOLVED PROBLEMS

1.1. Find the maximim spacing between joists as lim-
ited by the 1 in x 6 in lumber.

1.2. Given a 2 in (nominal) joist material and joist spac-
ingof 2 ft 6 in, find the requived joist size. (Joists can be
doubled if additional joist capacity is required.)

1.3, What is the maximum post spacing?

1.4. If the posts are spaced every 5 It and joist spacing
is 212 ft, what size soffit beam is required?

PROBLEM 2 oo

A retaining wall is coristructed by: pouring type 1 normal-
weight concrete between temporary weod forms. The con-
crete js at T0°F, has a setting time of 1.5 hr, and is placed
at the rate of 2 ft (vertical) per hour. No admixtures are
used. The concrete is vibrated internally to-ensure all voids
are filled. The wall sheathing is constructed of 1 in x 6 in
(nominal) boards, wales, and studs. Y2 in diameter
threaded-steel (yield strength =236 kips/in®) tie rods (tie
backs) are used to conmect thie wales between the two
walls. Wales congsist of double 2 inx 6 in boards. The
wales are spaced 2 ft 6 in apart vertically. The following
characteristics can be used for all lumber.

E=1.6 % 10° 1bf/in?
Fy="1700 Ibf/in?
Fy =100 1bf/in?
F,= 1200 Ibf/in*
2.1. Determine the spacing of the studs.

2.2. Determine the size of the studs.

2.3. If the studs are spaced every 2 ft, determine if one
tie rod between the studs is sufficient.

2.4. Determine the size of the wales.

tie backs

wales (S 7
‘ 7 — sheathing
‘ wale
spacing
studs
! stud l \\shoe
spacing
elevation

0 La—— Wale
| I |
d ie rod
bsor;ri’as :;' tie ro \\ -
needed sheathing
i
ml I s
washer-nut_/
assembly plan view
PROBLEM 3 i

A 6% inx 24 in southern pine glulam beam 25 ft in
length is uniformly loaded with 1000 Ibf/ft. Tts radius of
curvature is 100 f&. The beam is used indoors.

w= 1000 [bf/ft

not to scale

3.1. What is the difference between a 29F-V3 and a
22F-E3 beam?

3.2. What is the volume factor for the beam described?
3.3. What is the curvature factor for the beam?

3.4. What is the maximum shear stress in the beam?
3.5. What is the maximum bending stress in the beam?

3.6. Given that the modulus of elasticity, E, is
1.6 % 10% 1bf/in® what is the short-term deflection?

3.7. What moisture content would you expect the fin-
ished glulam beam to have?
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PROBLEM 4 o

Design a 25 ft high solid square timber member to serve
as a signpost that carries the sign and wind loads indi-
cated. The column is ‘set in a concrete pier at its base
but is free to rotate and translate at the top. Assume the
southern pine timber is dry and has been tested to
deterniine the following properties,

E= 1.8 x 10° Ibf/in?
Fy= 1600 1bf/in?
F,= 95 Ibf/in®
F,=1200 Ibf /in?

F.1 = 600 Ibf/in?

£ = 20,000 Ibf

¢

w = 80 |bf/ft 28 ft

%

SOLUTION 1 e

1.1. The uniform icad acting on the boards is

bfy [ 61

¢oncrete slab weight (150 ft_a) "“""'}?—n

12 -=

ft
= 75 Ibf/f?
construction live load 50 Ibf/ft”
estimated weight of boards 4 Ibf/ft?
' total 129 Thf/ft’

The load. per foot on a single board is

5.5in Ibf)
13
q

! !

Assuming planking is continuous, the approximate max-
imum moment per board is

- 2 = (0.10)(50.1 )2
M= 0101 _(0.10)(59.1 ft)z

=5.911 ft.-Ibf

{This equation is specified in ACI 318 Sec. 8.3.3 as
w,l2/10.)

The section modulus of 1 in % 6 in lumber is

8 =31bh% = ()(5.5 in){0.75 in)®
= 0.52 in®
F=F,CyCp
Cur =0.85 for wet use [NDS Supplement Table 4A]

Cp=1.25 for construction loads

7= (1200 %) (0.85)(1.25)

in?
= 1275 Ibf/in?
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11-4 cCIVIL ENGINEERING SOLVED PROBLEMS

The adjusted moment capacity in one board is

Assuming the nominal joist width is 2 in, the bearing

area is
(1275 @) (0.52 in®) |
M =F§=-~ 11 £ Ay= (5.5 in)(1.5 in)
2% = 8.25 in?
= 55.3 fi-Ibf
W= M The bearing stress is
- max
55.3 ft-Ibf = 5.911% ft-1bf R
f==
= |59:3 fi-lbf A,
5.91 L _ 1944 1bf
ft 8.25 in?
= 3.06 ft hased on stress

Check the shear using ACI 318 Sec. 8.3.3. For the first
interior support,

ular
y=115Z
=1154
(591 Iftf_) (3.06 ft)
= (1.15) .
= 104 Ibf

Check the maximum shear stress (NDS Eq. 3.4-2).

=3V
Fo 24
_ (3)(104 1bf)
T {(2)(5.5 in){0.75 in)
= 37.8 Ibf/in”
Check.
Cp=125 [NDS App. B
Oy =097

[NDS Supplement Table 4B]
F’;’, = FUCD CJ‘-’I

(195 Y

- (125 inz.)(l.ZS)(U.QT}

= 151.56 Ibf/in?

I

o < #, 80 QK]

Check the bearing. The reaction over the first interior
joist is the largest.

= 93.6 Ibf/in?

Check. Cp is not applicable to compression perpendic-

to the grain [NDS Table 4.3.1].

Ca =087 [NDS Supplement 48]
Fl=F,Cy

T

= (_400 ing)_(o.ﬁ'r)

=268 Ibf/in? [f< F .50 OK]

Checls the deflection. For the assumed continuous beam
with uniform loading,

_ v
T145ET

Equate the deflection to the allowable value of 1/360.

a1
T 145E] T 360
o (35075 )"
=79 T 12 =019 in
_ +f145ET
360q
; 6 M . ©d :EE
. (145)(1.6 % 10 i]12)(()_.19 i )(12 ft)
Tbf
(360) (59..1 —ft—)

29.19 in

Deflection controls.

gl
=v+&
R=V+3
(501 1?—f) (3.06 £1)
= 104 Ibf + b
— 1944 Ibf

The maximum spacing between the joists as lim-
ited by the 1 in % 6 in lumber is 29 -in.
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TIMBER ]11-5
1.2, Calculate the load on the joists based on 2 ft 6 in
spacing. Normally, the joist dead load is disregarded. Ibf 7.95 in
The load from the boards is (346 7 E) 41t - 12 B = 1177 Ibf
T
why  wl_ wl 3V
(1.15) (2) L (2.15)(2) fo=5z
Ibf ;
| (129 'f‘E) {2.5 ft) = (3)(11_77 Ibf) - [with two joists)
(2:15) 5 = 346.7 Ibf/ft (2)((2)(1.5 in)(7.25 in))

Find the maximum moment. (For a conservative esti-
mate, use the total span length.)

=l = () (3467 2 (s 1r)?
= 2773.6 fi-Ibf

The required section modulus based on: a single joist is

(2773.6 filbf) (12 iﬂ)

Sreq = M: ft
B (1200 @)(1 25)
=229 in?

For a 2 in x 8 in joist,
Sprovided = 13.14 in®  [NDS Table 1B}
For a 2 in x 10 in joist,
Sprovided = 21.39 in®
Try double 2 in x 8 in joists.

Sprovided = {2)(13.14 in®) = 26.28 in®

Check the shear. (Since loading is symmetric, consider
half of the joist.)

348.7 |bflit

A

. critical A
section

] jw— = 7.25in

= 81.2 Ibf/in?

Check.
F :J =F,Cp
(125 E’—f-)(l 25)
=156 Ibf/in® [f, < F" s0 QK]
Check the bearing.
R= (3467 -IP-f) (4 ft)
= 1386.8 1bf
The bearing area is
5.5in - 12jn .
BaR-12h — 1750n
1

o]
o]

Ap= (2)(1.75 in)(L.5 in)
= 5.25 in?

The bearing stress is

7 13868 1bf
5.25 in?

= 264.2 Ibf/in? [< F,, = 400 Ibf/in?, so OK]

For the 2 ft & in prescribed spacing, use 2 in x 8 in
double joists.

m
m
3
e
g .
“ S
W
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11-6 CIVIL ENGINEERING SOLVED PROBLEMS

1.3. First determine post capacity, then caleulate spac-
ing. Check the limit imposed by the capacity of the post
ag a colurnn.

Fo=1200 Ibf/in?
E = 1.6 x 108 1bf/in?

Cp= 125 [7 days, construction load]

. - Ibf
Fr=F.Cp= (1200 21)(1.25)
= 1500 Ibf/in?
" Ibf
Fl=FC, = (1500 :2) G,
E' = E = 1.6 x 10 ibf/in?

For a 4 in % 8 in nominal post,

b=T7.251n

d=3.51n

=8 ft
Assume pinned ends.

K.=1.0
=K.l = (10)(8 f) (12 l‘l)
' ' ft
=96 in

Check the slenderness: ratio.

I, 96in

d 3.5in
c= (.8 [for sawn lumber]

=274 [<350, so OK]

(0822) (16 x 10° 1)

_08E in?
: (59)2 (27.4)
; )
— 1751.8 1bf/in?
1751,8 12
Pep 2 47
B g0 BE
"~ in?

From NDS Eq. 3.7-1,

Fep Feg Feg
G—HFZ— 1+ T
P2 2e ¢
14117 f{141a7\' 117
2)(0.8) @)©08)) ~ 08
=0.75

F =P, = (1500 L) (0.75) = 1125 Ibf/in?
c c R

in?

Caleulate the post capacity based on column behavior.

(1125 £2)(3.5 in)(7.25 in)
P wushing = Flbd = 11
column crushing L Iy

1 LS
000 kip

= 28.5 kips

Calculate the post capacity as limited by the bearing of
the post on the 4 in x 4 in header.

Cy=1.0 [conservatively]

’ci,chLGb.

= (400 ?;_g) (1.0)

= 400 1bf/in?
The bearing area is
A, = (3.5 in)(7.25 in) = 25.4 in®

The bearing capsdcity is
(200 D) (25402)
Phea_derbearing_: PeiA= ' Gt
1000 —
kip

== 10.16 kips

Post capacity is limited by bearing to 10.16 kips.

Calculate post spacing; ,. The reaction on the post from
the precast beam self-weight is

(9 in + 6 in}(12 in) 1bfy
— =\
R o imy? (150 ft3) B

(12 %) |

= (187.5 Ibf/ft)1,

Ignoring the self-weight of the joists, the total load on
one. post is

Prot = Wyaty + Whenm

= (120 25)(8 )1, + (1875

~ (1220 1bI/H)1,

1b
t by

P, headerbearing = Prior
Ibf

10,160 Ibf = (1220 ,,th) I,

lp:
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1.4. Calculate loads on soffit beams.

[ soffit beamn |

1‘

2Roist.

Disregarding joist self-weight,

Ry = (129 M) (2.5 £)(4 ft) = 1290 1bf

Assuming the joists are placed over the posts and the
soffit beams are fixed at supports,

2RJO|st Zijst 2Hjoist
¢ 251t 25
\

[ Y
| soffit beam |
% A
| 5 ft
post post

M={Pl [AISC Menugl Table 3-23]
= (_%)2Rjoist lspzm
= (2)(2)(1290 WE)(5 )
= 1612.5 ft-Ibf
o i
(1612.5 f_t-lbf)(lfz E)

(_1.25)(1200 1135)

M
S requirecd ™ FL.

=12.9 in®
Agsuming the minimum width of 15.5 in,

2 - . 9
§=12.9 in‘*m%=(1ﬂ6{?_&

t=.2.231in

Try a 15.5 in x 2.5 in (actual dimensions) soffit beam.
Check deflection. '

bt _ (15.5 in)(2.5 in)°®

= = 20.2 in*
12 12 0.2 in

I=

__PP
192E1

iy S
(2)(1290 Ibf) (5 £)°(12 %)

(192)(1.6 x 10° lbf)(zo 2 int)
= 0.09 in

| (5 ft) (12 lf%)
Allowible = 5“6'6 = W“W = (.17 in

Aa‘ctuai < Aal]owable [OK]

|Use a 15.5 in x 2.5 in soffit beam. |

SOLUTION 2 e

2.1. Calculate the maximum pressure exerted hy
the concrete. Use the ACI recommended equation. {This
equation is not dimensionally consistent.) (Reference:
ACI 347)

For regular (type I) conctete without admixtures with 4
in slump or less, ordinary workmanship, and internal
vibration, and used in a wall,

R=2fi/hr

T=70°F
unit weight coefficient, €', = 1.0
chemistry coefficient, C, = 1.0

3 Tbf R }
p=(1.0)(1.0) (150 mwooo( T)) (R <7 ft/ht]
Ibf 2 ﬁ
=150 Et—z— + (9000} TUF

= 407.1 Ibf/ft?
There is no need to account for variations of the pres-
sure with height.

Assume flexure in sheathing controls the stud spacing.
Find the load on one board.

ibf) 05 1) _ 1866 Ihf /ft

wy, = (4071 " ” n
ft

From AISC Manual Table 3-23, the maximum moment
for the continuous span is

- — 1 2
Mgy = oWLs

= (&) (1866 @)52
= 18.7¢*
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11...8 CIVIL ENGINEERING SOLVEDPD PROBLEMS

The section modulus of the 1 in x'6 in (nominal) sheath-
ing is

§=0.516 in® [NDS Table 1B]

The sheathing is used wet; therefore, Chr=0.85. The
load duration is short term during construction; there-
fore, Cp=1.25.

Calculate the adjusted moment capacity.

M= F_(,GMGDS

(1700 M) (0. 85)(1 25)(0.516 in)

122
ft
= 77.6 ft-Ibf

Set the maximmun moment equal to the moment
capacity.

M igex = 18.78% = 77.6 ft-Ibf = M’
§* =415
5= 2.03 ft |use? ft]
Check the shear.

Ibf )
o Lisugs_ 019 (1866 ) (2 £)
2 2
= 214.6 Ibf
3V (3)(214.6 Ibf)
fo=5%= (2)(0.75 in)(5.5 in)

= 78.0 Ibf/in®

For shear, the wet-use factor, Cj, is 0.97 (NDS
Table 4A). The adjusted shear design value is

Fy= FuCyCp = (100 E’—f) (0:97)(1.25)

= 121.3 Ibf/in® [f, < F., so OK]

[Use studs every 2 1. |

2.2. The studs act as continuous beams supported on
the wales. Studs are dry and are used edgewise.

(T

g i W

t————
t——]

stud

5
R

T 25 ft 251t
= ps = (2071 M)(2 ft)
— 814.2 Ibf/f

The maximum moment is

M“m wys,

$%ple

= (%) (s142 P25 1

= 508.0 ft-1bf

Sy (508.9 fr-lbf) (12 %)
. F, (1'25)(1700 Ibf)

= 2.87 in®

A 2in x 4 in stud has a section modulus, 5, of 3.06 in®
{NDS Table 1B}. Try 2 in x 4 in studs. Check the shear.

double wale of
h(2 in} + spacing for tie

wale e i
- = ] 35in
s . '
e ot G iG]
section
2.5t A
wale ds
~ = = 4

The critical section occurs at a distance of d,+3.5in/2
from the center of the wale.

== 1017.8 ibf

Shear .at the critical section is

Vd, = Viax — U-’s(ds +3ﬁTm) ____,],;_ﬁ_;
12
f

= - Ibt ., 35in

= 10178 1bf - (814.2 ) (3.5 in + =22)

1

in
12 m

= 661.6 Ibf
- 3V, (3)(661.6 Ibf)
T4 T @215 (3.5 in)

= 189.0 Ibf/in®
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Increase F, by 1.25 for load duration.

Fl=125F, = 1bf)

(1.25) (100 2

=125 Ibf/in® [no good]

Try 2 in % 6 in studs. Conservatively assume the same
shear as for the 2'in % 4 in studs.

; _ 3V (3)(661.6 Ibf)
Y24 (2)(1.5 in)(5.5 in)
=120.3 Ibf/in? [< F =125 ibf/in?, so OK]

[Use 2 in x 6 in studs. |

2.3. The available strength in the tieis

Fy A
il e Sy iR
available strength EV
kips 0.5 in\? Ibf
_ (36 1n2) ( 2 ) (1000 klp)
B 1.67
= 4233 Ibf

The load per tie is

Plie= DSstud Swale

= (4071 lbf) (2 £6)(2.5 £t)

= 2035.5 Ibf [« 4233 Ibf tie capacity, so QK]

| One tie between studs is sufficient. |

2.4. Wales are likely to be controlled by shear.

P _ 20355 1bf

8 Ibf
5 9 = 1017.8

Vo
Assuming a 2 in x 6 in double wale,

V _ 1017.8 1bf

Viale = 5= 5 = 508.9 Ibf
P 3 v (3)(508.9 Ibf)
Y247 (2)(1.5 in){5.5 in)

=02.5 Ibf/in* [< F =125 Ibf/in?, so OK]

| Use double 2 in % 6 in wales. |

SOLUTION 3 .

3.1. A 22F-V3 beam is a visually graded member,
while a 22F-E3 beam is a mechanically graded member.
Typically, mechanically graded members have higher
allowable stresses for some properties.

3.2. Find the volume factor. (This equation s not
dimensionally consistent.)

: 21\ 1/ 112\1/7 15,125\ /=
- T ) < ‘ . Ll
G (L) (d) ( b ) <10 [NDS Egq. 5.3-1]
L=25ft
b=6.75 in
d= 23.375 in

z =20 for southern pine

! / 2
v (25 ft)l i (23.31';25 in)1 ; (65.’%1521511)1 ? <10

3.3. The curvature factor is

£\2 -
Co=1—2000 (ﬁ) [NDS Eq. 5.3-2]

t=1.51n
- iny _ .
R= (100 &)(12 ft) 1200 in
t _ 15in
L= 2210 06125 < 0.
7 = Toog g = (00125 <0.01 [OK]
Co=1—(2000)(0.00125)°
= [0.997

3.4. The maximum shear stress, f,, is 3V/2bd.

w = applied load + self-weight

Ibf
= 1000 o

(35 lbf) (6.75 in)(23.375 in)

N ey
= 1038.35 Ibf/ft (1040 lbf/ft)
e o2
0 100 2 (51)

1= S5 m) (23.375 in)

~ [

©
*
|
L
o .
e
e
=
w-
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11-10 c©I1VvIL ENGINEERING SOLVED PROBLEMS

3.5. The maximum bending stress in the beam, simply
supported as shown, is

_M
.fb - S
S=1614.7 in® [NDS§ Table 1D]
g (1000 M) 25 fr)?
M= = = 81,250 ft-Ibf
8 8
i
o (81,250 ft-1bf) (12 E)
bTg 614.7 in3

— (1586 T

3.6. Deflection can be calculated using the following
values.

E=1.6 x 10° Ibf/in?
I=7184 in* [NDS Table 1D}

From AISC Manual Table 3-23,

e -

2 IS

..j 5 () (1040 25) (25 £)* (12 %)3

[ B (16 x 108 %)(718_4 in4)
=

3.7. Moisture content depends on ambient conditions
and, for dry use, must be less than 16%. Otherwise, the
wet service factor, Cyy, must be used.

SOLUTION 4 s o

The meniber is a beam-column. Calculate the effective
length for slenderness. For a fixed-free column, NDS
App. G specifies £, = 2.1.

I = Kel'=(2.1)(25 i) (12 szti) = 630 in

The column slenderness ratio should be less than 50.

l, 630 in
2= <50
d> 12.6 in

Try a. 14 in x 14 in beam-column. (A larger size could
also be selected.)

b=13.5in

d=13.51n

§=410.1in? (NDS Table 1B}

Calculate the adjustment factors.

{'p= 1.6 for wind load
C'p= 1.0 for long-term load
Cy = 1.0 for dry conditions

Cp= (1;)1/9 (13‘15 m)l/g = 0.987 for bending, F)

Cr = 1.0 for compression, F¢

INDS Table 4D]

In compression, the column stability factor, C,, can be
calculated from the following properties, given in NDS
Sec. 3.7.

p= (18 % 10° “’f)( 0) = 1.8 x 100 1bf/in?
¢ = 0.8 for sawn lumber
. e 1B
_osmp _ (0.822)(18 x 10° %)
) Gl
d 13.5 in
— 679.4 Ibf /in?

F, = 1200 1bf/in?
F! = 1.0F, = 1200 Ibf/in? for axial sign load

Ibf
4 m
Fus_ 679.
%
FL 1900 @f
= 0.566
From NDS Eq. 3.7-1,
Fug Fae\? Fug
1 . il 7
o -+ il 1+ P 7
P a9p ,\ 2¢ é

_ 140566 _ \/(1 4 0.566)2‘ _ 0.566
@)(0.8) 2)(08) ) ~ 038
= 0.479

In bending, the beam stability factor, €y, is 1.0 when
b=d (NDS Sec. 3.3.3.1}. '
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Calculate the stresses.

Ibfy ., 2
y =@=(80 o) (25 f)
max 2 2
= 25,000 ft-Ibf
o I
oM (25,000 ft-lbf)(12 E)
g 410.1 in3
= 731.5 Ibf/in?
_ P 200001bf w
fe= bd ~ (18.5 in){13.5 in) 109.7 Ibt/in

sy (3)(80 %)(25 )
®T 2bd  (2)(13.5 in)(13.5 in)
Fi=F:Cy = (1200 1) (0.479)

in?

= 16.46 1bf/in?

= 575 Ibf/in?

. oo Ibf
Fi=FyCpCr= (1600 ﬁ)(l.ﬁ)(o.gs*f)
— 2527 Tbf /in?
Bl = F,Cy = F}(1.0)

= 2527 Ibf/in®  [for square members]

Check the combined bending and axial compression
(NDS Sec. 3.9.2).

2
(FC’) + —fb—}——— < 1.0 [NDS Eq. 3.9:3]
7 R(-5)

2
It 7315 DL
mn + 1iF
Tbf ToF

75 — 109.7 —
in? (2527 ibf) 1 in

in 679.4 1o
1Tk

109.7

=038 [< 1.0, s0 0K]

Check shear.
fo = 16.46 Ibf/in’

Fl.=F,Cp
= (95 2} (16)

in2.
=152 Ibf/in* [f, < F, so OK]

|Use a 14 in x 14 in column. |
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PROBLEM 1 oo s

A short masonry column has a height of 10 ft and is
condtructed of ¢oncrete block with four no. 7 steel bars
as shown. Adequate lateral reinforcing ties afe pro-
vided. The column is subjected to a live load moment
of 100 in-kips, Sidesway is permitted. What is the
maximum axial lead the column can support in addi-
tion to the applied moment? Solve using ACI 530.

1500 1bf/in®
60,000 1bf/in*

masoury compressive strength
steel yield stress

32 in, typical

4
Y _i 3.
33 in,
e ® —1 typical
1 -
155 in
e #——— no. 7 bar, typical
= !
1 .
155 in
PROBLEM 2 e

A squarée column has a nominal 12 in outside dimension.
It is constructed of conerete block, mortar, and four no. 8
bars. Solve using ACI 530.

2.1. What is the maximum axial concentric load this
column can support if the effective height is 20 ft7

IStrength design solutiens are generally not permitted by NCEES for
masonry problems, but they are presented in this chapter for your
reference ouly.

Masonry’

2.2. What is the maximum eccentricity that would be
permitted in this column if the axial load is 40 kips?

masonry compressive strength 1500 ibf/in2
steet yield stress 60,000 1bf/in®
effective height 20 it

PROBLEM 3
A masonry wall is eccentrically loaded by a steel beam

as shown. Design the support and connection between
the steel beam and wall. Solve using ACI 530.

£l = 2000 Ibf/in®

m

Use 1 in diameter anchor bolts and f,= 60,000 Ibf/in”.

A
\
3in |
Skips =
/—- face of wall
A | = 2000 tbffin?
12 in

not to scale
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PROBLEM 4

A two-story (20 ft hlgh) masonry wall is coristructed of
8 in concrete masonry blocks with solid grouting. Rein-
forcing steel consists of no. 5 bars spaced every 36 in. The
wall is supported laterally by steel beams at the bottom,
top, and midpoint as llustrated. Is the wall adeguate
with & 35 1bf/ft* wind load? Solve using ACI 530. State
your assumptions.

1500 tbf/in®
40,000 Ibf/in?

masonry compressive strength
steel vield stress

— I steel beam
10 ft
I steel beam
10 ft
R
PROBLEM 5

A 24 in square brick column 32 ft high is subjected to a
uniformly distributed lateral load in addition to an axial
force., The service moment from the uniform load is
45 ft-kips, and the axial force {unfactored) is 65 kips.
The column is supported laterally only at its top and
bottom, and the ends are free to rotate in the plane
of bending. Reiniozrcing steel consists of four vertical
1no. 8 bars.

brick compressive strength 4200 Ibf/in?

‘What is the moment of inertia of the cracked section?

4.75.in, typical
— I —
} 475 in, typical
L - ——
24in
° e--—— no. 8 bar, typical
- !
24in

SOLUTION 1 S
ACI 530 (ASD) Solution

Assume lateral reinforcing ties are provided as required
per ACI 530 Sec. 1.14.1:4.

Ay=06in® [uo. 7 bar
Calculate h/r.
= (120 in)k = (120 in){(2) = 240 in
= 15\_"/51_; = 4.475 in
T Tam 0 <0

Ay = (155 in)? = 240.25 in®
¥ (155 in)®

SR — et = . ins
8 5 5 620.6 in
A= A; = 24; = (2){0.6 in?)
= 1.20 in®

Fy= 32,000 Ibf/in® [ACI 530 Sec. 2.3.3.1]

For combined axial and flexure loading, use ACI 530
Sec. 2.3.4.2.2.

Fm S045f

Assume an uncracked section.

(100 in»kips)(lOOO lb-f«)
woA 8 240 in? 620.6 in3
=045/,
P lbf bfy
i 161 = (0. 45)(1500 —) 675 Ibf /in?
P= (514 M)(zzm in?)
= 123,360 Ibf

Determine whether the section is uncracked: f, > fi.

123,360 Ibf _ L,
fo= YT 514 Ibf/in
o= % = 161 Ibf/in?

Therefore, the section is uncracked.

PPl # www.ppi2pass.com




MASONRY

12-3

Check the compressive force in the reinforced masonry due
to axial load only. From ACI 530.Eq. 2-21, for A/r < 99,

h 2
Py=(0.25f, Ay +0.6545, F,) (1 - (1401“) )

= (-(0.25)(1500 M)(240 25'in?)

+ (0.65)(2:40 in?) (32,000 @))

<(1- )
= 119,490 Ibf

Check ACIT 530 Eq. 2-16, per ACI 530 Sec. 2.3.4.2.2,

h 2
F,=0.25f), (1 - (@) )

= (0.25) (1500 1) (1 - (%)2)

= 320 Ibf/in?
P, = Fods = (320 M) (240.25 in?)
= 76,880 Ibf
lTherefore, Priax = 76,880 1bf. ]

ACI 530 (Strength Design) Sclution

Solve using a simplified approach and the unity equation.

P, M,
'<
op. Foar, S0

Use ACI 530 Eq. 3-18.
= ¢(0.80)((0.80);,(4n
h 2
x (1— (za67) )

= 33.6

Ast) + fyAst)

5 e

Ay = 44 = (4)(0.6 in?)
= 2.40 in?

From ACI 530 Sec. 3.1.4.4, ¢ is 0.9 for combinations of
flexure and axial load.

6Py = (0.90)(0.80) (0.80) (1500 )

x (240.25 in? ~ 2.40 in?)

+ (60,000 20 (2.40 in%)

(-G
= 263,860 Ibf
st e1(3-3)
_ A,
0.80f" b

(1.20 in?) (60,000 1—1?5)

- (0.80)(1500 @) (15.5 in)
= 3.87 in

T= Af, = (120 in?) (60,000
= 72,000 Ibf
= (0:9)(72,000 Ibf) (11,75 in i«%—”ﬁ)
= 636,000 in-Ibf

lbf)

Py n M, P, 100,000 in-1bf -10
¢ P, IQBMn 263,860 Ibf ~ 636,000 in-1bf '
222370 1bf
Pu= Ibf
1000 k_p
=1{222.4 kips
SOLUTION 2

ACI 530 (ASD) Solution

Assume the specified dimension of a4 12 in nominal col-
umn is 11.5 in.

four No. 8 bars —_ -

L] [ ]
T1.6in
[} [ ]
-— 1
11.5in
2.1. Calculate h/r.
h=20 ft
< i
p (208) (_12 ?t-) e o
r T 115m ee
V12
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From ACI 530 Eq. 2-21,

2
Py = (025, An+ 0.65 A F 5)(1”( . ))

Ap=(11.5 in)* = 132.25 in?

Ag = (4)(0:79 in?) = 3.16 in?

7= 1500 Ibf/in?

Fy= 32,000 Ibf/in® [ACL 530 Sec. 2,3.3.1]

(0.25) (1500 %) (182.25 in?)
bty

in?

+ (0.65)(3.16 in?) (32,000

(&)
bi

1000 —
kip

P, =

= 84.6 kips

2.2, Given P=40 kips, find the maximum eccentricity
using ACI 530 Sec.2.3.4.2.2.

P M

[ B
7.t S0
40 kips
84,6 kips
e(40 kips)
+ M= 1.0
: o bR
M,= Fy8 =045 ’mT
ey [ (11.5 in)?
.4 — TP AP .
(0 5)(_1500 in?) ( :
= Tbf
1000 Tip
= 171.1 in-kips
40 kips
84.6 kips

. e(40 kips)
o = ] ()
171.1 in-kips

=
Check minimum eccentricity. Per ACI 530 Sec. 2.3.4.3,

the minimum eccentricity of the load is 0.1 multiplied
by the side length.

(0.1)(12 in) = 1.2 in
e>12in [OK]

ACT 530 (Strength Design) Solution

four No. 8 bars — e
\ .
Q [ ]
11.5in
[ .
11.51n

2.14. ACI 530 Eq. 3-18 applies.

h 2 i) (12 )
¥ 11.5 in

V12
=723 < 99

Ay = 44, = (4)(0.79 in?)
= 3.16 in®

A, = B = (11.5 in)*
= 132.25 in®

6Py = §(0.8)(0.8f] (A, — Ay) + f-yAsn)(l _ ( %Or ))

(0.65)(0.8)
(0.8) (1500 @) (132,95 in? — 3.16 in?)

in?
+ (60,000 25)(3.16 in?)

in?
72.3\2
. (1 - (Eo_))
o Inf
00 2=
10 o

~ [T5Te]

2.2, The maximum eccentricity is limited by the bend-
ing moment capacity.

P Mo
G e

o, ", =1
40 kips | (40 kips) 1

131 kips M,

.0
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M,=¢M;
v

Pot Adf, 40000 1bE+ (158 in?) (60,000 M)
= I —
0.85£,b (0.85) (1500 @)(11 5 in)
= 8.2 In
M, = (158 in?) (60,000 123) (8 in — 2220)
= 322,320 in-lbf
o oar, - 08032 Si?fm—lbf)
1000 +—
kip
= 257.8 in-kips
40 kips (40 kips) 10
131 kips = 258.1 in-kips~
=
SOLUTION 3 .
ACT 530 (ASD) Solution
3in 9 kips
Ib + db 7 \r —
bolts subject fo
} r S|~ combined shear
ep=4dy and tension
+. ey M db h

— holts subject
to shear only

\be_nt anchor
bolt

12in

g

T i

shear on

/ bolts h

! F"""E I

compression on masonry

tension on boltsf _
| |

Estimate the number of bolts based on shear. From
ACI 530 Sec. 2.1.4.3.2, the shear capacity, B,, is the
smallest of Byy, Bye, Bopry, and By

For a 1 in diameter anchor bolt,

dy=11in

2 2
Ar,=5;f--=§~(1;—n)z 0.79 in*
Lither the embedment length or effective embedment
length, , must be agsumed in this problem. Since the
masonry units have widths of 12 in, the embedment
length must be less than 12 in. Given the interior dimen-
sions, an embedment of 9 in seems reasonable. ACI 530
Sec. 1.17.5 specifies that the effective embedment
length, I, is the actual length of embedment minus one
anchor bolt diameter.

h=I!—-dy=9in—1in=8in [contiols]
Check minimum [, per ACI 530 Sec. 1,17.6.

{40!,,_: (4)(1 in) =4 in

greater of

2in

A common anchor bolt minimum spacing is 4d;, and this

dimension is essentially the maximum leg extension. Cal-
culate the projected leg extension of the anchor bolt as

ey = 4dy = ()(1 in) = 4 in

The anchor bolt edge distance, l;., in this problem is
difficult to determine, For an isolated bolt in an infinite
wall without adjacent edges, the distance to an edge is
infinite. However, only the embedment material witlhin
a 45° cone is effective in resisting the load, so f, is-taken
as the distance from the bolt outside diameter to the
perimeter of the pull-out cone. That distance depends
ont the effective embedment length, I;.

lhe ==L
= 007
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The projected area for an isolated anchor bolt in shear is
caleulated simply from ACI 530 Eq. 1-5, essentially one-
half of the area of a circle with radius l;.. (This is 50% of
the projected area of an anchor bolt in tension, which is
given by ACI 530 Eq. 1-4.)

nl
Ap=—"

For an anchor holt placed close to an edge, I, is reduced
to the distance from the bolt outside diameter to the
edge, and the projected area is again catculated simply
from ACI 530 Eq. 1-5.

For an anchor bolt placed near other bolts, the project
area is reduced by areas attributable to other bolts
resisting the same loading. In practice, the entire area
of a load group resisting shear (or pull-out) would be
determined and proportioned to all of the resisting bolts,
resulting in an “equivalent” value of [;.. In this problem,
there is no information on edge distance, and the num-
ber of boits and their installation grid pattern are not
known. All that can be said is that there are {or, will be)
interactions with other anchor bolts, and the projected
area will need to be determined iteratively. The second
iteration will depend on the first iteration’s determina-
tion of the number of bolts and their layout.

For this problem, the theoretical projected area of an
isolated bolt will be uséd in the first iteration. Other
assumnptions may be more rational, although any actual
fraction of the theoretical projected area would still be
an assumption.

)
Apy= %’iﬂ = M‘]'m-gglm [ACI 530 Eq. 1-5]

¥ (08.7217) 2
2
= 901 in?

From ACI 530 Eq. 2-6, the shear load based on masonry
breakout is

Buy=1.254,,4/f%,
= : in2), / Ibf
= (1.25)(201 in?), /2000 2
= 11,240 lbf

From ACI 530 Eq. 2-7; the allowable shear load gov-
erned by masonry crushing is

Boe = 360/ Ay
= (350) \/ (2000 E’-f) (0.79 in2)

in?

= 2207 Ibf {governs]

From ACT 530 Eq. 2-8, the allowable shear load gov-
erned by anchor bolt pryout is

Bugry= 2540/ F 1

_ PN
= (2.5){201 in*}4/2000 e

= 22,470 1bf

From ACI 530 Eq. 2-9, the allowable shear load ‘gov-
erned by steel yielding is

By = 0.3644f,

= (0.36)(0:79 %) (60,000 M)

in?
= 17,060 1bf
Therefore, B, = 2207 lbf.

The number of bolts is greater than 6r equal to

9000 Ibf _
AT A

Try six bolts.

The allowable tension load of the bent bar anchor, B,, is
set by ACI 530 Sec. 2.1.4.3.1.2 as the minimum value
calculated from ACI 530 Eq. 2-3, Eq. 2-4, and Eq. 2-5.
The projected areas of the six bolts overlap and ACI 530
Sec. 1.17.2 requires an adjustment so that area resisting
tension is riot counted twice. Arbitrarily adjust ACI 530
Eq: 1-4 by 50%.

Ay = 0.508 = (0.5)n(8 in)?
= 100.5 in?

From ACI 530 Eq. 2-3, the allowable axial tensile load
governed by masonry breakout is

Bay = 1254,/

= (1.25)(100.5 in®) /2000 %Eé

= 5618 Ibf [goveins]

From ACI 530 Eq. 2-4, the allowable, axial tensile load
governed by anchor bolt pullout is

B = O.Gf;n esdy +120m(ly + ey + di)ds
_ 00 6 (4.0 500110
= (0.6)( 2000 inz) (4.0 in)(1.0 in)
+{120)n(8 in + 4.0 in + 1.0 in)(1.0 in)
= 9700 Tbf
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From: ACT 530 Eq. 2-5, the allowable axial tensile load
governed by steel yielding is

Bag == OGAbfy
_ in? Ibf
— (06)(0.79 in?){60,000 ing)
= 28,440 Ibf

Therefore, B;= B,,== 5618 1bf.

The allowable load in tension, B, is 5618 Ibf.
The allowable load in shear, B,, is 2207 1bf.
The top row of bolts is in shear and tension.
The bottom row of bolts is in shear.

From ACI 530 Eq, 2-10,

by b,
LI
B, T8,

Caleulate the tepsion in the bolts, Try a=4 in and
g= 2.5 in.

Surnming moments,

Ve+ F{g+a)=Fyg
Ve+ Fa=0
(9 kips)(3 in) + F{4 in}= 0 in-kips
B'=86.75 kips

6.75 kips Ibf
e [ IR PR L] 200
Fot ( 3 bolts )( 000 kip)
= 2250 Ibf /bolt

For the top row of bolts,

2050 1bf . by _
5618 Ibf 2207 Ibf

1
b, = 1323 Ibf/bolt
b, = 2250 1bf /bolt
For the bottom row of bolts,

by = 2207 Ibf/bolt
by = 0 Ibf/bolt

The total shear capacity is

(3)(1323 Ibf) + (3)(2207 Ibf)
= 10,590 Ibf [> 9000 1bf, so OK]

Try a=5 in.

Check the compression on the face of the masonry.

F = 2250 Ibf/bolt
total compression = (2250 1bf)(3) [three bolts]
= 6750 Ibf

From ACI 530 Sec. 2.1.6, the bearing stress is

lbf) 660 Ibf /in?

f, < 0.33f1 = (0.33) (2000 1ot

in?/
o750 Ibf < 660 1bf /in?

A>10.23 in?

If the plate is § in wide based on 2 in bolt spacing, the
height of the bearing area, d, is 1.28 in.

The total height of the plate is

b a+g+g

1.28 in

5 = 7.14 in

h24in+2.5in+

Use an & in x 8 in plate with six 1 in diameter bolts
in two rows 4 in apart with 2 ip bolt spacing.

ACI 530 (Strength Design) Solution

3in 9 kips

% bolts subject fo

[l | — combined shear
gp=4d, and teénsion
i dy h

—- bolts subject
to shear only

'\bent anchor
bolt

12in
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12-8 CIVIL ENGINEERING SOLVED PROBLEMS

tension on bo!tsT

— F - AL
shear on

/ bolts h

W
]

'compression' on masonry

ACI 530 Sec. 1.17.6 requires a minimum spacing of 4d,
between anchor bolts.

Try 1 in bolts, spaced 4 in apart.

Ap=0.79 in?
ly=8 in
e > 124,
- I 2
@ 2 mlores
g Ape="20 = -EQ'-TQ?)— [ACI 530 Eq. 1-5]
e 2 2
B =8 . 9
- 8in
= =“(0.707)
2
=201 in®

Estimate tlie number of bolts based on shear. From
ALl 530 Sec. 3.1.6.3.2, the shear capacity, B,,, is the
smallest of Byppy Bines Bupryy and B '

From ACI 530 Eq. 3-6, the nominal shear strength
governed by masonry breakout is

By = 4AP“ V f;n

. oo Ibf
= (4)(201 in?), /2000 2}

= 35,960 Ibf

From ACI 530 Eq. 3-7, the nominal shear strength
governed by masonry ¢rushing is

By = 1050+/F,, 44

= 1050\“/ (2000 %) (0.79 in2)

= 06620 Ibf. [governs]
From ACI 530 Eq. 1-4,

Api=7l} =7(8 in)® = 201 in?

From ACI 530 Eq. 3-8, the nominal shear strength
governed by anchor bolt pryout is

Bupry = SA;M f :n

(" 2. [og00 AbE
= (8)(201 in*)4 /2000 5

= 71,911 Ibf

From ACI 530 Eq. 3-9, the nominal shear strength
governed by steel yielding is

Buns = U-GAl)fy
e .y o 1bfy
~ (0.60)(0.79 in )(60,000 jn:,)
= 28,440 1bf
Therefore, By, = Byn. = 6620 Ibf. The strength reduc-

tion factor, ¢, is set- by ACI 530 Sec. 3.1.4.1 as 0.5 for
strength controlled by masonry crushing. Therefore,

@B = (0.5)(6620 1bf) = 3310 Ibf
Assume 9 kips is the factored load. The number of bolts is

9000 Ibf.

3310 LPL

bolt

= 2.7 bolts

Try four 1 in diameter bolts.

The nominal tensile capacity of the bent bar ancher,
By, is set by ACI 530 Sec. 3.1.6.3.1.2 as the minimum
value calculated by Eq. 3-3, Eq. 34, and Eq. 3-5. The
projected areas of the six belts overlap, and ACI 530
Sec. 1.17.2 requires an adjustment so that area resisting
tension is not counted twice, Therefore,

Ap = 0.5%8 = (0.5)n(8 in)*
= 100.5 in®

From ACI 530 Eq. 3-3, the nominal axial tensile strength
governed by masonry breakout is

By = 4.Apt ff

m

P Ibf
= (4){100.5 in?} 2000 -

= 17,980 Ibf |governs]

ey = 4dy = (4)(1.0 in)
=4.0 in
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From ACI 530 Eq. 3-4, the nominal axial tensile strength
governed by anchor bolt pullout is

Banp = 1.5f 1, exdy + 300n(ly + e+ db)ds

b\, . .
= (1.5) (2000 m_z) (4.0 in)(1.0 in)
+ (300)n(8 in+ 4.0 in + 1.0 in)(1.0 in)

= 24 252 1bf

From ACI 530 Eq. 3-5, the nominail axial tensile strength
governed by steel yielding is '

By = -Abfy

= (0.79 inﬂ)(sn,o()o
= 47,400 1bf

1bf )

in2,

Therefore, By, = By = 17,080 1bf,

The strength reduction factor, ¢, is set by ACI 530
Sec. 3.1.4.1 as 0.5 for strength controlled by masonry
breakout. Therefore,

@B = (0.5){17,980 Ibf} = 8990 Ibf

The design strength is ¢B,, = 3310 Ibf and ¢B,, =
8990 Ibf.

The top row of bolts is in $hear and tension.

The bottom row of bolts is in skiear.

From ACI 530 Eq. 3-10,

b by,
,_7..“{“ bt <10
@¢Bop QSBM;

Calculate the tension in bolts. Try a=4 inand g=2.5in.

Summing moments gives

Ve+ F(g+a)=Fyg

Ve+ Fa=10
(9 kips)(3 in} = F{4 in) = 0 in-kips
F=6.75 kips
., {6.75 kips Ibf
ot = by m( 2 bolts ) (1000 kip)
= 3375 Ibf/bolt

For the top row of bolts,

3375 Ibf by
8990 Iof T 3310 of ="

byf = 2067 Ibf
b == 3375 Ibf /bolt

For the bottom row of bolts,

bey = 3310 Ibf/bolt
biw = 0 Ibf/bolt

The total shear capacity is

(2)(2067 Ibf) + (2)(3310 Ibf)
= 10,754 Ibf [> 9000 Ibf; so OK]

Check compression in the masonry. The strength reduc-
tion factor, ¢, is set by ACI 530:3.1.4.4 as 0.9 for rein-
forced masonry subjected to compression, and the
compression strength is given by ACI 530 Sec. 3.3.2(g)
as 0.8f . The compression force must be equal and oppo-

Tt

site to the bolt tension. Therefore,

C = 2,y = (2)(3375 1bf)
= 6750 Tof

For an 8 in wide plate based on bolt spacing of 4 in, the
required depth of the compression zone is

c
= r——
5087 b
_ 6750 Ibf
(0.9)(08) (2000 '.ylf) (8 in)

in?

=(.59.In

The depth to the neutral axis is

c=i=0'59 in
0.8 0.8
= (.74 in

The total height of the plate is

h2a+g+g

h>din+25in+ 07;1 in _ 6,87 in

Use an 8 in x 8 in platé with four 1 in diameter bolts
in two rows spaced 4 in apart in each direction.
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SOLUTION 4 e

ACI 530 (ASD) Solution
Assume that steel has been placed in the center of the
wall.

d= 7.625 in

5 = 38lin

Consider a1 ft wide strip.

_ {0.31 in? PR
As—( S )(1 ft) = 0.10 in’

Assume pinned supports.
From the AISC Manual Table 3-23, case 12,

M = (128) ul?
— (128) (35 ?;—f)u £)(10 £t)?
= 246.1 fi-lbf
~M =Ltuwl
= ()(35 ) )0 £)°
= 437.5 fi-lbt

Using ACI 530 Sec. 2.3.3.1, check the steel.

4, 010 in?
~As . 010in'  _ a000
P Mm@l )~ 2
5 20108 M
= = —————-——-ln
Fm 8007,
29 % 10° “if
(900) (1500 @)
9215

pr= (0.0022)(21.5) = 0.047

k= —pn+ \/2on + (pn)?

= —0.047 4 1/ (2)(0.047) + (0.047)?
=0.263

M
Agjd
: in
| (4375 b (12 )
(0.10 in?)(0.912)(3.18 in)
=18,102 1bf/in? [< F, = 32,000 1bf/in?, s0 OK]

fi=

Using ACI 530 Sec. 2.3.4.2.2, check the masonry,

J—— (2)(437.5 f1-1bf) (12 %)

™ bjkd? (12 in)(0.912)(0.263)(3.81 in)”
= 251 Ibf/in’

F_b =0.45 f;” = (0.45) (1500 Ef_‘)

=675 Ibf/in?® [>251 Ibf/in?, so QK]

| The wall is adequate. |

ACI 530 (Strength Design) Solution

Assume that steel has been placed in the center of the

wall.
d= Z;%Q..il{ =381 in
_031in? .
A, =03LI — 0.0775 /1y

Assume pinned supports. Consider a 1 ft wide strip.
From the AISC Menuel Table 3-23, case 12,

= (o= () 5 B o 7
= 245 ft-Ibf
Ibf

~M=jtt = () (35 ) (1 f)(10 1)’
== 437.5 fi-lbf

The factored maximum moment is

M, =1.6M = (1.6)(437.5 ft-Ibf) = 700 ft-1bf

Calculate the design strength. From ACI 530 Commen-
tary Sec. 3.3.5.4,

Py, + Af,

0 807" b

0 1bf + (0.10 in) (40,000 125)

(0.80) (1500 lb—f)(lz in)

=0.277 in
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From ACI 530 Commentary Sec. 3.3.5.4,

Ma= (4, + P)(a-2)

(1010 50%) (40,000 }—E-g-) +0 1bf)

X (3.81 fn— 02_727131)

in
12 T

= 1224 ft-lbf
dM, = (0.9)(1224 ft-1bf) = 1102 ft-Ibf
[>700 ft-1bf, so QK]

| The wall is adequate. |

SOLUTION 5 oo

Deflection calculations are based on unfactored (service)

Sum moements about the neutral axis.

SM=0=(24 in)c§+ (n—1)A!(c —4.75 in)
~ A,n(19.25 in — ¢}

(1.58 in®)(27.6)(19.25 in ~ ¢) =

_amye

2
+ (27.6 — 1)(1.58 in?)
x-({c—4.75 in)
c=6.40 in

Top = §bc® + (n— 1}4)(c — 4.75 in)?
+ nA,(19.25 in — ¢)*
= (1}(24 in)(6.40 in)®
+ (27.6 ~ 1)(1.58 in?)(6.40 in — 4.75 in)*
+ (27.6)(1.58 n?){19.25 in — 6.40 in)*

loads. _
First calculate the masonry compressive strength, £
From ACI 530.1 Sec. 1.4B.2.a, assuming type N mortar,
i, is 1500 1bf/in”.
B 29,000,000 l%f- 29,000,000 %
e e —
B T00f lof’
m (700)(1500 in2)
= 27.6
A = A, = (2){0.79 in?)
= 1.58 in”
c E
19.25in
E T 2|
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Bridge Design

PROBLEM 1 i PROBLEM 2 e
A semicircular-nosed concrete pier with a width of 9 ft A road deck is to be supported by a prestressed concrete
is located in a major stream. The pier is supported by girder, The girder is 75 ft long, 4.0 ft deep, and 2.0 ft
piles and a pile cap. The velocity of the water is 5 ff./sec. wide. The concrete strength during prestressing is 4 ksi.
The design flood water level is 16 ft ahove the top of the The concrete contains shrinkage-free aggregates, and no
pile cap. drying ogecurs hefore it has cured for 5 days. The local
relative humidity is 90%. The girder is 35 days old, and

stream-flow the deck will be placed when the girder is 45 days old.

5 fi/sac Calculations are being perfoimed to determine the

deflection of the girder {including the effects of créep)
during the time between the girder fabrication and the
deck placement. What is the strain due to concrete
girder shrinkage?

stream flow
5 fi/sec

elevation

What is the longitudinal drag force on the concrete pier?
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SOLUTION 1 et

Use AASHTO LRFD Bridge Design Specifications
(AASHTO LRFD) Sec. 3.7.3. From AASHTO LRFD
Table 3.7.3.1-1, the drag coefficient, Cp, is 0.7 for a
semicircular-nosed pier.

Calculate the longitudinal drag pressure, p, using
AASHTO LRFD Eq. 3.7.3.1-1. (This equation is not
dimensionally consistent.)

_ CDV2
P=T000
ﬂ', 2
_0n(s )
1000
= 0.0175 kip/ft?

Calculate the longitudinal drag force, Fp, from the
pier width, de,, and the depth of water above the pile
cap, h. .

Fp= pApier = pipiech

2
=|2.52 kips (2.5 kips)]

= (0.0175 kﬂ) (9 ft)(16 ft)

SO IO 2 e

The eifects of shrinkage are described in AASHTO
LRFD See. 5:4.2.3.

Calculate the volume, V, of the girder.

Ve LDW
= (75 ££)(4.0 f£) (2.0 ft)
= 600 ft?

Calculate the total surface area, S, of the girder. Since
the beam is long, the ends do not significantly contrib-
ute to surface area.
§=2(W+ D)L
= (2}(2.0 ft + 4.0 ft)(75 ft)
= 900 ft?

Calculate the volume-to-surface area ratio.

v _ {600 ft® in
s (900 f‘tﬁ) (12 ft)

=8 in

Use AASHTO LRFD Eq. 5.4.2.3.2-2 to calculate the
factor for the effect of the volume-to-surface area
ratio, k. k, must be at least 1.0,

. - v
E, = 1.45 0_.13(5,_)
= 1.45 — (0.13)(8 in)

=041 [<10. Use 1.0]

Use AASHTO LRFD Eg. 5.4.2.3.3-2 to calculate the
humidity factor for shrinkage, k.

ks = 2.00 — 0.014H
= 2.00 — (0.014)(90%)
= 0.74

Use AASHTO LRFD Eq. 5.4.2.3.2-4 to calculate the
factor for the effect of concrete strength.

1hfs 144 KD
=3
=10

Use AASHTO LRFD Eq. 5.4.2.3.2-5 to calculate the
factor for timé development.

_ t
T 6l—4f+t
45 days — 35 days

61 — (4)( %) + (45 days — 35 days)

kta

=(.182
From AASHTO LREFD Eq. 5.4.2.3.3-1, the shrinkage
strain, ey, is

€sh = kskhskf-ktd (048 b4 1_0“3)
= (1.0)(0.74)(1.0){0.182){0.48 x 107%}

= 6.5 x 107°]
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PROBLEM 1 e

A suburban central husiness district has a maximum
daytinie population of 120,000. Traffic passing through
a level intersection in the business district is controlled
by a pretimed signal with a total cycle length of 60 sec.
There are no bus stops in or near the intersection. The
intersection is not part of any transit bus routes. Left
turns from the west-to-east direction are made exclu-
sively from the left-hand lane.

parking, 9 ft wide typical

T

no parking S S no parking —
— —
—— —

_}% i

The following data have been collected on the nature of
the traffic during a particuiar time of day.

north-to-south
and

west~-to-east south-to-north

lane width 11 f& 12 £

peak hour factor 0.80 0.70

percent right turns 0% 0%

percent left turns 20% 0%

percent trucks and local 10% 7%
bus traffic

length of green dnd amber 32 sec 26 sec
phases

length of all red phases 1 sec 1 sec

approach grade 0% 0%

parking maneuvers 0. 20/br

1.1. Find the maximum service volume for. level of
service (LOS) C on the west-to-east approach to the
intersection.

1.2. Find the maximum service volume for LOS E on
the west-to-east approach to the intersection.

Transportation

1.3. Find the maximum service volume for LOS B on
the north-to-south approach to the Intersection.

1.4. Find the maximum service volume for LOS E on
thie south-to-northi approach to the intersection.

PROBLEM 2 ot e

List at least eight major factors that . influence the capac-
ity of a signalized. intersection.

PROBLEM 3 oo

The average daily traffic (ADT) patterns for four differ-
ent sets of traffic are shown. For each patiern, specify a
type of interchange {e.g., cloverleaf, loop-connector) and
briefly indicate your reason for choosing that type.

3.1, N
10,000 vpd 18,000 vpd
11,000 vpd
W
9000 vpd
; 16,000 vpd
10,000 vpd
S
3.2. N
1500 vpd 2000 vpd
4000 vpd
2500 vpd
w 21,000 21,000
vpd vpd
2000 vipd P
4000 vpd
1500 vpd 2000 vpd
S
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3.3. N
1000 vpd 1000 vpd
1000 vpd
1500 vpd 1500 vpd
w 2000 2000- > £
vpd vpd
1500 vpd 2500 vpd
2000 vpd
2000 VWO vpd
S
3.4- N
15,000 vmooo vpd
22,000 vpd
14,000 vpd 9000 vpd
W 16,000 15,000 E.
vpd vpd
12,000 vpd, 8000 vpd
22,000 vpd
11,000 vpd 8000 vpd
s
PROBLEM A e

The following questions are not necessarily related.

4.1. What is the passenger car equivalent for a truck
on a 2% multilane highway grade that is 0.6 mi long?

4.2. What is the primary variable that determines LOS
for automobiles?

4,3.. List the major guardrail (roadside barrier) war-
rants. What values or conditions must. these warrants
demonstrate to justify the installation of guardrails?

4.4. What is the primary variable used to rate the need
for making future improvements to intersections?

4.5. What dimensions should be given to a single-
vehicle parking slot in a municipal parking structure?

4.6. On average (i.e., considering all other uses for
space), what is the amount of space (in square feet) that
should be allowed per parked vehicle in @ municipal
parking structure?

PROBLEM 5 o

A rural two-lane highway was designed for 50 mph travel.
The following traffic counts were taken over a one-year
pericd..

annualized volume cumulative

(10° veh/yr) percentage
0 0%
0.11 10%
0.23 20%
0.39 30%
0.77 40%
0.99 50%
1.30 60%
1.96 T0%
3.37 80%
7.81 90%.
9.38 93.15%

11.50 95.43%
14.46 97.72%
17.15 98.86%
19.59 99.43%
21.56 99.66%
22.62 99.77%
23.98 99.89%
28.04 100.00%

5.1. What is the 30th hour volume?
5.2. What is the maximum hourly volume?

5.3. What is the gpproximate average annual daily
traffic (AADT)?

5.4, Given avehicle speed of 412 mpk, what is the 30th
hour density?

85.5. What is the headway in each direction of flow
under the conditions given in part 5.4, assuming a 50-50
diréctional split?

5.6. Estimate the density when the road is at capacity.
5.7. What is the spate mean unit travel time?

5.8. If trafficis expected to grow at the rate of 2% per year,
what will be the percentage increase in traffic after four
years?

PROBLEM 6 i

The .accident report of a highway patrol officer reads as
follows.

Responding to a radio message, I reached the scene
of the accident at 18:34 hours and observed a
truck that had, apparently, just skidded into a
parked car. There were no injuries. The road was
dry. The truck left 180 ft of skid marks up to the
point of impact. The skid was down {south) on
Scenic Drive, which has a uniform downward
grade of —5.0% in the direction of travel. Based
.on the limited amount of damage to both vehicles,
I estimate that the impact speed was 20 mph.
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6.1. Using the following coefficient of friction values,
determine the initial velocity of the ttuck just prior to
locking the brakes.

speed prior  coefficient of

to skidding friction
20 mph 0.46
30 mph 0.38
40 mph 0.32
50 mph .30
60 mph (.28

6.2. How would your answer to part 6.1 change if the
accident report stated that the road was wet?

PROBLEM 7 oo o

A new undivided four-lane highway is being designed to
cross an existing two-lane road. Lanes are 12 ft wide.
There is no median. The intersection is in a level wooded
area and trees will have to be cleared to provide proper
sight distance. The four-lane highway will be posted for
50 mph travel; the two-lane road will be posted for
40 mph travel. The design speed should be 10 mph
greater than the posted speeds. Thé intersection will
be controlled by a stop sign on each approach of the
minor road to the two-lane highway. There is little or no
truck traffic. -

Draw a plan view of the intersection and show the
areas you would clear to provide sight distance. Label
and dimension the sight triangles. Use AASHTOQ
specifications.

RO LM 8 e e

An airport runway is being redesigned to current FAA
regulations.

8.1. What are the reasonable values of longitudinal
and transverse gradients?

8.2. Draw two intersecting rnmways. What are the VFR,
and IFR. maximum loads?

8.3. What other factors must be considered -when
designing airport runway pavement sections?

PROBLEM 9
The following questions are not necessarily related.

9.1. What arrival type represents highly favorable pro-
gression at a signalized intersection? How is arrival type
determined?

9.2, How many trips will be generated by a shopping:

center with 100,000 ft* of leasable space (1) per week-
day, and {2) during the peak hour?

9.3. What is the definition of the peak hour factor?

9.4. What is the definition of (1) the gap, (2) the crit-
ical gap, and (3) the trip distribution?

9.5. What are typical warrants and numerical criteria
for signalizing an intersection?

PROBLEM 10 o)

A comnipacted asphalt pavement with a bulk specific grav-
ity (SG) contains the following components. {Percentages
are by weight of total mixture.)

asphalt cement 8G=1.01

T% by weight
coarse aggrcgate $G=2.61

52% by weight
fine aggregate S5G=2.71

34% by weight
mineral filler 5G=2.70

7% by weight

The maximum SG of a paving mixture sample (as mea-
sured according to ASTM 1D2041) was 2.455.

The bulk SG of the compacted paving mixture sample
(as measured according to ASTM D2726) was 2.360.

10.1. What is the bulk SG of the aggregate?
10.2, What is the effective SG of the aggregate?

10.3. What would the maximum (zéro. voids) SG of
the paving mixture be if the asphalt mixture is increased
to 8%?7

10.4. What is the asphalt absorption (hy weight)?

10.5. What is the effective asphalt content {by weight)
of the paving mixture?

10.6. What is the percent voids in the minerai aggre-
gate (VMA)?

10.7. What is the percent air voids in the compacted
mixture?

10.8. Define bleeding in asphalt concrete. What is
(are} its primary cause(s)?

10.9. What are the eclements comprising Superpave

mix design?

10.10. What are typical air-void requirements for
asphalf, concrete?

PPl ¢ www.ppiZpass.com
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14-4 cCIVIL ENGINEERING SOLVED PROBLEMS

SOLUTION 1 s

(Al references in this solution are from the Transporta-
tion Research Board’s Highway Capacity Manual
(HCM) Chap. 18.)

1.1. Geometry and timing are given. Find the satura-
tion flow rate and capacity.

The lanes can be numbered from 1 to 4, with the right--

most lane being assigned lane number 1. On the west-to-
east approach, 20% of the flow turns left, With four
approach lanes and a large proportion of left furns,
assume that the leftmost lane (lane 4) acts as an exclusive
left-turn lane, other than as an occasional insignificant
straight-through movement. Each of the through lanes,
1, 2, and 3, has the same characteristics for adjustmerit.
Therefore, the saturation flow rate is the same for each of
these lanes. Find the adjusted saturation flow rate for the
through lanes. (Use a default value of 1.0 for all factors
for which no information was given.)

s= sofyfuvlof pfonfofufirfarfionfap  [Eq. 18-5]
fu=10 [HCM Exh. 1813]
Sy =10 [exclusive lane; p. 18-38]
fir=1.0 [no turns in lanes 1-3; p. 18-38]
fipp = 1.0 [no pedestrians; p. 18-38]
frpp = 1.0 [no bicycles; p. 18-38]
;sa = 1900 veh/hr [Exh. 18-28]

8123 = Sof wlivf of pfovf ofrofurfrrfipnlren
= (1900 %)(1.0)(0.909)(1.0)(1.0)(1_.0)
x (0.90)(1.0)(1.0)(1.6)(1.0}(1.0)
= 1554 veh/hr

Lane 4 acts as an exclusive left-turn lane. There is no
pedestrian interference, and the left turn is unopposed.

~1_.1_ 4 18
fir=g =15 =095 [Ba 1811

Find the g/ C ratio. The cycle length, C, is 60 sec. The
effective green time is

Gesr=Dp—li—lp
= gs + e + e [Eq 18-14]

The length of the queue is unknown, so the queue ser-

vice time and green extension time are unknown. Since

the all-red clearance intervals and cycle length are given,

the given green times must be considered effective green

times. For the east-fo-west movement,

Gefi, EW = 32 s€C
(%) - 32 sec
C/gw 60 sec
= 0.533
For the north-to-south and south-to-north movements;,

Gegr ng-sn= 26 sec

(gg_f{') _ 26 sec
O/ w550 60 sec
= (.433

Find the capacity. The left-turn adjustment factor has
already been applied to each lane group. Therefore, the
capacity can be determined from the total g/C ratio
applied to.the total service volume. For the west-fo-east
movement,

_ (Y -
CWE = S(O) wE Eq. 18-15]
- veh) ¢ ;
= (6139 = )(0.533)
= 3274 vph

For the north-to-south and south-te<north movements,

y) -
CNS-§N = & . 18-1
NS-SN ( G ws-sn {Eq 5]

= (3182 %}1) (0.433)

= 1379 vph

The control delay, d, is found from the following equa-
tions.” Use v;/¢; = 1.0 for values greater than 1.0.

d=dy +dp+dy [Eq. 1819

050(1-2)
dy= _ v [Ea. 18-20]
1-— (Imn(l,X)E)

dy= 900::“((;{w 1) + \/(le)2+§%§)

T=1 hr
k= 1.0 [pretimed conditions]
I=1.0 [isolated intersections]

dy=1{0'sec [no initial queue]

“The 2010 HOM has removed the equation for incremental delay, do.
The equation presented for dy is HOM 2000 Eq. 16-12. and it is still
valid for computations.
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For the west-to-east movement,

050(1#);

1= (m:n (1 X} WE)

_ (0.5)(60 sec)(1 - 0.533)°
1—0.533

d1wE =

= 14 sec

For the north-to-south and south-to-north movements,

0.50(1 - %);“SN

1 (min(L X) (%) NS"SN)

_ {0.5)(60 sec)(1 —0.433)"
- 1 - 0.433

ding =

= 17 sec

Level of service is determined by the control delay per
vehicle on each approach as shown in HCM Exh. 18-4.
Results are tabulated.

adjusted
¢ O.!targ(:t dc;;l(; flow
case  g/C  {vph) LOS ({sec) X=wfe, (sec) (vph)

Sel 1.1 0.53% 3274 35 0.0628 350 3152
Sl 1.2 0533 3274 80 10196 7H.9 3348
Sol. 1.3 (433 1378 200 0703 200 969
Sol. 1.4 0433 1379 80 09938 9.9 1370

jsiiveiicaN e

1.2. See the table in Sol. 1.1.
1.3. See the table in Sol. 1.1.
1.4. See the table in Sol. 1.1.

SOLUTION 2

According to Eq. 18-5 of the Highway Capacity Manuual,
theére are 12 primary factors that influence capacity.
They are

1. base saturation flow rate

2. lane width

3. percentage of heavy vehicles in the traffic stream
4. grade of the approach
5

. presence of a parking lane and number of parking
maneuvers per hour

[

. blockage caused by local buses making stops

7. area type (capacity is leéss in central business dis-
tricts than elsewhere)

8. lane utilization

9. percentage of right-turning vehicles in the traffic
stream

10. percentage of left-turning vehicles in the traffic
stream

11. percentages of pedestrians and bigyclists turning left

12. percentages of pedestrians and bicyclists turning
right

Key secondary factors that interact with items 8
through 12 are

¢ whether turns are made from an exclusive or shared
lane

® whether turning movements are protected, per-
mitted (unprotected), or both

® volume of pedestrians using the conflicting crosswalk
for both left and right turns

® opposing flow rate when the signal phasing includes
permitted left turns

& bicycle traffic, especially bicycle lanes that are to the
right, of right-turning vehicles

¢ mnumber of lanes

SOLUTION 3 . . .

3.1. From AASHTO’s A Policy on Geometric Design
of Highwoys and Streets, the practical capacity of loop:
ramps {270° turns) is 800~1200 vph regardless of width
{loop ramps are not amenable to double lanes). Assum-
ing a kfactor (ratio of peak hour flow to ADT) of
between 0.12 (urban) and 0.15 (rural), peak hour flow
for the lower volume left turn is at least 1200 vph. A
directional three-leg interchange is recommended.

3.2. The low flows on all except the freeway mainline
dictate a simple diamond with stop- or signal-controlled
intersections on the north-to-south road. If the river
prevents ramps on the east, a half eloverleaf with diag-
onal and loop ramps in the two western quadrants is
recommended, with stop or signal control at the minor
street terminals.

3.3. The relatively low flows suggest that no inter-
change will be needed. The high proportion of turning
movements suggests a roiary intersection. If an inter-
change is desired, a loop-connector type is recom-
mended, with the east-to-west street at a separate
grade froim a loop that carries all other mmovements. This
is an inexpensive type of interchange that works well
with low flows. Because it treats the north-to-south
flows as turning flews (they mnst enter the loop and

then leave it), it is most appropriate when the through

volume is small compared to the turning flows.

3.4. The interchange is between two very high-volume
roads, presumably freeways. With its high turning vol-
umes, it requires a fully directional or semidirectional
interchange that provides the best level of service (i.e.,
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high speeds for all turning flows). The lowest volume left
turn movement. (east-to-south) will have a peak hour
flow of at least 1000~1200. vph, so it could possibly be
accommodated by a loop ramp; however; including a
sirigle loop ramp in a directional interchange is imprac-
tical, and the level of service on. the loop would be poor.

SOLUTION 4 e

4.1. From Highway Copacity Manual (HCM)
Exh. 14-13, E= 1.5 for all percentages of truck traffic.

4.2. (Reference: HCM Exh. 2-2.)

e  On basic freeway segments and multilane highways,
density is the primary variable.

® On freeway weaving sections, speed for weaving and
nonweaving vehicles is the primary variable.

® On freeway ramp sections, density is the primary
variable.

¢ On two-lane rural highways, speed, percent time
spent following is the primary variable.

e At signalized intersections, average control delay is the
primary variable.

¢ At unsignalized intersections, control delay is the pri-
mary variable.

® On urban/suburban arterials, average through-
vehicle travel speed is the primary variable.

4.3. (Reference: AASHTO, Roadside Design Guide,
Chap. 5, Chap. 6, Chap. 10.} (Guardrail warrants are
not given in AASHTQ’s A Policy on Geometric Design
of Highways and Streets or the HCM.)

Traditionally, the two situations that have been used to
justify (warrant) roadside guardrails are embankments
and roadside hazards. Depending on the interprefation
of “roadside guardrail,” three additional situations that
require separation may be combined with the roadside
hazards situation.

e Embankment slope and height: Various combi-
nations warrant. a roadside barrier, as illustrated
(from AASHTO’s Roadside Design Guide Fig. 5.1
(b)). Modifications for traffic and embankment
length may also be included in the warrant.

embankment
slope

0.5

0.33 -

1 ;
6 15

embankment
height {ft}

¢ DPresence of roadside obstacles: A barrier is war-
ranted when removal or modification of the obstacle
is not possible or cost effective, and when the barrier
is less of a hazard than the obstacle. Examples of
obstacles calling for a barrier are

e wood poles or posts with an area greater than or
equal to 50 in®

® metal shapes with a moment of inertia greater
than or equal to 3.0 in* for steel and 4.5 in® for
aluminum

® concrete bases extending 6 in or more above the
grotund

¢ sign bridge supports

@ breakaway light poles, with a breakaway linear
impulse greater than or egual to 110 lbf-sec

¢ trees with diameter greater than or egual to 6 in

e Protection of bystanders, cyclists, and pedestrians:
No simple numerical value is given, but under normal
circumstances, a raised curb is a sufficient barrier to
protect pedestrians for speeds up to 25 mph. Special
circumstances (e.g., accident experience and the pres-
ence of schoolchildren) may apply.

# Median barriers: These may be needed, based on
roadside warrants: In addition, there is a median
warrant to prevent head-on collisions, based on var-
ious combinations of ADT and niedian width (from
AASHTO’s Roadside Design Guide Fig. 6-1):

average daily traffic (‘IOI3 vpd)

median width (f_t)

[ barrier considered
barrier racommended
barrier optional

e Barriers in work areas: No numerieal values are given.
Work-area barriers are warranted when needed to
o protect traffic from entering unsafe areas
® protect workers
® separate two-way traffic

® protect exposed construction works (e, falsework)
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4.4. The primary variable is the total number of acci-
dents. Other measures used are the accident rate {acci-
dents per 100,000 veh} and a weighted sum of personal
injury accidents and property damage only (PDO) acci-
dents, in which personal injury accidents count as four
or five PDO accidents.

4.5. For most purposes, a 90° parking stall can be 8.5 ft
wide % 17.5 {t long. Recommended width varies from 9 ft
for high turnover uses to 8.25 ft for low turnover uses.
“Small car only” stalls can, of course, be smaller.

4.6. A typical parking module is 8.5 ft, wide x 61 ft long,
including two stalls and an aisle. Adding:10% for losses at
corners and such, the area per vehicle is

Avar = (L1)(8.5 ft) (61_ft)

9
[

SOLUTION S .

5.1. There are (24 hr/day)(365 days/yr) = 8760 hr in a

year, so the 30th busiest hour is the (1-—30/8760) x
(100) ==99.66 percentile value, which (from the problem
statement) is 21,550,000 veh/yr. Converting to an hourly
volume, the 30th hour volume is

21,550,000 YeR

—-—h_y-ll- =[2460 vph
8760 y—i

Vaown =

5.2. The maximum hourly volunie is

98,040,000 YeI
R L

8760 hr
¥r

- [T ]

5.3. An approximate average is found using the 50th
percentile volume. Converting to average annual daily
traffic volume (AADTY,

Vmax =

990,000 e
yT

AADT =.
days.

¥r

- [T 5]

365

5.4. Density is equal to volume divided by speed. Using
the veluine from Sol. 5.1,

veh
_ 2460 I

4o

hr

~ [5G vl

A
D‘s

8.5, Assuming a 50-50 directional split, the volume in
each direction is

2460 Yei

_ hr
V= 2

= 1230 vph
(1) (3600 <
headway = — = _(_.,_IAQ

h
1230 Y&l
30 T

=12.93 sec/veh  (2.93 sed)]

5.6. Because the road is sometimes congested, its flow
reaches capacity. An estimate of the capacity is the max-
imum hourly flow as determined in Sol. 5.2, At capacity,

the average speed is approximately 30 mph.

p=X
P=3

h
gpy Yeh
3 .Ir}r
mi
30 hr

107 v/

~

5.7. Space mean speed differs little from time mean
speed, so the given speed can be equated to a space
mean speed. The space mean unit travel time is

1
§ =
-Smca.n
_ 1 mn
hr

= [1.43 min/mi

5.8. (1.02)*=1.0824. The increase will be [8.24%,
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SOLUTION 6 oo

6.1. Since the coefficient of friction factor, p, must be
considered with the initial speed, vy, solve using trial and
error. The Green Book equation for braking distarice
{where dp=vy) can be used to find the initial speed.
Use interpolation, and start by assuming an initial speed
of 45 mph.

di= v2 - vi- v [ Green, Baok]
30(32%-1 G) 30(3727 N G,) Bq. 3-3
(R -(»F)
_ (30) (0‘31)(32'2&55%) ~ 005
32.2 ;;‘CE

=208 {t [inconsistent with skid length]

Assume an initial speed of 43 mph.

_ v2 _ v -2

30(z%; £ G) B 30(55% i G)
w3 2)" - (20 B’
(0:314) (322 Se%)

399 b

(30) ~0.05

= 182 ft [consistent with skid length]

The speed of the truck at the beginning of the skid was

[T e

6.2. The answer given in Sol. 6.1 would not change
appreciably because the given coefficients of friction
are vald for most wet pavements.

SOLUTION 7 i

(All references in this selution are from AASHTO’s A
Policy on Geometric Design of Highways and Sitreets.)

This solution requires the determination of sight triangles
as covered in Chap. 9, in the section “Intersection Sight
Distance.” Since the intersection is controlled by signs,
departure sight triangles control the design. Stop signs
are used as opposed to yield: signs, so this problem corre-
sponds to case B, intersections with stop control on the
minor road. Within case B are three conditions that muist

be evaluated; case Bi, left turn from the minor road;

case B2, right turn from the minor road; and case B3,
crossing maneuver from the minor road.

Using the AASHTO methodology, tables and graphs
have essentially eliminated the need to factor in reaction
and acceleration or deceleration times for movements
relative to single-lane highways, although the tabulated
values have been derived from certain assumed values of
these times. For movements relative to multilane high-
ways, the time gap must be used with the AASHTO
equations.

(a) case B1, left turn from the minor road:

AASHTO specifies that the decision point, one of the
vertices on the departure sight triangle, is located 14.5 ft
back from the edge of the traveled way, and that a value
of 18 ft should be used where practical (essentially a
mattér of ecanomics). The leigth of the shorter orthiog-
onal leg is this distance plus the distance from the edge
of the traveled way to the location of the oncoming
traffic, taken as one-half of the lane width.

short, leg = 14.5 ft + %& = 20.5 f

The length of the longer orthogonal leg is a function of
the time required by the stopped vehicle to cross all lanes
of opposing traffic, and this time is greater for multilane
highways than siugle-lane highways. Sinice truck traffic ig
considered to be insignificant; from Table 9-5, the time
gap, t,, for a passenger car is 7.5 seconds. From the
footnote in Table 9-5, the correction for an additional
lane is 0.5 sec. Since the terrain is level, no adjustiment for
grades is required. Therefore, the time gap is

t, = 7.5 sec 4 0.5 sec = 8 sec

The design.speed for the major road is 10 mph greater
than the posted limit.

Vmajor = 00 mph + 10 mph = 60 mph
From Eq. 9-1, the intersection sight distance is

. mi
ISD = L ATVanjorty = (1.47) (60 E?) (8 sec)
=708.6 ft [use 710 fi]

If this distance is provided for opposing traffic approach-
ing in the near (i.e., outside or “slow”) lane, the sight
distance of opposing traffic approaching in the far (ie.,
inside or “fast”} lane will be adequate.

{b) case B2, right turn from the minor road:

AASHTO specifies that the time gap can be reduced by
1 sec for right, turns from the minor road. Either Table 9-7
can be used with Eq. 9-1, or the intersection sight distauce
can be read directly from Table 9-8 as 575 ft {design
value).
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This is less than the distance caleulated for case B1.
(c) case B3, crossing maneuver from the minor road:

AASHTO specifies that intersection sight distances for
crossing maneuvers generally do not control the design.
The conditions where the time for the crossing maneu-
ver should be checked are not present in this exercise.

710 ft 5756 ft
{not to scale)

SOLUTION 8 e

8.1. Reasonable gradients are 0-2% longitudinal and
no less than 1.5% transverse (crown) for draining.

8.2, There is more than one way to lay out two irter-
secting runways. One way is

e

[

PHOCAP (practical hourly capacity) under VFR (visual
flight rules) is 72-98 operations/hr, depending on the mix
of aircraft. For IFR (instrument flight rules), PHOCAP
is about 60 operations/hr. {Reference: FAA Advisory
Circnlar 130/5060-5, “Airport Capacity and Delay,” cited
in Haefner, L.E., Tittroduction to Transportation Systems,
Holt, Rinehart and Winston.)

8.3. Other factors to consider are the weight of the
largest expected aircraft, the strength of the base and
subbase, drainage, resistance to petroleum-based fuels,
location of underground utilities, and frost interaction.

SOLUTION S

9.1. From the Highway Capacity Manual p. 18-13, a
very good (i.e., highly favorable) progression is arrival
type 5. There are no definiitive parameters used to quan-
tify arrival type. It is best determined usirig field observa-
tions, but approximations can also be obtained by

reviewing time-space diagrams for the street in question.
The platoon ratio, R, may also be used.

9.2. The ITE Transportotion Planning Handbook
Table 45 provides the value of 42,92 daily trips/
1000 ft* for a shopping center and 3.74 afternoon peak
trips/1000 ft%. Therefore, the number of trips generated
each weekday is
42,92 S
da;

Y | (100,000 £t2)

7 weekday ~ W

= (4202 trips/day
The number of trips during the peak hour is
trips

3.74 =
50t | (100,000 £6%)

jpeak =

= 1374 trips/hr

9.3. The peak hour factor, PHF, is

PHF = Vpeak_hcur
4 Vpeak 15 min

9.4. From the Highway Capacity Manual Chap. 9, a
gap {or headway) is the time (in seconds) it takes the
front bumper of the second of two successive vehicles to
reach the starting point of the front bumper of the first
vehicle. The critical gap (critical headway) is the mini-
mum time (in seconds) between successive major-street
vehicles' in which a minor-street vehicle can make a
maneuver.

Trip distribution is the result of matching productions
to attractions. Given estimates of the number of trips
beginning at each origin, ¢ and the number of trips
ending at each destination, j, trip distribution is the
art of estimating the number of trips that go from i to 4.

9.5. The U.5. Department of Transportation, Federal

Highway Administration’s Manual on Uniform Traffic

Control Devices (MUTCD) identifies nine warrants for
signalizing an intersection. They include

warrant 1, eight-hour vehiculor volume: This warrant
eomprises two conditions. Either condition A or condi-

tion B, or a combination of beth, may be met.

e condition A, minimum. vehicular volume: For
example, at an intersection of two two-lane roads,
the major street volume (total for both approaches)
should be at least 500 vph and the minor street
volume at least 150 vph. These volumes should hold
for. eight hours.

PPI ¢ www.ppi2pass.com
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14-10 ciVviL ENGINEERING SOLVED PROBLEMS

e condition B, interruption of continuous traffic: This
applies when the delay on the minor street would be
excessive without a signal due to high volume on the
major street, For example, at an intersection of two
two-lane roads, the major street volume (total for
both-approaches) should be at least 750 vph and the

minor street volume at least 75 vph. These volumes:

should hold for eight hours.

warrant. 2, four-hour vehicular volume: This warrant
applies if for any four hours of an average day, the
plotted points (representing vehicles per hour on the
major street and the corresponding velicles per hour
on the higher-volume minor street) fall above the appli-
cable curve in MUTCD Fig. 4C-1. (MUTCD Fig. 4C-2
may be used in place of Fig. 4C-1.) '

warrant 3, peak howr: This warrang applies to intersec-
tions where conditions are such that for one hour of the
day, minor street traffic suffers undue delay. Total delay
on niinor streets must exceed 4 veh-hr on one-lane
approaches and 5 veb-hr for two-lane approaches, and
street vehicle volume must be greater than 100 veh for
single lanes and 150 veh for two lanes. The total volume
at the intersection must be greater than 800 vph.

warrant 4, pedestrian volume: This warrant applies to
intersections where traffic volume on a major street is so
heavy that pedestrians experience excessive delay in
crossing a major street,

warrant 5, school crossing: This warrant applies to inter-
sections where schoolehildren (elementary through high
school students) eross a major street. There must be at
feast 20 schoolchildren diwing the highest crossing hour.

warrant 6, coordinated signal system: This warrant
applies to intersections that reguire a traffic control sig-
nal where it would be needed to maintain proper platoon-
ing.cf vehicles.

warrant 7, crash experience: This warrant applies to
intersections where there are at least five accidents in
12 months, if less-restrictive. remedies have failed to
reduce accident frequency, and if there are traffic vol-
umes that meet 80% of the first three given warrants.

warrant 8, roadway network: This warrant applies to
intersections where installing a traffic control signal would
encourage concentrationi and organization of traffic flow
on a roadway network.

warrant 9, intersection near a grade crossing: This war-
rant applies to intersections where no single warrant is
satisfied, but the proximity to the intersection of a grade
crossing on an intersection approach controlled by a
“stop” or “yield” sign is cause for installing a traffic con-
trol signal.

SOLUTION 10 i
(All references in this solution are from the Asphalt
Institute’s The Asphalt Handbook.)

10.1. The bulk specific gravity, Gg, is a weighted
average of the aggregate and mineral specific gravities.

Gapy == zgfl
(0.52)(2.61) + (0.34)(2.71) -+ (0.07)(2.70)
0.52 + 0.34 + 0.07

-z5)

10.2. The effective specific gravity, G, of the aggre-

gate is
1-— Ty
Goe = 1 o
Gl]ll‘.ll Gb
1007
00
2455 1.01

- [

10.3. The maximum specific gravity, Gy, under the
given conditions is

1
11—y Ty
Gse * G.Ii
. 1
T 1-0.08 0.08
2.751 1.01

- [215]

10.4. The asphalt absorption fraction, 2,; = Py,/100%,

18
T = Gb (Gse-_ Géb)

C”,mm =

Gs‘l) Gse:
_ 2.751 ~ 2,663
= (1.01) ((2.751)(2.653))

=10.0136 (1.36%}|

10.5. The effective asphalt content fraction, @m,. =
Pre/100%, is

The = Tp mbu_(l - mb).
=0.07 — (0.0136)(1 ~ 0.07)
=[0.0574 (5.74%)|

PPl &# www.ppil2pass.com




TRANSPORTATION

14-11

10.6. The voids in the mineral aggregate fraction,
Dypis = V].V[A/].OO%, is

I 1 —
Tvps =1 — G, 1b(G fb)
sb

1 (2:360)(1~0.07)
o 2.653
=[0.1727 (17.27%)]

10.7. The air voids fraction, z, = P./100%, is

Gm’m — Gmb
Gmm

_ 2,455 — 2.360

T 2455

=[0.0387 (3.87%)|

Ty =

10.8. Bleeding is the migration of free asphalt to the
pavement surface, resulting in a loss of skid resistance.
Bleeding typically occurs under loading on hot days in
‘mixtures that have too few air voids.

10.9. There are three elements comprising Supeirpave
{Superior Performing Asphalt Pavement) mix design.
Level I miz design includes specifying asphalts by a set
of performance-based binder specifications (e.g., stiff-
ness, dynamic shear, bending). Level 1 is used by most
highway agencies and in most new construction, replac-
ing older methods of asphalt call-outs.

Level 2 miz design includes performance-based tests that
measure primary mixture performance factors (e.g.,
fatigue, cracking, permanent deformation, aging, water
sensttivity).

Level 3 miz design is a computer-aided volurgetric mix
design and analysis that incorporates test results, geo-
graphic-location, and climatological data. Level 3 also
incorporates mix-testing technology such as the Super-
pave gyratory compactor (SGC), which is a laboratory
conipaction device that can create laboratory densities
equivalent to field densities,

10.10. Air voids are generally 3-5% of the mixture by
volume.
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PROBLEM 1 e

Two highway tangents intersect at sta 60--50 ag shown.
The roadway follows a horizontal circular curve con-
structed between the fwo tangents, and it passes
through point A. Other data are given in the illustration.

PC M\PI sta 60-+50

PT

not to scale

1.1. What is the radins of the horizontal circular curve
that passes through the PC, PT, and point A?

1.2. Measuring from the intersection point, PI, what
are the stations of the PC and PT?

1.3. Assume the curve radius is 660 f and the design
speed is 40 mph, Usethe current AASHTO standards to
determine if the radius is acceptable.

PROBLEM 2 = ...
The PI of two tangents of a highway is located in a

lake. Stations A and B are selected to replace the
inaccessible PI.

25° 21°
B A
“ ( sta 135+00
sta 120+10
PC distance BA = 627,13 ft PT
$t4 11583

Surveying

2,1. What is the radius of the circular curve between
the PC and PT?

2.2. What is the degree of the carve?
2.3. What is the length of the curve?
2.4. What is the station of the PT?

2.5. If the instrument is at the PC, what deflection
angle should be used to locate staking sta 116--00 on
the curve?

2.6. If the instrument is at the PC, what deflection
angle should be used to locate staking sta 117+00 on
the curve?

2.7. If the instrument is at sta 116400, what deflection

-angle should be used to locate staking sta 11800 on the

curve?

PROBLEM 3 oo

The bearings of two tangents connected by a horizontal
circular curve are N 50° E and S 35° E, respectively, The
tangents intersect at sta 37+00. The curve radius is
800 ft.

3.1. What is the length of the curve?

3.2, What is the station of the PC?

3.3. What is the station of the PT?

3.4. What is the interior angle at the PI?

3.8. What is the fangent distance from the PI to
the PC?-

3.6. What is the long chord distance?

3.7. What is the external distance?

3.8. What is the degree of the curve (arc basis}?
3.9. What is the degree of the curve (chord basis}?

3.10. What is the chord length of a 100 ft arc (arc
basis)?

PROBLEM 4

Numerous accidents have been occurring at several hori-

zontal highway curves in a county. Tt is suspected that
the geometries of the curves are contributing_ to the
accidents.
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15-2 CIVIL ENGINEERING SOLVED PROBLEMWMS

4.1. What are the geometric and trigonometric rela-
tionships that need to be considered when replacing a
compound curve with a simple circular curve?

4.2, What are the geometric and trigohometric rela-
tionships that need to be considered when replacing a
simple circular curve with a simple spiral curve?

4.3. What are the geometric and trigonometric rela-
tionships that need to be considered when replacing a
broken-back curve with a simple circular curve?

PROBLEM 5 s i

A road contains a vertical curve starting at -sta 60400
and ending at sta 68-4-00. The elevation at-the begin-
ning of the curve (BVC) is 562 . The grade prior to
the BVC is —1.5%. Just after the end of the curve
(EVC), the grade is +2.5%.

5.1. What are the centeriine elevations of the road
every 50 ft from the BVC to the EVC?

5.2. Theroad is constructed on marshy ground subject
to flooding. At sta 6300, the road becomes elevated

and is supported by five-pile bents every 50 ft. The piles

are separated from each other by 10 ft (perpendicular to
the road centerline) and are cut 3 ft below the finished
road grade, A 4° horizontal circular curve to the right
starts at sta. 64-+50 and finishes at sta 66+-00. Super-
elevation on the curve is 12% and is fully developed
around the curve. What are the cutoff elevaticns for
each of the five piles in the four bents in the hérizontal
curve?

PROBLEM 6 .

The prade into a vertical sag curve is —2%. The curve
length is 1400 ft. The grade out of the curve
is +4%. The elevation and station of the grade intersec-
tion are 226.88 ft and 7+20, respectively. The curve goes
through a flood plain where the 50 yr flood elevation is
240 ft.

2% +4%

BvC
' EVC

elev 240 ft

sta 7+20

Pl elev 226.88 ft

1400 ft

not to scale

6.1. Find the stations where the curve drops below and
emerges from the 50 yr flood plain.

6.2. What length of curve will be submerged in a 50 yr
flood?

6.3. How will increasing the length of curve change the
length of the curve that will be submerged?

6.4. How will décreasing the length of curve change the
length of the curve that will be submmerged?

6.5. What can be done to the pavement so that flood-
ing will not degrade it?

PROBLEM 7 o

A vertical curve connects a —1.3% tangent and a +1.8%
tangent. The tangents intersect at sta 74400 and eleva-
tion 310 ft. A railroad line at grade crosses the turve:at
sta 75420 and elevation 314 ft,

7.1. What is the length of the vertical curve?

7.2. Tf the curve length is changed to exactly 1300 it,
what will be the difference in elevation between the
railroad. line and the roadway?

7.3. The road is curbed and guttered. If the curve
length is exactly 1300 ft, at what station and elevation
would a sirigle graie inlet be placed on. the curve?

PROBLEM 8 oo

During a survey, lengths and bearings are collected for
legg of & traverse.

leg bearing distarice
AB  N3515°W 905.21 ft
BC NB1.28*E 113576 ft
CD S57.19°E 1207.92 ft
DE S15.25%W 800.25 ft
EF N4R.I7T*W  1100.85 ft
FA N40.73°E 429.53 £t

arc

not to scale
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8.1. What is the precision of the survey?
8.2. Adjust the traverse by the compass rule.

8.3. Using the adjusted traverse, what is the area of

the figure ABCDEF?

8.4. What is the area of the circular seginent bousided

by the clicrd BC?
8.5. What is the length of the arc BC?

PROBLEM S = ...

The partial results of a survey of a traverse are shown in

the following, illustration.

NBT°E

not to scale

9.1. What is the interior angle at A?
9.2. What is the bearing of line BC?
9.3. What is the bearing of line CD?
9.4. What is the bearing of line DE?
9.5. What is the bearing of line EA?

SOLUTION 1 ot
1.1.

Pl sta 60+50

I'= 76740

center not to scaile
o = arctan %: arctan (%?5—1—%)
= 18.568°
m= VETF = /(215,21 t)* + (72.25 )’
= 227.01 ft
I = 76°40 = 76.667°
7=90 -1 q
=90° — 3@%@1 ~ 18.558°
= 33:109°
¢ = 180” — arcsin sz
Cos 3
tare e | 5in33.109°
== ]180° — arcsin g
cos
2
= 135.864°
§= 180" ~ ¢ —y
= 180% — 135.864> — 33.109°
= 11.027%
From the law of sines,
. I
sint‘)m sing sin ¢ cos B
m I~ B

Rsec =
sSec 2

(227.01 ft)sin 135.864° cos 76.667°

- sii 11.027°

~ (G530 ]
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1.2. Find the stations for the PC and PT.

T = Rtan %: (648.30 £t)tan L0:967
= 51261 f&
PC=PI— T = (sta 60+50) — 512,61 f

== std 55-+37.39

The length of the curve is

L= RI = (648.30 f)(76.667) (2% 2n )

360°
= 867,48 ft
sta PT=sta PC - L = (sta 55-+37.39) -+ 867.48 {t
-

1.3. Calculate the minimum radius length. e is the
superelevation, and fis the side-friction factor.

R v?
min. — m

The minimum wvalue of e is 0.04, and for a speed of
40 mph, f=0.16. (Reference:: AASHTO, A Policy on
Geometric Design of Highways and Streets, Exh. 3-15.)

(40 mph)*
(15)(0.04 + 0.16)
=533 ft < 660 £t [OK]

Rmin =

4
-
.

5
n

T
-3

-

L
o
SR
e
I

i The radius is acceptable. |

SOLUTION 2 e
2.1. Angle BVA is

{VBA — [VAB

25° — 21°

/BVA = 180" —
= 180° —
=134°

I=180° - /BVA
= 180° — 134°
= 46°

From the law of sines,

BV _ BA
sin2l° sin134°
BV'= (627.13 ft}(slnf;4 ) ~ 312.43 [t

The distance between the PC and point B is

(sta 120+10) —
T=427 4+ BV =427 ft - 31243 ft

{sta 115-+83) = 427 ft

= 739.43 It
So, I
T= Rtan~2~
739.43 ft
A= m——-— 1742.0 ft
2

2.2. The degree of the eurve is

: 5729.6  5729.6 =
D= R 1742 ft
2.3. The length of the curve is
- Ay
L= (100 f) £ = (100 ) (3 2890)
1308.60 ft

2.4. The station of the PT is

sta Pl =sta PC+ L
= (sta 115+83) -+ 1398.60 f

= [sta 128+81.60

2.5. The deflection angle for the whole eurve is

I_46° a
5= =%
The deflection angle per foot of curve is
I
2___2 _ o
L 1398.60 ft 0016445/

For sta 116400,

deflection angle = ({sta 116-+00)

x (100 -fP-) (0.016445° /£)

~ [02756"]

2.6. The deflection angle for locating sta 117400 on
the curve is

deflection angle= ({sta 117+00) —

— (sta 115+83))

(sta 115+83))
x (100 Sft—ta) (0.016445° /ft)

S
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2.7. The instrument at K (sta 116-4-00) is as shown.

B sta 120+10

instrument
K

‘sta 116-+00

(tangent at K}
sta 118+00

With the instrument at K (sta 116--00), locate direction
KL (along line PC-L). The total deflection angle,

LLKEM, will be ZLKT 4 /TKM. M is. at sta 118400 and.

TT 1s tangent to the curve af point K.

/LKT = /TKPC
== deflection of sta 116400
= (.2796°
LTKM = ({sta 118+00) — (sta 116+00))

deflection angle
per ft of curve

= (200 £t)(0.016445° /ft)
= 3,289°

The deflection angle for M (sta 118400), as measured
from bearing PC-L, is '

LKT 4 ZTKM == 0.27367 + 3.289° =| 3.5686°

SOLUTION 3 o

Pl sta 37+00
N |

N )f

fa S g

50° 50° [ 35°
N

PC

not to scale

3.1. Calculate the intersection angle to find the length
of the curve.

[=180° — 50° — 35° = 05°
o 2“
L= RI = (800 f£)(95°) ( )

360°
- [ H ]

3.2. Calculate the tangent length to find the station of
the PC.

_ I
T—-Rtan2

= (800 ft)tan 9—2_

= 873.05 ft [sta 8+73.05]
FC=PI-T
= (sta 37-+00) — (sta 8+73.05)

=|gta 28+4-26.95

3.3. The station of the PT is

sta PT=sta PC+ L
= (sta 28-+26.95) + (sta 13+26.45)

=|sta 414+53.40
3.4. The interior angle at the Pl is
1=
3.5. T was calculated in Sol. 3.2.
T =|873.05 ft
3.6. The long chord distance is

e onen !
= 2Rsin 5

= (2)(800 £t) sin 9§°

- (5]
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15-6 CIViL ENGINEERING SOLVED PROBLEMS

3.7. The external distance is

E"—"Rtanétan;{

= (800 ft) tan % tan 92

- (G135 ]

3.8. The arc basis is

.. 5729.6 _ 57296
R 800 f

= 7367

8.9. The chord basis is

sinQ =30_ _50_
2 R BOOf
= (L0625

D= 2arcsin0.0625

- 757

3.10. The chord length is

7.162°

°R sing = (2)(800 [t)sin

- [ 7]

SOLUTION 4 s

4.1. Compound curves often fit the topegraphy better
than simple curves'due to the inequality of their tangent
lengths. However, compound curves also create operat-
ing disadvantages (e.g., variations in sight distances)
that can lead to unsafe driving conditions. As such, a
compound curve should be replaced by a simple curve
where possible.

The objective as shown i the illustration is to fit a
simple circular curve between two tangents: AV and
CV. These are the relationships governing circular
CLLVES.

IT=1;+1Ip

- z
T = Rtan 5

EmR(secé~1)

Do 57206

R
M= R(l — COS é)

1
L=2Rsin <
sin 5

4.2, When used with proper transitions; a central circu-
lar curve with a smaller radius R and angle  may beused
over a simple curve with no spiral transitions to increase
operating safety and performance. The most common
way is to use spirals t0 transition irito and out of a central
circular curve. Using AASHTO recommendations of
spiral length, the governing equations are as follows.

-
Lﬁ_l.%v
_ LD
)
5729.6
p=2729.6
R
T2,
meloo( = )

Lp is the length of the circular curve with the degree of
curve, D,

4.3. Short sections of tangents between two curves
often cause driving difficulties, as multiple steering tran-
sitions are necessary to stay within the lane, This is
known as a broken-back alignment.or broken-back curve,
and ig shown in line ACDB in the following illustration.
Therefore, the elimination of the tangent between
curves (such as in line CD) is a common practice. If
topography and clearances allow, one simple curve can
be inserted between the two outer tangents. that starts
at point A and finishes at point X as shown.
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If a simiple curve cainot be inserted, it may be possible
t6 replace the short tangent seetion with a eurve of
broader tadius {shown as curved line C'D’} to connect
the two shorter radius curves and meke a three-centered
curve. AASHTO recommends this center radius be no
greater than twice the sharpest end radius where
possible.

The radius of the new gingle curve, R, and the distance
BX (B is the ending point of the original longer-radius
curve) are given by the following equations.

Rifcos Ip—cosI) +CDsin I + Rp(l — cos I}
1—cosl

BX={Rp— Rrysinlp— (R~ Ry)sinl 4+ CDcosIg

R

The offset, BX, between the. original and proposed lay-
outs may be so large that it prohibits the replacement.

The advantage that a three-centered curve has over a
broken-back alignment is that it increases driver com-
fort during the superelevation transition through the
center of the curve: In a three-centered curve, points
C" and D’ become points of a continuing ¢urve that lie
on the line through the center of the compound curves,
C'EG and D'FG. The sum of the deflections equals the
total deflection of the original tangents.

I=Iy+Ic+1n

SOLUTION 5 s
=152 _".:-,‘-"fo
BvVC % 2 EVC
sta 6000 PV]

sta 64400
5.1. Determine the equation to find the elevations.

L = (sta 68+00) — (sta-60+-00) = 800 ft

(25— (L)
- )~ 15e 4 5z

= 0.252% — 1.51 + 562 ft

Blevations of the road at 50 ft intervals can be calcu-

lated by inserting values of z=0.5, L.0y 1.5,..., 8.0 sta-

tions in the preceding equation.

Yorsso = (0.253(4.5 sta)® — (1.5)(4.5 sta) + 562 ft
={560.31 ft

Yasroo = (0-25)(5 sta)” — (1.5)(5.0 sta) + 562 ft
= [560.75 ft

Yesaso = (0.25)(5.5 sta)® — (1.5)(5.5 sta) + 562 &
=[561.31

Ysseop = (0.25)(6 sta)® — (1.5)(6 sta) + 562 ft
=[562.0 ft.

5
o)
]
[

<=
=

5.2, Label the piles A through E. C is the centerline pilé.

sta 64+50 sta 66+00

T
EDCBA

The elevation of the centerline pile (pile C) is found
from Sol. 5.1, less 3 ft. There is a 12% superclevation,
so for each 10 ft run, the rise is 1.2 ft.
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For the first bent at sta 64450,

pite C top= 560.31 ft — 3.0 ft = 557.31 ft

pile B top = 557.31 ft — 1.2 ft = 556.11 1t

pile A top = 557.31 ft — (2)(1.2 ft} = 554.91 ft

pile D top=557.531 ft + 1.2 ft = B38.51 ft

pile E top = 557.31 ft -+ (2)(1.2 ft) = 559.71 ft
bent, at A B C D E

station  (ff) {ft) {ft) (ft) {ft)
64-4-50 554.91 556.11 557.31 558.51 559.71
65400 555.35 3556.55 557.75. 558.95 560.15

65+50 555.91 557.11 558.31 559.51 560.71
66+00 556.6 557.8 559.0 5602 5614

SOLUTIONG6

6.1. The stations of the BVC and EVC are

staBV-c = stay —%

I

(sta 7+20) —

1400 ft
2

= gta. 0420

stapve = (sta 0+20) + L
= (sta 0-+20) + 1400 £t
= sta 14420

EE].EVE\‘HOHBVC = elevationv o+ glg

= 926,88 ft + (0.02) (1—4%9-@)

= 240.88 ft
_ ~ 9 evatior
§= (QQQL I) 2* + g1 + elevationgyc
A% — (—2%)\ ,
S el SRV -
( St )T 240.88 ft

= 0.214292% — 2z + 240.88 ft

At y= 240 £, calculate .

0.214292% — 22 +240.88 = 240
21 = 8.871 sta  (887.1 ft)
1y = 0.462 sta  {46.2 ft)
sta; = (sta 0-+20) + 46.2 f

- [ 0767

stag = (sta 0+20) + 887.1 &

— [ G707

Between sta 0+66.2 and sta 94+07.1, the curve drops
below the flood plain. The staticns dropping below this
30 yr flood plain are

1-+00, 2400, 3400, 4+00, 5400, 6+00, 7400, 8400, .
and 9-+00.

6.2. The length of curve that will be submerged in a
50 yr flood is:

907.1 ft — 66.2 ft =

6.3. Increasing the length of curve will decrease the
length of the portion that will be subtierged hecause
elevations on the curve will generally increase.

6.4. Decreasing the length of curve will increase the:
length of the portion that will submerge.

6.5. When the road is flooded, the embankment and the
subgrade may deteriorate, which in turn degrades the
pavement, regardless of pavement material. Depending
on its importance, the highway may have to be rerouted.
In addition, providing an adequate drainage systern, pav-
ing the shoulders, and using high-quality, plant-mixed
hot bituminous pavement maferial can heip.

SOLUTION 7

7.1. The curve passes through point E at sta 75420
and elevation 314 ft.

sta 75+20
E

EVC
+1.8%

sta 74400 o
elev 310 ft

not to scale
EG = elevationg — elevationy + |dg,|
= 314 ft — 310 ft + |(7520 f& — 7400 ££)(—0.013}|
=5.56 ft
elevationg — elevationy — dg,
314 ft — 310 ft — ((7520 ft — 7400 f£{0.018))
== 1.84 ft

EF

It

The length of the curve ig

%H | ?.56ft+1
L=2d|— | = @)(20 ft) | L=

EG
VeEr !

- [E9015 ]

QO
=
=1

ft

-1

O
ooian
= [
= =
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7.2. The curve length is changed to I = 1300 £,

stagye = stay —f—g

= (sta 74+00) - 220 &

= sta 67450

elevationpyc = stay + ggl

=310 ft 4 (13020 ft) (0.013)
= 318.45 ft
G2~ &

y= (_..,Z,L_) 72 + gz + elevationgyc

_ (1.8%— (=13%)\ , _
“(““_—"(2)(13sta.) >m 1.3z + 318.45 ft

=0.11922* — 1.3z + 318.45 ft
At point E,

rg = (sta 75+20) — {sta 67+50) = 7.70 sta
yp = (0.1192)(7.70 sta)® — (1.3)(7.70 sta) + 318.45 ft
= 315.51 ft

The difference in elevation is

315.51 £ — 314 ft =

7.3. The grate inlet should be placed at the low point
on the curve.

y = 0.11922% — 1374 318.45 ft

At the low point, dy/dz = 0.

4y _ 0.2384x - 1.3 =0
dz
z=5453 sta (543.3 ft)
Stagrate inlet = stapye + &
= (sta 67+50) 4 (sta 5+45.3)
=igta 72495.3
elevationgpte mer = (0.1192)(5.453 sta)®
— (1.3){5.453 sta) + 318.45 ft

- [FEESLE]

SOLUTION 8 ottt

8.1. Calculate the departures and latitudes for each leg.

AB: departure = (—905.21 ft)sin35.15> = —521.15 ft
latitude = (905.21 ft) cos 35.15° = 740.14 ft
BC: departure = (1135.76 ft)sin 81.28" == 1122.63 ft
latitude = (1135.76 ft) cos81.28° = 172.19 f
CD: departure = {1207.92 ft)sin 7.19° = 151.18 ft
latitude = (—1207.92 ft) cos 7.19° = —1198.42 ft
DE: departure = (~800.25 ft)sin 15.25° = —210.49 ft
latitude = (—800.25 ft) cos 15.25° = ~772.07 {t
EF: departure = (~1100.85 ft) sin48.17% = ~820.27 ft
latitude = (1100.85 ft) cos48.17° = 734.18 ft
FA: departure = (429.53 ft)sin 40.73° = 280.27 ft
latitude = {429.53 ft) cos40.73° = 325.49 f&

> departure = —521.15 ft + 1122.63 ft + 151.18 ft
— 21049 ft — 820.27 £t + 280.27 ft
=217 ft

> latitude = 740.14 ft -+ 172.19 fi — 1198.42 ft
— 772,07 ft+ 734.18 ft + 325.49 ft
=1511

The length of the traverse closure is

V(217 f6) + (151 1t)° = [264 7]

8.2. The total traverse length is

905.21 ft + 1135.76 ft -+ 1207.92 ft
+800.25 ft + 1100.85 ft + 429.53 ft = 5579.52 ft

Use the compass tule.

leg departure correction
closure in departure

leg length
total traverse length

[Eq. 1]

leg latitude correction leg length
closure in latitude total traverse length

[Eg. 2}
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Using Eq. 1 and Eq. 2 for each leg,

AB departure correction  905.21 ft

FA departure correction = — (—:52799—5532%

=017 ft

)(2.17 ft)

217 T 5579.52 It
s A7 -1 5 (W
B o (905‘21 & FA latitude correction = (—5579.52 ft)(1.51 ft)
B departure corréction = 5579 57 (2.17 ft)
: =012t
= —0.35 ft
Find the adjusted lengths.
. : 905.21 ft
AB latitude correction = — [ ===t (1 5] ft
B Jatitude correction (5579-52 ft)( 511 AB: departure = —521.15 ft — 0.35 ft = —521.50 f
=024 &t latitude = 740.14 f — 0.24 ft = 739.90 f¢
BC departure correction = {%} (2.17 &) BC: departure = 1122.63 ft — 0.44 f = 1122.10 f
— 044 latitude = 172.19 ft — 0.31 ft = 171.88 ft
CD: departure = 151.18 ft — 0.47 ft = 150.71 ft
BC latitude correction = —(M) (1.51 ft) parture
B579.52 ft latitnde = —1198.42 ft — .33 ft = —1198.75 ft
=—031 ft_ DE: departure = —210.49 ft — 0.31 ft = ~210.80 ft
. 1207.92 £ . .
CD departure correction = — (M) (2.17 £t) latitude = —772.07 ft — 0.22 ft = —772.29 ft
= —0.AT & EF: departure= —820.27 ft — 0.43 ft = —820.70 ft
OD latitude correction = _(g%gg g) (151 ) latitude = 734.18 ft — 0.30 ft =733.88 ft
: FA: departure = 280.27 ft — 0.17 ft = 280.10 ft
=—0.33 ft
latitude = 325.49 £t — 0.12 ft = 325.37 ft
DE departure corréction = —(%]925%%) (217 t)
“ 8.3. Use the double meridian distance (DMD) method
=—-031 ft (see Table for Sol. 8.9).
. e (B00.25 ft
DE latitnde correction = (—m-««-~——5579.52 ﬂ:) (1.51 ft) A (%) (2,800,823.64 )
=022 ft
=|1,445411.82 7}
EF departure correction = — (%) (2,17 ft)
’ ' 8.4. The length of BC is
= (.43 ff
: . 1100.85 ft
EF latitude correction = ”(M) (1.51 ft) BC = \/ (171.88 )% + (1122.19 ft)? = 1135.28 ft
=—0.,30 ft
Téble for Sol, 8.3
latitude departugce DMD latitude x DMD
leg {1t} () (i) (%)
AB 739.90 —~521.50 ~521.50 —385,857.85
BC 171.88 1122.19 —521.50 - 521.506-+1122.19=79,19 13,611.18
43D, ~1198.75 150.71 79,19 +1122.19 4+ 150.71' = 1352.09 -1,620,817.89
DE —772.29 —210.80 1352:094-150.71 — 210.80 == 1292.00 --997,798.68
EF 733.88 -820.70 1292.00 — 210.80 -~ 820.70 = 260.50 191,175,74
FA 325.37 280.10 —280.10 —91,136.14

total —2,890,823.64
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BC 1135.28 ft

N S Y. A
SIS =R 800 It

= (.70955
= 2 aresin 0.70955 = 80.397°

The area of circular region BC is

(ST — ()t

= 504,872.1 2
The area of triangle OBC is

(BC)ReosS (113528 £)(800 fe)eos W90-297

2 - 2
= 319.991.3 it2

The area of the circular segiment bounded by the chord
and arc BC is

504,870.1 ft? — 319,991.3 ft* =[184,878.8 ft?

8.5. The length of curve BC is

BC = Rev = (800 ££)(90.397°) ( 2n )

360°
- ({25275 ]

SOLUTION O e
9.1. The sum of the internal angles is
(n —2)(180°) = (5 — 2)(180°)
= 540°
EAB = 540° — (124° + 82° 4- 110° + 115°)

~ [1o7°]

9.2. For the bearing of line BC,

(ABY = 57°
{YBO = 124° — 57° == §7°

bearingpo =

9.3. For the bearing of line CD,

B

BCY = 67°
/DCY = 180° — 82° — §7° = 31°

bearingep =

9.4. For the bearing of line DE,

/TDC = /DCY = 31°
bearingpr = 110° — 31° = 79°

- [FTW]
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9.5. For the bearing of line EA,

/TDE= 110° — 31° = 79°
/NED = 180° — 79° = 101°
[AEN = 115° — /NED

== 115° — 101°

=14°

bearinggs =

i
-
8
=
w
o
Q
=
A
o
=
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PROBLEM 1 ot iosesnrosionson

The grass. in a public golf course turns brown each
summer because the irrigation system has deteriorated
to the poiut where the system must be replaced. Three
alternatives are available to replace the existing irriga-
tion system. The chosen alternative will be funded by
tax~free bonds that pay 8% to the bearer.

Fach alternative requires the installation of a pump and
piping. The pump is expected to last 10 years and have
1o salvage value after that time, Replacernent pumps of
the same design will be used to extend the operation to
30 years. Each pump vendor has guaranteed to provide
the replacement pumps at the same cost as the originals.
The piping can be expected to last 30 years and will
have no satvage value after that period of time.

alternative A B o
$15,000 $30,000

initial pump cost $7500

initial piping cost $15,000  $15,000 $22,500

annual maintenance $6000 $4500  $3000

pumping cost $4.50 $3.75 $3.00
per 100 gal

1.1. If the pumping cost is disregarded, which alterna-
tive should be chosen?

1.2. Is the selection sensitive to the volume of water
pumped?

PROBLEM 2 oo

A gmall partnership spent three years developing a
product. The company spent $55,000 in the first year
of development, $75,000 in the second year, and 385,000
in the third year. At the ehd of the third year, the
product wag immediately placed into production.

The partners have an average personal tax rate of 46%
and want an 18% return (after taxes) on their invest-
ment. All partnership profits and losses are passed
through to the partners. The development costs are to
be depreciated over a three year period after the start of
production using the following percentages: first year,
25%; second ‘year, 38%; and third year, 37%. There is no
(investment) tax credit. Assume ail development costs
are depreciable.

Engineering Economic
Analysis

The company expects to produce and sell 4000 units
each year for the 10 years following the beginning of
production. The unit manufacturing cost, including all
labor, material, and overhead (but excluding taxes and
development costs) is $60. What amount should be
added to the cost of each unit o recover all developrment
costs over the 10 year period?

PROBLEM 3 e

Route 420 is.currently the only way to get between two
cities; it carries 1200 commercial vehicles per day at an
average speed of 50 mph. Route 422 is being proposed as
a replacement for Route 420.

Route 420 Route 422

length 9.2 mi 6.5 mi
initial cost $0 $1,200,000
pavement life 15 yr 15 yr

resurfacing cost  $300,000  $260;000

The vehicle operating cost is $0.22 per mile for both
routes. The. time savings is $0.30 per vehicle-minute.
Consider costs and savings. only for the commercial
traffic, and neglect maintenance (vehicle and pavement)
and all other factors. The average speed is unchanged.
Assume an infinite life and zeto salvage value. Use the
incremental benefit-cost ratio method with an interest
rate of 10%. Which route is superior?

PROBLEM 4 oo

A disposal site serves a population of 100,000, and this
number is not expected to change during the next
10 years. Municipal solid waste (MSW) is collected daily
at the rate of 5 lbm per person. This quantity is
expected to incresse 5% annually. The composition of
the MSW and the fraction of each component recovered
for recycling are

fraction in. fraction
MSW  recoverable
combustible materials 50% 60%
{(includes plastics)
ferrous materials 8% 90%
glass 15% 80%
aluminum 5% 70%
other {mineral matter, yard 22% 0%

waste, other metals, etc.)
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The disposal site sells its recoverables at the following
prices.

e combustibles: 50% of the price of coal. Coal is selling
at 845 /ton. This price is expected to increase at the
rate of 4% per year.

L] fer-r(_)us: 50% of the price of steel. Steel is selling at
$80/ton. This price is expected to increase at the
rate of 8% per vear.

@ plass: $20/ton. This price is expected to increase at
the rate of 2% per year.

o aluminum: $200/ton. This price is expected to
increase at the rate of 12% per year.

4.1. What is the annual revenue from recoverables in
the first year of operation?

4.2. What is the annual revenue from recoverables in
the fifth year of operation?

4.3. What is the annual revenue fiom recoverables in
the tenth year of operation?

PROBLEM 5

A municipality intends to purchase new pickup trucks
for its public works department and drive them
17,000 mi each year. A bid has been received from a
fleet dealer of $10,000 per truck, with the following
guaranieed salvage values.

salvage
end of year value
' 1 $8000
6500
$5000
$3000
$2500
$20G00
$1500
$1600

oo~ Oy T Ca RO

Antiual operating costs are expected to be $1250 for fuel
and insurance. Annual maintenance costs are expected
to start at $500 and increase $100 each year. An interest
rate of 10% is used for comparison of alternatives.

5.1. What is the total equivalent uniform annual cost
(EUACQ) of gwnership if a vehicle is kept for eight years?
5.2. What is the tetal present worth if a vehicle is kept
for eight years?

5.3. What is the total equivalent uniform annual cost
(EUAC) of ownership if a vehicle is kept for four years?
5.4. What is the total present worth if a vehicle is kept
for two years?:

5.5. What is the most economical length of time to
keep a vehicle?

Use the following information for the remaining parts of
this problem: A local gatage has agreed to perform all
maintenance during the next eight years if the munici-
pality pays it 3500 per vehicle now. This-will eliminate
the annual maintenance performed by the municipality.

5.6, What is the total equivalent uniform annual cost
{EUACQ) of ownership if a vehicle is kept for eight years?

5.7. What is tlie total present worth if & vehicle is kept
for cight vears?

5.8. What is the most economical length of time fo
keep a vehicle?

PROBLEM 6 e

A contractor submitted a bid to an owner-devéloper to
construct a new office building for $2,400,000, to be paid
in 4 single payment at the completion of construction.
As an alternative, the contractor agréed to give the
developer three vears (starting from the time of comple-
tion) to make payments of 50%, 25%, and 25% of the
bid amount, with adjustments for interest {figured at
10% pér year before taxes) and inflation {figured at 5%
per year). The contractor’s actual cost of construction is
$2.000,000, which would be payable to subcontractors,.
employees, and suppliers at the completion of the pro-
ject. The contractor’s income tax rate is 45%. All other
accounting conventions are to be neglected.

6.1. If the construction bid price is paid off at the time
of completion, what is the contractor’s after-tax rate of
return (ROR)?

6.2. If the construction bid price is paid off over three
vears following completion, what is the contractor’s
before-tax rate of return {(ROR)?

6.3. If the owner-developer depreciates the building
over 25 years using straight-linze depreciation and 30
salvage value, what is the before-tax present worth of
the revenue that must be generated to recover the build-
ing cost? The owner-developer is accustomed to receiv-
ing an after-tax 15% return on his investments, Assume
an income tax rate of 45% for the owner-developer, and
that the owner-déveloper pays the confractor in a single
payment.
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SOLUTION 1 i

1.1. Alternative A:

P = $7500 + $15,000 + ($6000)( P/ A, 8%, 30)
+ ($7500)(P/ F, 8%, 10) + (87500)(P/ F, 8%, 20)
= $7500 + $15,000 + (36000)(11.2578)
+ ($7500)(0.4632 +0.2145)
= $95,130

Alternative B:
P = §15,000 + $15,000 + ($4500)(P/ A, 8%, 30)
+ (815,000)((P/ F,8%, 10} + {P/ F, 8%, 20))
= §15,000 + $15,000 + ($4500)(11.2578)

+ ($15,000)(0.4632 + 0.2145)
= $90,826

Alternative C:
P = $30,000 + $22,500 + ($3000)(P/ A, 8%, 30)
+ ($30,000)(( P/ F,8%,10) + (P/F,8%, 20))
= §30,000 -+ $22,500 -+ (33000) (11.2578)
+ ($30,0001(0.4632 + 0.21485)

= $106,604

{ Choose Alternative B. |

1.2. The volume of water (in gallons) pumped per
year is V.

Alternative A:

_ $4.5
P =$95,130 + (100 gaJ V(P/A,8%,30)

50 gal) V(11.2578)

= $95,130 + 0.5066V

= $95,130 + (

Alternative B:

_ $3.75 }
P =$90,826 + (—1 00 al) V(P/A,8%,30)

_ $3.75
= $90,826 -+ (-—-—-—1 o al)_V(11.2578)

= $90,826 + 0.4222V

Alternative C:

$3.00
100 gal

$3.00 \ 1,01
= g&1)1/(11.2578)

= $106,604 + 0.3377V

P = $106,604 + ( )V(P/A, 8%, 30)

= $106,604 + (

The selection is sensitive to the volume of water pumped
per year. B is. always superior to A, but C will become
superior to B if V'>186,722 gal. At V=186,722 gal,

Pp = Pc = §169,660

If V < 186,722 gal, choose B. If V > 186,722 gal,
choose C.

SOLUTION 2
The tax rate is
t=46%
total investment =$55,000 + $75,000 -- $385,000
= $215,000

Depreciation for each vear is

Dy = ($215,000)(0.25) = $53,750
D = ($215,000)(0.38) = $81,700
Dy = ($215,000)(0.37) = $79,550

The production cost per year is
(4000)(%60) = $240,000

If the price per item is z, the revenue per item is 4000z

{4000x)(1~1}  {4000x{1—1 (4000x)(1—1)
T I T A
D"t th Dat
A A A
o 1 2 3 4 5 86 7 8 13
1 i 1 l ] | o »
sss,oool’ [
$75,000
$85,000
Y VY Y

,
{$240,000)(1—1)  ($240,00041-1) ($240,000)(1—18)
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P — ($55,000)(P/ F,18%,1) A = Route 422 - Route 420
— ($75,000)(P/F,18%, 2) FPap = P of incréased user benefits
— ($85,000)(P/ F,18%, 3) Pup= P of increased investnient costs
— (8240 000) {1 — 0.46) ' Papr = P of increased maintenance costs
x (P/A,18%, 10)(P/F,18%,3) Calenlate users’ benefits derived from using Route 422
+ (853,750)(0.46) (P/ F, 18%,4) instead of Route 420. The value of time saved is
b . . Ty H
-+ ($81,700)(0.46)( P/ F,18%, 5) 4 | 0.2 mi
. . ays l«’g}‘ AN I H %
+ (879,550)(0.46)( P/ F, 18%, 6) (36 = ) (1200 day) = (60 2 )
+ (40005)(1 - 0.46){ P/ A, 18%, 10) R
P/E 18%,
| _*(_/ 18%3) _{6.5mi (60 Ln_lg) 030 .8
P =0 = — ($55,000)(0.8475) — ($75,000}(0.7182) ep i hr Y rehemin
— ($85,000)(0.6086) hr/
= $425, g
— ($240,000)(1 — 0.46)(4.4941)(0.6036) $425,756/yr
+ ($53,750)(0.46)(0.5158) The operating costs-saved per year are
+ (881,700)(0.46){0.4371) $886,512 _ 626,340 _ g1 1701
+ {$79,550)(0.46)(0.3704) Lyr Lyr
+ (4000)(1 — 0.46)(4.4941){0.6086)= Pap= $425=73% 4; 0$26.0,172
590784z — 463,044.4 = 0 = $6,859,080
TR Pyr= 81,200,000 — 30
B = §1,200,000

The amount to be added to the cost of each unit is

$78.53 — $60 = | $18.53
$40,000 $40,000 $40,000 $40,000

A M isthe decrease in the cost of resurfacing. It occurs once
every 15 years, and it is $260,600 — $300.000 = —$40,000.

gﬁ For Route 420, the annual oéperating costs are 0 156 30 45 60
‘D@
g3 Py = —($40,000)(P/F, 10%, 15
e (36f —d‘“’s) (1200 393) (0 99 5 )(92 mi) Pas =~ JP/F 10%15)
o= yr ay veh-mi — ($40,000}( P/ F, 10%, 30)
23 = $886,512/yr — ($40,000)(P/F, 10%, 45) —
"~ For Route 422, the annual operating costs dre == —{$40,000)(0.2394 -+ 0.0573 + 0.0137 +- -}
= —$12,416
(365‘ daﬁfs) (1200 geh) (0.22 - )(6 5 mi) B $6,859,080
: 1 “3 ve ¢ $1,200,000 — $12,416
= $626,340/yr =578 > 1.0
Use capitalized cost because the project has an infinite
life. The benefit-cost ratio is | Choose Route 422 |
B Pag
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SOLUTION & | s

4.1. The daily MSW mass (first year) is

(5 i )(mo,ooo persons) = 500,000 Ibm/day
person '

The total MSW mass (first year) is

500,000 122X
day

2000 1bm
ton

(365 days) = 91,250 tons

MSW composition fraction recoverable

combustibles (0.50){0.60)=0.30  (0.5}(345)="9$22.50
ferrous materials  (0.08)(0.90) =0.072  (0.5)($80) = $40
glass (0.15)(0.80) =0.12 $20
aluminum (0:.05)(0.70) = 0.035 $200

price/ton

Because the MSW mass increases 5% annually and
prices increase in varying degrees, effective growth rates,
1, must be calculated for each type of recoverable.

combustibles: i = (1 + 0.05)(1 + 0.04) — 1
= 0.092
ferrous materials: ip = (1 + 0.05)(1 + 0.08) — 1
=0.134
glass: ig= (1+0.05)(1 +0.02) -1
= 0.071
aluminurm: i4 = (1 0.06}(1 - 0.12) ~ 1
= 0.176

The first year’s revenues are

combustibles: (91,250)(0.30}($22.50) = $615,937
(91,250)(0.072)(840) =  §262,800
glass:  (91,250)(0.12)($20) = $219,000
aluminum: (91,250)(0.035)($200) = $638,750
total: $1,736,487

ferrous materials:

The total revenues in the first year are

4.2, The fifth year’s revenues are

($615,937)(1 + i) -+ ($262,800)(1 + ip)*
+ ($219,000)(1 + i¢)* + ($638,750) (1 + i4)*
= {$615,937)(1 + 0.092)" + ($262,800)(1 + 0.134)"
+ ($219,000)(1 + 0.071)* + ($638,750)(1 + 0.176)"

- [5250359]

4.3. The tenth year’s revenues are

($615,937)(1 + ic)® + ($262,800)(1 + ir)’
+ ($219,000)(1 + i¢)° + ($638,750)(1 + i)’
= ($615,937)(1 + 0.092)° + ($262,800)(1 + 0.134)"
+ ($219,000)(1 + 0.071)° -+ (8638,750) (1 -+ 0.176)°

- (SR

SOLUTION S s

salvage = $1000

8

3
$1250 |$1250 lﬁi‘! 250 $1250
¢’$_500' VSSUO $700

#1750 s1850  s1950

$500+(7H$100) = $1200

/
$10,000

8.1. The total EUAC for eight years is

As = ($10,000)(A/ P, 10%, 8) + $1250 + $500
+ ($100)(A/ G, 10%, 8)
— ($1000)(4/F,10%, 8)
= ($10,000)(0.1874) + $1250 + $500
+ ($100)(3.0045) — ($1000)(0.0874)

— [S383705

5.2. The total present worth for eight vears is

P= Ag{P/A, %, n)
= —($3837.05)}(P/ 4, 10%, 8)
= —($3837.05)(5.3349)

- (047028
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5.3. The total EUAC for fourvears is

Agq = ($10,000)(A/ P, 10%, 4) -+ $1750
+ (8100)(4/ G, 10%, 4)
- ($3000)(A/F,10%,4)
= ($10,000)(0.3155) + $1750
4 ($100)(1.3812) — ($3000)(0.2155)

— [$1396.62|

5.4. The total present worth for two years is

$1750  $1850 , $6500

P = —$10,000 — -
L1 (11)? (11)?

- [CoTraTgs]

5.5. Calculate the EUAC for seven years.

Az = ($10,000)(A/ P, 10%, 7) + ($100){ A/ G,10%,7)
+ $1750 ~ ($1500)( A/ F, 10%, 7)
= ($10,000)(0.2054) + ($100}(2.6216)
+ $1750 — ($1500)(0.1054)
= $3908.06

Ag was caleulated in Sol. 3.1 as $3837.05. Because

Ag < Az, the most economical kife is [eight years.

5.6.
$1000

29
i 1 2 3 8
-U_CD_ ) & @
3_'3:- i$1250 l$1250 l($1250 l$1250
o9
E;g'-
Q :
3.'3-::
[N

$10,000

]

l$3500

Ag = ($13,500)(A/ P, 10%, 8) + $1250
—~ ($1000)( A/ F, 10%, 8)
= ($13,500)(0.1874) + $1250 — ($1000)(0.0874)
= [$3602.50

5.7. The total present worth for eight years is
P=Ag(P/A, %, n).

From Sol. 5.6,

A = $3692.50
P = —($3692.50)(P/ 4,10%, 8)
= —($3692.50)(5.3349)

- e ]

5.8. Caleulate Ay and compare with Ag as ealeulated in
Sol. 5.6.

A7 = (§13,500)(A/ P, 10%, 7) -+ $1250
—~ ($1500)(A/F,10%, 7)

= ($13,500)(0.2054) + $1250 — ($1500)(0.1054)

=|$3864.80
Since 4y > As, keep the vehicle for
SOLUTION 6 o

6.1. Calculate the profit, tax, and after-tax profit.
profit = §2,400,000 — $2,000,000
= $400,000
tax = ($400,000)(0.45) = $180,000
after-tax profit = $400,000 ~ $180,000
= $220,000
The contractor’s after-tax ROR is

$220,000
$2,000,000

- [[7]

after-tax ROR =

6.2.

Fi
project
completion
1

Oy A
w

$2,000,000

PPl ©# www.ppiZpass.com
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The effective rate, ¢, considering interest, 4, and infla-
tion, e, is
=i+ e+ ie
= 0:10 4 0.05 + (0.10)(0.05)
= 0.1565

The first payment is
Py = (0.50){$2,400,000)(1.155}
= $1,386,000
The second payment is
Py = (0.25)($2,400,000)(1.155)"
= $800,415
The third payment is
Ps = (0.25)($2,400,000){1.155)*
= $924,479
The ROR is the rate that resultsin a zero present worth.

Py n Py
1+ROR (1 +ROR)

P = —$2,000,000 +

+,.____£§____
(1+ROR)*
=0

Try an ROR of 25%.

P = —$2,000,000 -+ 81,386,000 , $800,415
125 (1.25)*
$924,479
(1.25)°
= $94,399

Try an ROR of 30%.

$1,386,000 | $800,415 & $924,479

P = —$2,000,000 + :
1.30 (1.30Y*  (1.30)°

= —§39,436

The before-tax ROR is between 25% and 30%; by
further trial and error, the before-tax ROR. is ! 28.5%.

6.3.
X . .
A ($96,000)(0.45) = $43,200 ]
1 2 3 vt 25
Y
$2,400,000

The depreciation over 25 years is

$2,400,000
25

(z — $2,400,000) + ($96,000)(0.45)(P/ 4,15%, 25) = 0
(z— $2,400,000) + ($96,000)(0.45)(6.4641) = 0
7 =$2,120,750 [aftertax]

D= = $96,000

The before-tax present worth of revenues is

$2,120,750
e = [55855,600

PPl 9 www.ppiZ2pass.com
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