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The NCEES PE exam for civil engineers uses a 100%
mulsiple-choice (i.e., objective} format. A morning ses-
sion of “breadth” questions drawn from five areas of
civil engineering (environmental, geotechnical, structur-
al, transportation, and water resources) is followed by
an afternoon session of “depth” questions drawn from
the “specialty” area of your choice. In this “no-choice”
exam, you must answer all 40 questions in each session
correctly in order to receive full credit.

This “breadth-and-depth” (B&D) exam continues to be
based on a 1991 NCEES task analysis. The significance
of this is that the breadth of the knowledge base is un-
changed. To date, no new task analysis is in sight, so
the subjects covered in this book remain relevant to
your review, although the questions on the exam will
be presenied in a different format.

NCEES has categorized all of the problems in its “PE
Exam tem Bank” into the following five groups: En-
vironmental, Geotechnical, Structural, Transportation,
and Water Resources. I have coined a sixth, unofficial
category——Systems, Management, and Professional—to
discuss questions regarding engineering economic analy-
sis, project management, and scheduling. The actual
percentages of questions from these categories in the
morning and afternoon sessions of the exam are subject
to change. The current exam design is described on Pro-

fessional Publications’ website, at www.ppiZpass.com.

Problems from the third edition of this book have been
recategorized and reorganized to mirror the NCEES
categories. However, the transformation of the third
edition into the fourth involved more than just refor-
matting. All known errata to previous editions of this
book (also posted on www.ppi2pass.com) have been
incorporated into the fourth edition. Additionally, I've
expanded the explanations for those solutions about
which I have received numerous queries. And I've up-
dated code-related questions to reflect the latest codes
used by NCEES in its exams. (Again, the actual codes
used by NCEES are subject to change and are listed on
www.ppi2pass.com.}

With the advent of the breadth-and-depth format,
NCEES has increased its experimentation with new sub-
topics from within the depth categories. The effect of
this experimentation is that there are some difficult,
unexpected questions. The problems in this book have
always been some of the more challenging and esoteric
that you will encounter. The PE exam contains some
easier problems. However, with the morning no-choice
breadth session, you won't be able to work just the
easier problems. No matter which afternoon specialty
you choose, you'll need exposure to some of the tough
breadth subjects.

When the 101 Solved Problems series was first designed
by Professional Publications, multiple-choice (objective)
questions were not used by NCEES. Then, for several
years, NCEES experimented with an exam format that
was 50% multiple choice, using 10 related questions per
scenario. NCEES has also experimented with questions
having five and four answer choices. NCEES is now
experimenting with a format based on less complex sce-
narios with unrelated questions and four answer choices.

Problems in multiple-choice format are featured in the
Civil Engineering Reference Manual and Civil Engineer-
ing Sample Fzamination. However, Professional Pub-
lications has decided that, for the presem$, books in
the 101 Solved Problems series will not be converted
to multiple-choice format. I don’t see this as a signif-
icant issue as long as the subject matter is targeted
accurately.

I invite you to keep up-to-date on exam format, current
codes, and errata by visiting Professional Publications’
website, at www.ppiZ2pass.com.

Michael R. Lindeburg, PE
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This book is a collection of problems categorized by
exam subject. Just as a fish is born knowing how to
swim, you probably feel that you already know how to
use this book. Actually, there are several ways to use it,
and some of them are even pretty good. 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
simply take the book into the exam with them hoping
to find a similar problem whose solution they can copy.

Some will study using this book alone. Others will use
this book in conjunction with the Ciutl Engineering Ref-
erence Manual,

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

Admittedly, when I wrote the hook, I 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 homework problems
in that book, and then turn to this book for additional
exposure to exam-level problems. Then they would re-
turn to their Reference Manual to study the next chap-
ter.

This book was never intended to cover every type of
exam problem or to be an all-in-one review. Though T
sried to include extremely relevant problems, 1 did not
write this book to be a diagnostic tool. You shouldn't
solve these typical exam problems and then design your
review around what you dida’t know. If you don’t do
well on a particular problem, 1 wouldn’t want you to
spend the next three months 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's how the Civil Engineering Reference
Manual is 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
questions 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 at-
tempt the problems when you are ready to practice
those skills: after you have studied the underlying sub-
ject matter.

PROFESSIONAL PUBLICATIONS, FNC.
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The information that was used to write and update this
book was the most current at the time. However, as
with engineering practice itself, the PE examination is
not always based on the most current codes or cutting-
edge technology. Similarly, codes, standards, and reg-
ulations adopted by state and local agencies often lag
issuance by several years. Thus, the codes that are cur-
rent, used by you in praetice, and tested on the exam
can all be different.

PPI lists on iis website 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 will be tested on your
exam. In the meantime, here are the codes that have
been incorporated into this edition.

Structural Design Standards

ACY 318 Building Code Requirements for Structural
Concrete, 1999, American Concrete Institute, Forming-
ton Hills, MI

ACT 530: Building Code Reguirements for Masonry
Structures, 1999, and ACI 530.1: Specifications for Ma-
sonry Structures, 1999, American Concrete Institute,
Detroit, MI

AISC/ASD: Manual of Steel Construction, Allowable
Stress. Design, Ninth ed., 1989, American Institute of
Steel Construction, Inc., Chicago, I

AISC/LRFD: Manual of Steel Construction Load dnd
Resistance Factor Design, Second ed., 1994, American
Institute of Steel Construction, Inc., Chicagoe, IL

PCI:. PCI Design Handbook, Fifth ed., 1999, Precast/
Prestressed Concrete Institute, Chicago, IL

IBC: International Building Code, 2000 ed., Interna-
tional Code Council, Falls Church, VA

Transportation Design Standards

AASHTO: A Policy on Geometric Design of Highways
and Streets, Fourth ed., 2001, American Association of
State Highway & Transportation Officials, Washington,
bC

Al The Asphalt Handbook {MS-4), 1989, Asphalt Insti-
tute, College Park, MD

HCM: Highway Capacity Manual, Fourth ed., U.S.
Customary version, 2000, Transportation Research
Board, National Research Council, Washington, DC

MUTCD: Manual on Uniform Traffic Control Devices,
Millenium ed., 2001, U.S. Dept. of Transportation, Fed-
eral Highway Administration, Washington, DC

PCA: Design and Control of Concrete Mixztures, Four-
teenth ed., 2002, Portland Cement Association, Skokie,
1L
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Topic |

Water Resources

Fluid Mechanics
Hydraulic Machines
Open Channel Flow
Hydrology

Water Supply
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Fluid Mechanics

As a condition of obtaining a business license, a factory
was required by the planning commission to instail 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 to or taken from
the system at any point between the pipe entrance at
point A and the factory at point C. The water temper-
ature is 50°F,

factory

not to scaie

4.1. If the water discharges freely at point C, how
high must the water level in the reservoir be to main-
tain & static pressure of 40 psig at the reservoir outlet
(point A)?

For the remaining questions, assume the reservoir is
70 £ deep at point A.

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

1.3. If the factory wants to become self-sufficient, what
size pipe should be installed directly from point A to
point C (parallel to the existing line) to provide 1800
gal/min at a static pressure of 40 psig?

An elevated tank feeds a simple pipe system as shown.
All pipes are 5- to 10-year-old cast iron. There is a
fire hydrant at point C. The minimum allowable pres-
sure at point C is 22 psig for firefighting requirements.

All minor losses are insignificant. Neglect friction losses
from the tank to point A.

2.4, What is the maximum static head at point C?

2,2, What is the maximum flow out of the hydrant?

PN

I~ elev 734t
{water surface)
"Xa
elev 649 ft

& elev 624 ft
c not to scale

PROBLEM 3

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

average flow

section  length diatneter removed

AB 16,000 ft 6 in
BC 14,000 6 in
CD 8000 ft 4in

140 gal/min at B
130 gal/min at C
70 gal/min at D

PROFESSIONAL PUBLICATIONS, I NC.
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4 401 SOLVED CIVIL ENGINEERING PROEBLEMS

A
o Elev 1160 ft 130 gaymin
C o
140 gaifmin elev 890 ft
70 gal/min

3.4. Based on the average flow removed, what is the
water pressure at point DY

3.2. 1f the unacceptably low pressure is experienced at
the average flows given, what might be the causes?

3.3. Suppose the excessively low pressure is experi-
enced only during the hours of daily peak demand.
What is the water pressure at point D7

3.4. How would you eliminate the low-pressure prob-
lem?

PROBLEM 4

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

leg length diameter C

A 5000 ft 12 in 150
B 4000 £ 8in 150
C 10,000 £ 10 in 150

elev 1350 ft

elev 1290 ft

2 elev 12001t

elev 1190 ft b

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 D7

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

diameter

section  length

AB 800 ft §in 140
BC 1000 fb 8in 140
AE 1400 ft 6 in 120
ED 2000 £ 10 in 160
DC 1200 6 in 120

1.0 MGD
1.5 MGD T 0.25 MGD
e iy e '
A B G
1.0 MGD E D | 1.25 MGD
B —— B ——

B.1. What is the flow quantity between A and B?

5.2, What is the flow direction between A and BY

5.3. What is the pressure drop between A and BY

B.4. What is the flow quaniity 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 D7

8.7. 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 D?

5.40. What is the minimum time to close a valve at
point D without experiencing water hammer at point
E? The pipe is cast iron between points E and D.

PROFESSIONAL PUBLICATIONS, INC,
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FLUID MECHAMNICS 5

PROBLERM &

A pump supplies 50°F water to a residential commu-
nity through a parallel level {equal-elevation} network
as shown. All pipe is B-vear-old cast iron. Minor losses
can be neglected. The static pressure drop between the
pump and the outlet must not exceed 10 psig.

pump 10in outlet

—E) A 2000 f n

o= &S
|3 ~ |8
B 8in c
1700 ft
T=50°F
not to scale

6.1. What is the maximum fow the pump can oper-
ate at without the network exceeding the pressure-drop
Hmitation?

§.2. What is the flow velocity in leg AD?
©.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?

PROBLEM 7

A 240-foot-long ductile iron pipe runs between the bot-
tom drains of two sludge processing basins., There are
two 90° elbows in the line, and all other minor losses
should be disregarded. The surface elevations of the
two basins differ by 12 £5. There is no pump, and flow
is by gravity from the higher basin to the lower basin.
The sludge temperature varies from 45°F (in the win-
ter) to 80°F (in the summer). Depending on the time
of day, the required transfer flow rate varies from a low
of 3 MGD to a high of 6 MGD.

Tl What standard-size diameter should be specified
for the pipe to connect the sludge basins?

Te2. Explain the factors to consider when choosing a
diameter.

12#
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Fluid Mechanics Solutions

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

ho+30ft+ 158 = 2590 +2e € 4+ hy

h is the water depth in the reservoir, and po =0, as-
suming that the system discharges to the atmosphere.
The local losses have been neglected. The friction losses
are

oo (52) (3) 0o (520) ()

The roughness for PVC is € = 5 x 1079 ft, so

-G
€ :_M5><10 f§2=7'5x10m3

. ~6
€ =5><10 ftzl.{)xlO""s

From the Moody diagram, the pipes are smooth for
most of the Reynolds number range. As a first approx-
imation, choose

fas = fac = 0.013
The friction losses are

by = (0.013) | 10008 vig _
8 i'n {2} (32.2 g&?)
i _12% D
+ (0013 | 5008 Vi ;
ﬁin 2) (32.2 —S——ezz—)
- 12~f£ ]

= 0.303v% + 0.323vE¢

The continuity equation relates the velocities vay and

veo. D D2
( ;B)VAB o (—EC)VBG

6in\?
(32
= {.563vgq
Substituting this into the friction loss equation,
hy = (0.303)(0.563vgc)” + 0.323vq
= 0.419v{¢

The energy equation becomes

2
ho+ 45 £ = h=le +0.419v%q

() (32 2 -—fﬁw)

h = 0.435VBC — 45 ft [Eq 1]

A second equation of h and vec is obtained from the re-
quired 40 Ibf/in? pressure at point A. The energy equa-
tion between the reservoir level and A is

%
B 45t = 45 ft + BB 4 P4
2g ¥

Using the continuity equation and the known values

produces
Ibf n?
(0.563v5c)? (40 ) (144 ft?)
h:(z) w2 ) 62.4 0
~ sec? 2
= 0.0049vEq + 92.3 £t [Eq. 2]

Solving Eqs. 1 and 2 simultaneously yields

h=939f
vgo = 17.9 ft/sec
From the continuity equation,

vap = 0.563 Vpg = (0.563) (17.9 -S-E%) = 10.1 ft/sec

PROFESSIONAL PUBLICATIONS, INC.
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SOLVED CIVIL ENGINEERING PROBLEMS

8 101

Tn order to check the friction parameters, the Reynolds 4.2. The energy equation between the reservoir and

numbers are needed. The water viscosity at 50°F is point C is
Vs 1.41 % 1078 &2/56{3. v2 v Las v
708t + 45 ft = -BS + —= + (—w——) (ﬂi)
29 v fas Dap 2g
(10.1 ﬁ) 8o +f Lpc vio
sec 12 m BC DB 2g
Rean = vaDap _ ‘ £
AR T 10 From Sol. 1.1,
1.41 % 'S—e“g vap = 0.663ve
= 4. 3
810 Assuming fap = 0.016 and fgc = 0.015 yields
ft i f n?
(17 9——) fin ) (40 E@-) (144 2)
sec 192 Via + in ft
Rene, = YECPBO £t f i
epC = T ft (2) (32.2 _»-—2> 62473
1.41 x 10-5 = sec b
sec - i
== 6.3 % 10°
From the Moody diagram, the friction factors chosen + (0.016) 1000 £ (0.563vpa)”
are correct. The minor losses should also be checked. ' ft
2in (2){322—
: sec
n
entrance loss = (0. 5) AB L \12 lmf-g |
10 1 ge_c
0.5) 2
= 32 . B + (0.015) 8O0 & 7BC | =115 ft
i 2)132.2 —
(4] lll’i ( ) ( Secg)
={.8 ft 1
L\MER/
Keontraction = [l l Solving for the velocity,
- 6 1n vpo = 6.7 ft/sec
8 1n From the continuity equation,
= (.22 f
v , vap = (0.563) (6 7 —t) = 3.8 f/sec
contraction loss ~ (0.22) (Egg) X
29 In order to check the friction factors, caleulate the Rey-
i\ 2 nolds numbers.
(17.9 ———)
= (0.22) __.._msifif;— ( 8&) 8in
2 (32.2 ——5) sec/ | o
sec vapl
Rean = A5 AB _ f;;
=111 1.41 % 105 —
, : oo . = 1.8 x 10°
(Note: Contraction head loss coeflicients vary widely.)
The losses are small compared to the friction losses but fi 8in
should be added to the water depth in the reservoir. (6‘7 ;gg) in
R veeDsec L2+
ho=93.9ft+08f +1.11ft @po = T 2
141 x 103 ot
=1 958 ft
958 = 2.4 x 10°
PROEESSIONAL PUBLICATIONS, INC.
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FLUID MECHANICS soLuTions O

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

e
Q=m (-—E—g) vBC

~ o

12 —
S ANt TV (6‘7 _f_t_>
4 gec

= 1.3 &% /sec (590 gal/min)

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

S 1 in (2.9 £
== 1310 gal/min ( /sec)

1900 &L _ 500
mn

Try Dac = 10 in. Using the roughness dimension in
{a), the relative roughness is

e  Bx107%f
Dac  Win

in
12 &

From the Moody diagram, choose an initial value for
the friction factor fac = 0.014. The energy equation
slong pipeline AC is

Vic |, Po Lac\ (V5
T0ft - 45 ft = AC 4 PO | (_W) (_Ag
2g 7 fac Dac 2g

Ibf in?
(1) (10425

6 x 10¢

115 ft = VAo +
- 2)132.2 f 624}}35
(2) {322 — A5
2
+ (0.014) | 289018 MG
10in ) (322 fe )
121_15 " sec?
ft

Solving for the velocity yields
vag = 6.8 f/sec

The diameter can be calculated from the continuity

equation.
D3
Q== (—————ic> VAC

Solving for Dac yields

Dpe = 07414
in )
Dac = (074 1t) (12 E) =8.8in
This is close to the assumed value. The final step is
to calculate the Reynolds number to check the friction
factor.

D
ReAC e VACLIAC
i’
(o) | o3
5
2_
_ P
1.41 x 108 ~f-15w
= 4.0 x 10°

The value for this number in the Moody diagram is
close to the initial choice. Therefore, the new PVC pipe
should have a standard-size diameter of

Dac=1101in

SOLUTION 2

2.4. The maximum static head at C occurs in the ab-
sence of flow through the system. In this case, the fric-
tion losses are zero and the energy equation between
the tank and point C is

T34 = 2o + L2
o

= 624 i+ 28
~

Solving for the static head pg/vy yields

PC 1110
o

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

For patk ABC, the continuity equation is

D3 DE
Tf (“““QB) (vap) =T ( i’o> VBC

_ 6in 2v
“\iom,/ B¢

= (). 36vpc
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10 to01
The energy equation is From the continuity equation,
2
C Pc | ¥VBo ft
734 ft = 624 ft + P + g vap = 0.36vpc = {0.36) (12.0 555) = 4.3 ft/sec
-+ f _.__MLAB Y,?f&_B_
AB A\ Das 2g The friction factors are checked by calculating the Rey-
polds numbers.

Lec) (vBe
+Jre <DBO> ( 2g

ft 1i0in
Introducing the continuity equation and simplifying, 3 s6C in
. 2 Lng Reap = vaplas 2%
P (YBS) |14 (0.36)2 fan | 222 N - ft*
10 =" +(2g)[ +(0.36) fAB(DAB) g 1.41 % 1078 —
sec
L o= °
..I.—fgc( BC)} 25)(10
Dgc
ft Gin
For a 5- to 10-year-old cast-iron pipe, the specific rough- 12.0 -y m
ness is € = 0.001 ft. vecDre 12 £
Repg = ” %)
1.41 % 1075 —

€ 0.001 it - 0.0012

Dap 100
i = 4.3 x 10°

in
12 —
H
p 0.001 £ The Moody diagram indicates that the friction factors
e = e == 0,002 remain unchanged with these values. The flow through
Dgc 6in ”
T branch ABC is
12—
ft D2
. . : . Qapc =T (M‘&—Q) VAB
From the Moody diagram, initial estimates for the fric- 4
tion factors are - 2-|
fap =002 10in
feo = 0.024 i
Substituting all known values in the energy equation = NTRS (4_3 .fi“_)
yields 4 sec
2
02 Y (144220 .
110 £ = LA M:te ) :
62.4 1bf @ (3222 = 2.3 3 /sec (1030 gal/min)
T d " sec?
The continuity equation for branch ADC yields
500 £ Dpo\*
2 =
% |1+ {0.36)%(0.021) T VAD (DAD vpo
123 _(8in\?
“\12) 'P°
. = 0.44vpo
0
+(0.024) 569 i o
in The energy equation is
in
12 E 2 I 9
734t = 624 ft + 22 4+ DG 4 fupy (—-“3*39—> (Y»&’l)
Solving for the velocity vse yields v 2g Dap 29
- f‘ m@_g fD_C.
"¢\ Dpc 29

vpa = 12.0 ft/sec
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FLUIPD MECHANICS SoOLuTions 11

After introducing the continuity equation and collecting
terms, this becomes

2
110 = 22 + (YD—Q)
g 2g

. [1 T (044)% fap (ggg) + oo (%‘—;—)}

The relative roughnesses are

e 0001 ft
Dap  12in
in
12 i

e 0001 &

DDC gin

1
12 B

= (L.{01

= 0.0015

From the Moody diagram, estimate initial values for the
friction factors.
Fap =0.020

Foo = 0.022

Replacing all known values in the energy equation pro-

duces
2
(22 Eﬁ) (144 %) )
11 ft VDC
110 # = +

62 4512@ 2} 32.2 f
B i 2 " sec?

TO0 ft

|1+ (0.44)2(0.020) “1%05{

in

2 i

! &

400 ft

+(0.022) | 57

L‘Z-&—

Solving for the velocity,
vpo = 15.0 ft/sec
From the continuity equation,

vap = 04dvpo = (0.44) (15.0 %) = 6.6 ft/sec

The Reynolds numbers for this branch are

(6.6 —ft-) 2
secC 12

vapl T
RGAD - ADLAD - ftfgt
1.41 x 1075 —
sec
= 4.7 % 10°
(15.0 ﬁ») gin
sec 12 n
Rone = vpelDpe ft
enc = - ftg
1.41 x 105 —
sec
= 7.1 % 10°

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

4
- 2n
12in

m

12 — :
N N (A (6.6 EE,_)
4 sec

D2
Qapg =T (“&Q) VAD

= 5.18 3 /sec (2330 gal/min)

The total flow in the hydrant is the sum of both com-

ponents.
@ = Qapo + Qapc

~ 1030 8L 4 2330 B2
In TN

= | 3360 gal/min

SCLUTION 3

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

e )

Pp
1160 f + 122 ft = 890 ft + — + (3.022 (w
04 ) C’kﬁﬂ)kéﬁ?

185,
+(3.022) (M)

CRE DR
V1.85 Len
+ (3.022) (_@m%_——
Ol D
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The continuity equation for each pipe produces the fol-
lowing flows and velocities.

Qep = 70 53%- = 0.156 {3 /sec
min

i
vy = Qen 0.156 —
_(DEp\ T [0.333 e
4 4
= 1.8 ft/sec
1
Qpc = 130 ,%ffm +Qcp
= 130 2~ gal - 470 2 gal
min
= 200 gai/mln (0.4486 {13 /sec)
ft3
va = Opc _ 0.446 oo
(DR (508
4 4
= 2.3 ft/sec
al
Gap = 140 gmw + UBC
= 140 f’ﬂ 1200 E2L
min
= 340 gal/mm (0.758 ft2 /sec)
ft?’
Qas 0. 758 e
VAR = =
4 4
= 3.9 ft/sec

Replacing the known values in the energy equation

yields
g\ 188
] (3.9 E) (16,000 ft)

(0.5 &)1167

3.022
(160)1-55

392ft:39+[
v

(2 3 fi) (14,000 ft)

+ (g_gft)l.lﬁ'r
1.85
(1.8 -ft—) (8000 ft)
+ sec
(0.3333 ft)1-167

Solving for the pressure head,

PO _ 20291t

g

The pressure is -
pp = (202.9 ft) (624ft )

1bf

fi?

= 88 Ibf/in® (psig)

= 12,660

3.2. If this pressure is msufficient for the demand a%
point D, most likely the pipes do not have enough ca-
pacity or the water level in the tank is too low.

B.3. Assuming that the peak demand is 1.5 times the
average, the flows and velocities through the pipe are

3
Qcp = (1.5) (0.156 éf%g) = 0.234 3 /sec

vep = (L.5) (3.8 ﬁ) = 0.7 £t /sec

3
Qpc = (1.5) (U 446 itm) = .669 ft3/sec

VRQ = (1 5 (2 ———) =34 &/Sec

3
Qar = (1.5) (0 758 w—-) = 1.137 ft%/sec

vap = (1.5) (3 9 wgﬁmw) = 5.8 ft/sec

‘With these new values, the energy equation is

ft

( 1.85
5.8 —-) (16,000 £t)
g0t = PR 4 | 2022
Y | {10y (0.5 ft) 1167
f’{‘, 1.85
(3.4 g;;) (14,000 £)
.E..

(0.5 1)1 167

1.85
(2 7 E) (8000 £¢)

M GE CRER T

The new pressure head is
D o 100
v

The pressure at D is

pp = (10.1 ft) (62 4 1bf>

fi 3
Ibf
w6302 —5 W

=| —4.4 Ibf/in® (psig)
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The negative pressure indicates a problem at this flow
volume.

3.4. For this configuration, it appesars that the pipes
are too small for the required pressure. Nevertheless,
changing the existing pipeline would be costly. Pos-
sible alternatives inciude increasing the water level in
the tank, pressurizing the tank, adding a pump some-
where in the pipeline, or replacing only a section of the
pipeline. The solution chosen must be adopted based
on cost.

SOLUTION 4

Assume the flow directions shown in the figure.

1360 ft
1290 ft Qop
Cag
1200 f D
Cup

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

CD: 1350 ft = 1200 ft + ‘%’«« +hyop
. yos]
BD: 1200ft = 1200 i+ 2> + by s

AD: 1190 ft = 1200 f + %9 — hyaD

The velocity heads and the local losses have been ne-
glected. For this set of units (£ and ft*/sec), the friction
losses are calculated according to the Hazen-Williams
equation as

Q1‘85L
hy = (4.73) (01.85_@4.867

The friction losses are

[ QLE(10,000 ft) .
haop = (47) (150)58%(0_8333&)4.357 = 10820c5
[ QS (40001t) 3 185
hspp = (4.73) ( 150)15;3( 05667 Ry | = 12.82Q%55
[ QAP (5000 & ‘
hra = (473 (156338(5(1&)4.2;67 = 223055

From the preceding equations, the flows are
Qop = O.E?Sh‘}%‘%
Qep = 0.252h% 8%
Qap = 0.649R%%%
Rewrite the energy equations as

hf,GD = 150 ft ~ n
gl
hipp = 901t — Po
v
hy.ap :10§t+%3w

Rewrite the continuity equation at point D as

Qcp + @ep — @an =0

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

PD

(assumed) ht.cp Qop hfBD
(ft) (ft) (ft3 /sec) (ft)
60.0 90.0 3.13 30.0
50.0 100.0 3.22 40.0
40.0 110.0 3.49 50.0
42.2 107.8 3.46 47.8

@ep  hrap  @ap  Qeop +Usp—Qap

(#6%/sec)  (ft)  (Ft%/sec) (ft3 /sec)

1.58 70.0 6.43 -1.73

1.85 60.0 5.92 —0.76

2.068 50.0 5.37 0.20

2.03 52.2 5.49 —0.003

In the table, a value of pp /v Is assumed. Replacing this
value in the energy equations yields the head losses in
each pipe. The flows are caleulated from the energy loss
expressions. Finally, the flows are checked for continu-
ity. The last line in the table uses an estimate of pp /7y
interpolated from the previous two; the continuity clo-
sure ervor is very small, so the choice is correct and the
flows are

3
Gon = 3.46 %}— == | 15653 gal/min into D

3
Qpp = 2.03 é—tég ==| 911 gal/min into D

3
Qap = 5.49 éfég =| 2464 gal/min out of D
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4.2. The table includes the following head losses.

hycop =} 107.8 f
hf,BD = 47.8 ft
hpap =| 522 ft

SOLUTION &

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

hf — KQLSS

] 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
\ 1.4 MGD 0.4 MGD
A B c
0.1 MGDY @ ¥ 0.15 MGD
E D
1.1 MGD
1.0 MGD 1.25 MGD

The method converges after two iterations as shown in
the tables.

{teration 1:

hs  corrected

pipe K Q by @ Q
AB 6.53 1.40 1217 870 1.28
BC 8.17 0.40 1.50 3.78 0.26
CD  52.86 (.15 1.58 10.54 0.01
DE 431 -~1L10 514 4.67 -1.24
EA 61.67 -0.10 —0.87 &.71 —(.24
9.25 36.36
correction = § = —9.25 —0.14

(1.85)(36.36)

Hteration 2:

hy  corrected
pipe K @ by Q Q
AB 6.53 1.26 1006 7.96 1.26
BC 8.17 0.26 0.69 262 0.26
CDh  52.86 0.01 0.02  1.28 0.01
DE 431 ~1.24 ~63% b5.16 -1.24
EA 6167 024 -—4.31 1817 —0.24
0.06 35.19
correction = § = —0.06 = {.00

(1.85)(35.19)

The last table contains the solution to the network.

5.%. QAB =

1.26 MGD (from A to B)

B.2. Water flows from A to B.

8.3. The pressure drop is equal to the friction losses.

Opap = K, Ql .85
¥

Apap = (10.01 ft) (62 4 i—b~>

= (6.53)(1.26 MGD)*% = 10.01 ft

ft3
= 625 Ibf/ft2

== | 4,34 1bf/in? (psig)

8.4. Qpc = 0.26 MGD {from B to C)
5.5. Qag =| 0.24 MGD (from A to E)
5.6. Qup = 1.24 MGD (from E to D)
5.7. Qcp =] 0.01 MGD (from C to D)
5.8, PP _ gonQuE

= (52.86)(0.01)**

= 0.0105 ft

Apop = (0.0105 ft) (62 4 sz?f)
ibf
= 0.655

=1 0.0046 Ibf/in® (psig)
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FLUID MECHAMNICS SOLUTIONS 15

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
E Eg
0 = m—— L
P b

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

E = 305,000 lbf/in?
v = 62.4 1bf/ft5

The wave speed is

Ibf in? £t
(305,000 Iﬁi) (144 gﬂé-) (32.2 @)

o=
Ibf
62.4 W

= 4761 ft/sec

The pressure surge can be minimized with a very slow
closure of the valve. If £, is the closure time, this ob-
jective can be achieved, ensuring that the valve closure
time is at least 20 times the return time.

20L
be > —

L is the pipe length.

te > Q%L(gft) =| 8.4 sec
4761 —
sec

SOQLUTION 6

8.1, Call @, the flow through branch AD and call
(2 the flow through ABCD. The energy equations in
branches AD and ABCD are

AD:

L
PA _PD ¢ (ﬁ)
Y Dap

@

(o) [T

X

ABCD:
Pa _ PD Lac
=2 e (52)

y f Q3 g

@ (22 ) [ (%9)
+ fep (LCD ) 2%
2
e eC)

For B-year-old cast iron pipes, the specific roughness is
¢ = (L.001 ft. The relative roughnesses are

€ 0.001 it

= = {. 2
Dsn 08333 % 0.001
€ 0.001 &
e = {.001
Dae 06667 ft 0.0015
€ 0.001 ft
”b”g"g =TRSO 0.001

Using the Moody diagram, initially assume that fap =
foc = 0.021 and fac = 0.023. Given that ps — pp =
10 Ibf/in? = 1440 1bf/ft2, the energy equations become

AD:
Ibf
—f = (& 0.8333 ft
62.4 —
3
) i
it 0.8333 ft)° 1) °
(2) (32.2 g"é"éf) (W [QWEWWLD
ABCD:
Ibf
1440 o Q3
Ibf ~ #
62405 | (@ (32'2 ;"gg;;")
2100 ft !
x | 0.029) (555577 ( [(0.6567&)2})2
. | (06667 £)°
] 4
900 5 1
w;_(o.ozz)( 11t ) ( '{1ft)2D2
T
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16 101 SOLVED CIVIL ENGINEERING PROBLEMS

The resulting system of equations is

23.08 = 2.631Q?%
23.08 = 9.700Q%

Solving for @y and Q4 yields

Q; = 2.96 ft%/ sec
Qo = 1.54 8%/ sec

The velocities in the pipes are

3
Q 2.96 L
VAD = 1 - sec
(wa> {(0.8333 ft)?]
| - Fll e
4 i
= 5.4 ft/sec
3
Q 1.54 :fi—
VaG = 2 = sec
(Diﬂ [(0‘6667 &)2}
"\ T4 " i
= 4.4 it /sec
3
154 15
vop = @3 - sec
(D%D) [(1 ft)z]
Tl - T ||
4 4
= 2.0 ft/sec

The Reynolds numbers are

(5.4 EE-) (0.8333 ft)
sec

R vanfap
CAD = v = 12
1.41 % 105 <im
3¢eC
=3.2x%x10°
f
(4.4 mi) (0.6667 ££)
vaoDac sec
Reac = v - ft?
1.41 x 105 —
3ec
= 2.1 x 10°
(2.0 i&) (1)
vopDep sec
Reep = N f2
1.41 x 1075 ——
sec
= 1.4 x 10°

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

fap = 0.021
fag = 0.023
fop = 0.0215

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

Q1 = 2.96 £t /sec
(y = 1.54 1t% /sec
The flow through the pump is
Qpump = G1 + Q2
3 £t

= 2.96 — + 1.54 —
sec sec

=| 4.5 ft3/sec (2020 gal/min)

ft3
- S 2.96 —
e TAD (D?m) [(0.8333&)2}
oo i R
4 4
=1 5.5 ft/sec

$.3. From the problem statement,

pa —pp =| 10 Ibf/in? (psig)

6.4. The pressure drop is the same regardless of the
path, so

pa = pp = | 10 Ibf/in? (psig)

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

pressure drop.
Ibf in?
(10 Iﬂﬁ) (144 ?{2—)

Frpump = of

62.4 —
73

=|23.1f

anms (B) |2
2g (’.’T*:f)
+ 2K @
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FLUID MECHANICS SOLUTIONS 17

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 be ap-
proximately K = 0.9. (This may be 2-3 times higher
than actual, but is chosen to be conservative.)

0 . 6MGD
0.64632 %ﬁ

sec

= 9.3 ft%/sec

For the maximum flow of Q = 6 MGD = 9.3 ft®/ sec and
assumning initially that f = 0.02, the energy equation

becomes
3\ 2
o)
sec
ft D*\*
pp— e
2 (32 secz) (W 4 )

3 2
(9.3 ﬁ"mﬁ)
seC
£ D2\?
2 AR —
( )<3 secz) (Tr 4 )

_ 1045 | 3.90
= s T DE

12 # = (0.02) (240 ft)

D

+ {2)(0.9}

12

Solve this nonlinear equation by trial and error for D.

D~ 1.04 1t (12.5in)

To check the friction factor, the following quantities
are needed. Assume that the physical properties of the
shidge are similar to those of water.

ft3
0 9.3
VE = ; TOLEN 10.9 ft/ sec
"1 4
f
op (109 {104)
Re =~ = = =7.4x10°
1.54 % 105 =
sec

The viscosity is selected for the worst case of T' =
45°F. The roughness dimension for ductile iron is € =
0.0008 fi; therefore,

% = 0.0008 £/1.04 ft = 0.0008

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

Choose a standard-size pipe of

D=)14m

7-2. The system must perform adequately under the
worst possible conditions, that is, maximum flow 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 4.8, What is the minimurn rate at which the tank will

A tank supplies water to a small town during the day. be refilled?

At night, when the demand is low, a pump is used to ‘
refill the tank. New PVC pipe connects the pump and 1.2. If & mirimum pressure of 20 psig is needed at a

tank. All minor losses are insignificant. The water tem- hydrant located at point B, what is the maximum flow

perature is 50°F, rate that can be drawn from the hydrant? Assume that
the tank is full and the pump is not in use during fire-
fighting.

elev 150 ft (when fuif)
PROBLEM 2

A Elev 1051
The water surface elevations of two reservoirs differ by

350 ft. The reservoirs are connected by 2200 ft of 12-in
steel schedule-40 pipe (Darcy friction factor, f = 0.02).
The transfer rate (from the lower to the higher reser-
voir) is 9.5 ft3/sec. An 83% efficient centrifugal pump
is located at the elevation of the lower reservoir drain.
Two fully open gate valves provide for pump mainte-
nance and replacement. The water temperature is 50°F.
Disregard all other minor losses.

elev 70 ft

350 ft
head (ft) S
&
40 3 ~
130 valves \ /
120 3 not to scale
pump
110 Noump »
1100 ft
100 - 0.80 {12-in steel)
80 =
80 -0.80 2.1. What total motor horsepower is required to pump
70 the water?
Flpump
60 -~ 0.70
2.2. If the pumnp(s) and motor(s) are unchsnged, what
' f will be the flow rate if a second 12-in line is placed in

100 200 80 400 500 parallel with the fast half (1100 ft) of the original pipe?
flow rate (gal/min)
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Hydraulic Machines Solutions

1.%. Neglecting the velocity head, the energy equation
is

2
70 8t + ha = 150 ft + fan (LAB> { @

D 2 \12
()]

Lpc Q?
+ fee (DBG> QQ{W(%NQ

4

Assume initially that fag = fec = 0.02. The energy
equation becomes

8000 ft 1

0.6667 ft) (W {(0.6667‘ ft)>2 } ) ?

4

ha =80 ft + (U.OQ)(

4000 ft 1

o )

+(0.02) (
4

Q?
ft

The equation of the systemn curve is

X

h = 80 + 95.02Q% (¢ in cfs)

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

140

130 - pLEMP Cutve
120 |-

110 .7 system curve

106 0.80
80
80 0.80
70

60 0.70

§ I
100 200 300 400 500

Q (gal/min}

The operating point is at @ = 190 gal/min (0.42 ft%/sec),
ha = 97 ft. In order to check the friction factors, the
velocities and Reynolds numbers are calculated.

ft3
oan = Q _ 0.42 =
. Dig . (0.6667 ft)?
4 4
= 1.2 £t /sec
ft
1.2 — } {0.6667 ft)
R - VABDAB _ sec
EAR = y - ft2
1.41 x 105 —
sec
= 5.7 % 10*
3
v Q _ 0.42 -
. (Dgc) . [(0.5 ft)”]
4 4
= 2.1 ft/sec
(2.1 ﬁ) (0.5 ft)
vecDae gec
Repc = v - ft2
1.41 % 1075 e
gec
=74 x 10*
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For PVC pipe, the specific roughness is € = 5 x 10-8 ft With the value ¢/ Dap calculated in Sol. 1.1, the Moody
so the relative roughness is

diagram indicates fap = 0.018, which is the value used.
. The flow is
€ 5x 107" f
Dag = T0.6667 ft = 0.0000075 Q=071 ft? /sec (319 gal/min)
¢ 5% 107° ft
R Y 0.00001

From the Moody diagram, fap = 0.020 and fee = SOLUTION 2
0.019, which are close to the initial estimate. The flow
through the system is

2.4, The energy equation between the two reservoirs is

L 2 2
ha=350f+ F{ =) () +2K (o
. D 2¢ 2g
@ = 190 gal/min

The local loss coefficient for one fully open gate valve is
K = 0.2. The velocity is
2. Neglecting the velocity heads, the energy equation
between the upper tank and point B is

fts
Ve Q _ 9.5 =
B D? i (L ft)°
4 4
2 =
150 = 90 ft + B 4 fa (f)AB) sz i = 12.1 fi/sec o
AB
2g |7 | —&E ha = 35{}ft+(002) 22 0 t
4 1ft
Assume initially that fag = 0.018. This equation be- 12 1 —
comes v sec
Ibf n? (2 32 2 -———-
(20 ,_mg) (144 w?)
in ft 8000 ft
60 ft = 0.018) | e
0 1bf o+ (0-018) ((}.6667 ft) 12 1 e
62.4 — sec
i’ + (2)(02) —-—me
(2) (32.2 —--2w>
Q? sec
X
@ (322 ) (| (L5001 )21’ =409t
sec? 4 The motor brake horsepower required by the pump is
. . thall
hp == -~
Solving for @ yields bhp S50m
= 0.71 ft* 3
@ fsec (62 4 @f) (450.9 £t) (9.5 ft—)
The velocity is = e =
-1h
(550 M) (0.83)
2 hp-s
ap = D = 07 e ~ 586 hp
Dig (0.6667 £t)*
T\ 7y T 4 The power requirement can be met with a set of three
- 2.0 ft/sec pumps driven by three 200-hp motors
The Reynolds number is 2.2, Assume that the power is 600 hp, then
& ibf
(2.0 ~= 1 (0.6667 ft) (62 4 ~§) haQ
RGAB _ VABDAB . sec 600 hp _ £
- - 2 550)(0.83
v 1.41 x 10-5 22 (550)(0.83)
ba = 4389.4
= 9.5 x 10* AT
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Since the additional pipe is identical to the existing one,
the flow through it will be half of the total, and the
losses through each branch are the same. The energy
equation for the new system is

1 N
ha = 350 ft + (0.02) ( 100 f“)

11t

Q2

X P

@ (w255) (-[42])
1100 ft) 2
(2) (32.2 ggzﬁ)(w [(1?2])2

+ (0.02)( o

+(2)(0.2)

= 350 + 0.702Q°

Substituting the expression for the power produces

4389.4
Q

Solving for the flow by trial and etror {or by other
means; vields

= 350 + 0.702Q°

Q =| 10.3 ft3/sec (4636 gal/min)
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open Channel Flow

The cross section of a very long channel with an average
geometric slope of 0.0004 ft/f is shown. At a particu-
lar location, the elevations of various points across the
- channel and flood plain are A, 910.0 ft; B, 905.0 ft; C,
900.0 ft; D, 909 ft; E, 910.0 fi.

wheat field
n=0.05

A |

thick brush
n=0.13
¥ 100-year flood level E
B = 7

regular
channet
n=0.014

250 1t 180 ft

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

1.2. Find the average velocity from a 100-year flood.

A trapezoidal channel (slope = 0.006 ft/ft; Manning’s
n = 0,014} has a cross section with a 12-ft-wide base
and 1:2 (vertical to horizontal) sides. The flow rate is
2300 ft3/sec. At a particular point, the channel meets
(ie., 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 channel flow?
2.2. What is the critical depth of the channel flow?
2.3. Is the flow suberitical or supercritical?

2.4, What tvpe of control does the stream represent to
- the channel?

PROBLEM 3

The foliowing questions are not necessarily related.
3.1. What is the most efficient cross section?

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

3.3. What is the meaning of the term upstream con-
trol?

3.4. What is the meaning of the term downstream con-
trol?

PROBLEM 4

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 doss not
appear to have such a capacity.

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

4.2. What diameter pipe should be installed parallel
to the first pipe to carry the excess?

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

&.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 5

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 developed commercially. The
existing channel is basically rectangular in shape, is
25 ft wide, and flows (at maximum) with a depth of
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12 #. The developers want to install an artificial chan-
nel 3.7 mi 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 bage of 20 £ and sides inclined at 1:1, and it will be
earth-lined.

5.4, Will the new channel 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 chennel? Why?

PROBLEM &

A contracted measurement weir is to be installed in a
99.ft-wide channel. The depth of the weir opening is
16 in, and the bottom of the weir opening is at elevation
479 #. The bottom of the channel is at elevation 470 {t.
For proper measurement and metering, a minimurm of
6 in of hydraulic head over the weir lip is required. The
average flow is 6 MGD but varies from a minimum of
3 MGD to a maximum of 12 MGD.

)\
i6In
(.. _ieleva7OR
= b ? -
not {o scale
elev 470 ft
o 22 ft

G.f. What should be the length of the weir opening?

6.2, What is the hydraulic head over the weir lip at
the maximum fHow?

§.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 your answer,
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Open Channel Flow Solutions

SOLUTION 1

Subdivide the channel into three sections asg shown.

section 2
100-year food j

level = 910 ft
5ft section 1

250 ft 100G fit 150 ft

not to scale

4:4. 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.

For section i,

Ay = wd = (250 ££)(5 ft) = 1250 ft*

Since this section can be considered to be a wide chan-
nel,
T, ~ b

Manning’s formula yields

Q= (%) Ay(rg ) ?VS

(é ég) (1250 £t)(5 £t)%/2+/0.0004
= 2178 ft% /sec
For section 2,
Ay = wd = (100 £)(10 ft) = 1000 £t
From the figure, the wetted perimeter is

po =5t 4+ 1006t + O ft = 1141t

The hydraulic radius is

A _ 100087
B2 e T 1Mt
=881t

Manning’s formula for this section is
1.49
Q2 == (T) AQ(TH,2)2/3ﬁ
2

149 ) 1000 £2)(8.8 £)2/%/0.0004
0.014
= 9073 ft%/sec
For section 3,
Az = wd ~ (150 ft)(1 ft) = 150 ft?
This section can also be considered wide, so

ras o LIt

The flow is given by Manning’s formuls.
1.49
Qs = (?’B_g) A3(T"H,3)2/3\/§

(é fz) (150 ££2)(1 ft)%/3+/0.0004

= 34.4 ft3 /sec
The total flow Is

R=Q1+Q2+Cs

3 3 3
~2178§——+9073§—+344?e—6

== | 11,285 £t /sec

1.2. The average velocity is

3
11,285 i
sec

Q-
A 1250 6% + 1000 2 + 150 £t2
4.

T ft/sec
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__1_
i«

5=0.006
n=0.014

Use the following formulas for geometric properties of
a trapezoidal chanmel. (m is the horizontal to vertical
side slope.)

area A= d(w+ md)
wetted perimeter p=w+2dvV1i+ m?
top width b= X 2md

nydraulic radius  rg = 5

2.4. Manning’s formula holds for uniform fAow—that
is, when d equals the normal depth, d,.

Q= (—1—?) Alrsr P33

9
=Z=2
™=q

Replacing the known values ylelds

1.49
0.014

2/8
y [do(nfwzdo)} 556
12 ft + 2+/5d,

ft3
2300 — = ( ) do(12 5 -+ 2d,)
sec

Solving by trial and ervor for do yields

d, = 5.4 ft

® 5 The condition for critical flow is
Q2 A3
R

Replacing the known quantities yields

£3
(2360 556)  [d(12ft + 2d0)}°
22 128+ (2)(2)de
secC

d, is the critical depth. Selving for d. by trial and error
yields

de=|721%

2.8 The flow is supercritical since de > do.

2 4. The flow profile at the junction is shown in the
figure.

do o _

[l

channel

stream

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

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

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

\ v /

2

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

2 4. A channel section is controlled downstream if the
discharge is given by the flow depth at the lower end of
the section.
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Assume that the pipe operates as an open channel while
Aowing full.

4,4. For a circular pipe with diameter D = 22 in,

22‘2 = 1.8333 1
125
A= 1rD? = L7r(1.8333 ft)?
= .64 ft?
ra = 1D = (4) (18333 t)

= 0.46 ft

If the pipe is long enough to allow development of uni-
form flow, Manning’s formula is applicable.

2= (42) a6 WPV

(é gg) (2.64 ££2)(0.46 £t)%/%/0.02

= 33 ft3 /sec

4.2. To meet the 35 ft%/sec demand, an additional
PVC pipe should be installed to carry 2 f3/sec. The
diameter of a circular pipe flowing full is

o-an (15)"

(0.01) ( fts) o

= (1.33) NGXiT

=|0.64 £t (7.7 in)

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

D=|8in

o (15)"

3 7%/
o (22)
V0.025

4!3.

= (1.33)

=| 0.61 ft (7.3 in)

The new route will also require a nominal pipe size.

D=8

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

4257 ft — (0.025)(1000 £) = | 4232

SOLUTION 5

The capacity of the section can be calcilated assuming
uniform fow.

SAY)—

v 7

d=12§
1= 0.030
INZISYINYY,
= w= 25 ft :

5.1. The bottom slope is
470 fi

(8.4 mi) (5280 —fi)
mi

The geometric properties are

S = = (.0106

A = wd = (35f5)(12 ft) = 300 £
p=w+2d
= 25t + (2)(12ft) = 49 f&
A 8007
AT Y
== 6,122 ft

Manning’s formula gives the capacity of the natural
chanmnel.

0= (149) TN

T

1.49 o/

553 ) (30046%)(6.122 1)*/*V/0.0106
= 5134 £t3 /sec

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

3
(5134 ft-)
sec
(32 2 f’i) (25 )?
~ 100

1/3
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Since d > d., the flow is subcritical. The artificial chan-
nel will have a smaller roughness coefficient because the
effects of meandering and brush growth have been elim-
inated. Since the new length is 4.7 mi, the ratio of me-
ander 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 approxi-
mately n = 0.023.

The bottom slope is

S = 470 = (.0189

(4.7 mi) (5280 —I—n_—l)

The following figure gives data for the artificial channel.

b i
| . |
I~ e T

pregay) n=0.023 =
) w=20 ft .
not to scale

The geometric properties of the section are

A = d{w + md)
p = 1w+ 2dv1+m?
b == w -+ 2md
A
TH = =
p
mw—lmzl

Tn order to determine if the channel will be able to carry
the maximum flow of 5134 ft3 /sec, the hydraulic profile
must be defined first. The normal depth, do, is calcu-
lated using Manning’s formula.

Q = (%) Alri)?*VS

ft? 1.49
5134 — = (66'2"%) do(20 ft -+ dy)
(20 £ + (1)d0)] 213
x Ll S22 £/0.0189
{ 20 5 + 2¢/2d,)

Solving by trial and error for d, yields

o = 7.31t

The critical depth, d., is calculated from

Q2 AE&
R
3\
(5134 é’é&) [de(20 £t + do)]?
322_ftm» T 20 £+ (2)(1)de
" sec?

Solving by trial and error for d. yields
d. = 10.61t

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

natural channet

artificial channel

natural channel

Since the flow depths in the artificial channel are
within the range of natural depths, the new channel
will be able to carry the maximum flow.

8,2. The erosion potential of the flow can be asesged
from the mean velocity.

For the natural channel,

3
Q 5134?(;—C
D e I et T 7,
V= S0 17.1 £t /sec

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

A = d(w+ md,)

= (7.3 £6)[20 ft -+ (1)(7.3 )]
= 199.3 £t o

v = Q = W5134g%6 = 25.8 ft/sec
A 19938

Erosion problems are probably more severe in the
artificial channel. However, both channels are well
above maximum permissible velocities for the bed
material.
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SOLUTION &

6.1. In order to guarantee the minimum freeboard, the
configuration shown must hold for the minimum flow.

v |
s H=61in

Q=3MGD Y=9ft
_%

{
VAL 7

not io scale

The flow area is
A= (22£)(9.5ft) = 200 f*

For a flow of 3 MGD = 4.6 ft®/sec, the approach velocity
is

£t3
€ "~ sec
= e e BEE - (0.022 £ /sec
VEE T o062 /

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

Q= gcl(b — 0.2H) /3 HY

The coefficient € is given by

H 0000295
¢y = (0.6035 +0.08135; + .___Y__>

« (1. 0:00861 8/2
H

= [0.6035 + (0.0813) (0‘5 ft) +

o1t
o (1 000361 3/2
0.5

0.000295
9ft

= (.615

Substituting this and the other numerical values in the
discharge equation yields

46 3%36 . (g) (0.615)[6 — (0.2)(0.5 £)]
x 4 /(2) (32.2 _-f_t—) (0.5 ft)%/2

S@C2

Solving for b results in

b=14.1ft

8.2. For the maximum flow at 12 MGD = 18.6 ft*/sec,
the approach velocity is

3
18.6 &

- SEC .09 ft
VT 00 £12 fsee

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

Q= gcl (b~ 0.2H)+/2gH%?

As a first estimate, assume H = 16 in {1.33 #t}. The
coefficient C is

H . 0.000295
Cy = (0.6035 +0.0813 5 + —”}7"“)
o (1. 000361 372
Fii
1336 | 0.000295
- {0.60354— (0.0813) ( = ) I }

o (14 000361 8/2
1331

= (1.618

A second estimate for the freeboard can be obtained by
solving for H in the discharge equation. (The calcuia~
tion is not very sensitive to the correction for contrac-
tion. Therefore, the previous estimate of H is used for
computational convenience.)

18.6 éf_g - (é) (0.618)[4.1 £t — (0.2)(1.33 )]

ft
2) { 32.2 — | H3/?
<4/ @ (3 sec2>
This yields
H = 1201t

With this new value, ] remains unchanged. An im-
proved estimate of H comes from solving

18.6 ?56 - (%) (0.618)[A.1 ft — (0.2)(1.29 £6)]

2 —— |H3?
x4 1(2) (32 sec:2>

This yields the same value of

H =129 ft (15.5 in)

6.3. The usual rule is to measure the approach depth
at a distance from the crest greater than 4H.

The gauge station should be placed at least 6 ft up-
stream from the weir.
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An unconfined coarse-sand aquifer is 65 ft thick. Its
porosity is 30%, 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-ft drawdown.

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

1.2. Assume the pumping volume is 800 gal/min im-
mediately before the production well is shut down.
What is the steady-state drawdown at the production
well?

PROBLEM 2

The following equations define the parameters of a hy-
drograph for a 30-min storm over a 200-ac coliection
basit.

Q= (0.0132)(AO.Q)(LG.S}(Cl.l)(EO.OS}
Ty == {0.44)(Al'1}(L°'G4)(C’1'2){E°'17)
Tp = (0.0024) (A" Y(LHO*)(CO)(E® )
Tsn = (0.0367)(Al'?’)(LG'OI)(OO'T)(ED'IZ)
Trs = (0.0671)(AM2)(L0%)(C7) (EO1)

@) = peak discharge (§t%/sec)
A = basin area = 200 ac
L = length of channel = 3000 £t
' = average runofi coefficient = 0.35
& = average channel slope == 0.04
E = aversge imperviousness = 25%
Ty = time from beginning of runoff
to end of channel discharge (hours)
T, = time from beginning of runoff
to peak discharge {hours)
T50 = time from beginning of runoff
to 50% cumulative runoff (hours)
T7s = time from beginning of runoff
to 75% cumulative runoff (hours)

2.1. Draw the unit hydrograph. Indicate ¢, Tg, Ty,
T50, and T75.

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 last half hour. What
are Q, Ty, Tp, Tso, and T7s? (Make any reasonable
assumptions.)

PROBLEM 3

The entrance to a theme park consists of two adja-
cent 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 coliector 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 in-
let. Area B is primarily a well-maintained lawn with
an average slope of 2% from all directions to the drop
inlet.

400 ft , 400 #t
. 400 ,
400 ft O O - discharge
inket pipe 1 5 infet pipe 2
area A area B:
paved C=038 lawn C=0.07
average slope to drain average $lope o drain
3 {all directions) 1% (&l directions) 2%

3.1. What is the design flow (in #%/sec} in pipe 1 for
a 10-year storm?

3.2. What is the design flow {in ft*/sec} in pipe 2 for
a 10-year storm?
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intensity
{in/hr)
5 -
4+
3 -
2 L
1t 20 yr
15 yr
i0wr
i f | { I5 ¥
5 10 18 20 25
t, (min)
—30
28
~26
24
=100 22
200 20
- 300 0% e
lawn - - 400 C1% s
asphalt -] L 500 ~2% L4
- 600 3% Ly
- 700 _ -10
800 ~ 8
overland % slope b g
flow length (ft)
-4
surface turning t {min)
iype 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 = 0.02) has
a 4.5-ft-wide bottom and 1:1 sides. The channel direc-
tion 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% (Le., 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-vear floods
are available, which would you recommend using? Why?

&.2. What rational-method runoff coefficient would
you recommend? Why?

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

4.4. Are the culverts under inlet or outlet control?

PROBLEM 5

Datsa on intensity and duration have been recorded on
storms over the past 45 years, Draw the 10-year inten-
sity-duration-frequency curve.

duration intensity duration intensity

year (min)  (in/hr} | year (min)  {in/hr)
1 10 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 3.85
o 10 5.5 11 20 4.07
6 10 6.0 12 20 4.4

duration intensity duration intensity

year {min})  {in/br) | year (min) {in/hr)
13 30 19 19 40 1.5
14 30 2.4 20 40 2.0
15 30 2.9 21 40 2.3
16 30 3.1 22 40 2.6
17 30 3.3 23 40 2.9
18 30 3.6 24 40 3.1

duration intensity duration intensity

year (min)  (in/hr) | year {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 6.8
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

year (min)  (in/hr) | year {min)  (in/hr)
37 30 1.2 42 40 3.4
38 30 2.1 43 60 0.8
39 30 4.0 44 60 1.25
40 40 1.05 45 60 2.6
41 40 175
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HYDPROLOGY 3B

Two square areas, A and B, drain through pipes into &
coliection manhole as shown. All pipes have a Manning
roughness constant of m = 0.012. Al slopes are 0.035
fo/ft. Area A is 4 ac and has a rational coefficient of
C = 0.9. The time to concentration, t, 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 fiow full. Determine the
diameters of standard pipe sections 1, 2, and 3 for a
10-year storm.-

intensity (in/hr)
te 5yr 10yr 20yr
5min 6.1 7.0 7.9 8.8
10 min 4.6 5.5 8.4 7.3
15 min 3.5 4.4 5.3 6.2

18 min 2.9 3.8 4.7 5.6
20 min 2.7 3.6 4.5 5.4

50 yr

] area B:
C=0.25
g tQ ac
gl|t=18 min manhate
S
] 770035
- =70
860 T o0 7
area At (2 '335 S0,
&l c=08 S8 SIS
s = 20
o | 4ac i
1,=5 min
417 ft
not to scale

PROBLEM 7

A 20-ac pasture (rational coefficient ¢ = 0.3, time to
concentration £, = 15 min} was originally used for cat-
tle grazing. The pasture drains into a creek that runs
along one edge and has barely enough capacity to carry
away the peak flow from a 10-year storm. The creek
passes through a nearby residential area. When the
creek overfiows, significant property damage occurs.

The intensity-duration curve for a 10-year storm in this
area is given by the following table.

time intensity
{min) (in/hr)
5 7.7
10 6.9
15 5.8
20 4.7
30 3.5

The pasture has been purchased by a foreign car man-
ufacturer that wants to pave over all 20 ac (rational co-
efficient ¢ = 0.90, ¢, = 10 min} to provide storage for
newly imported cars. The car manufacturer has pro-
posed construction of a detention basin to capture and
hold runoff such that the creek’s pre-existing capacity
is not exceeded during any storm with a frequency of
10 years of less. What should be the capacity in ac-ft
of the detention basin?
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Solutions

i.1. For a small drawdown compared with the imi-
. ﬁa,l thickness of the aquifer, the equation governing
unsteady flow toward a fully penetrating well in an un-
eonfined aquifer is

(€
Y-y= (zherY W)
W{u) is the well function and
728,
o=
4K, Yt

@ is the flow rate, S, is the yield, K, is the hydraulic
conductivity, ¢ is the time, and the other variables are
depicted in the figure shown.

a

}

EONNNG NNV NNNY/ B IV N B 2N/

- ¥ oot
= _;é——"‘zﬁ

y=63H

NG LIPS IAI NS 1’)1/
r=304

riot to scale

The pumping schedule is

flow, @

*=24 32
time (hr)

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

Y-y = (g ) O7() = Wies)
= 2.8,
g
"y = 728y
IRV~ 1)

For u < 0.1, the well function is approximately
Win) = 0.5772 — In{u)

The equation becomes

(@9 L
Y-v= (prY) In(tmt*)

The hydraulic conductivity is

gal

fi-day gal
.. A VT, SO il
65 ft 8 ft2-day

126,000

K, =

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

S, = {0.85)(0.30) = 0.26

uyp = ‘(30{5&}2{0.26) = (.0027
(4) (10‘3 “ﬂ?) {65 ££)(32 hr)
vy = (30 £t)2(0.26) - 0.011

(4) (10.3 %) (65 ££)(32 hr — 24 hr)

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

e

(47) (1846 ftffziay) (65 ft)

] 32 hr
I S 94 b

65 ft —~ 63 ft =
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Solving for the flow rate,

@ =12.175 x 10° gal/day (1511 gal/min)

4.2, For steady Bow from a fully penetrating well into
an unconfined aguifer, the following expression is valid
at the production well.

@ is in gal/min, d, is in ft, and T is in gal/ft-day.

(2000) (800 -fi’“—i)
dy = =133 %

gal
120,000 Fr-day

SOLUTION 2

2.1. Substituting the known data in the hydrograph
equation yields

Q = (0.0132){200 ac)*°(3000 ££)°-3(0.35)** (0.25)0-%8
= 4.8 ft® /sec
Ty = (0.44)(200 ac)™1 (3000 ££)°94(0.35)*2(0.25)017
= 46.2 hr
T, = (0.0024}(200 ac)7(3000 #)°-04(0.35)% 7 (0.25)%-14
= 10.7 hr
Teo = (0.0867)(200 ac)! (3000 ft)*0*(0.35)%7(0.25)°
=158 hr
Ths = (0.0671){200 ac)*-*(3000 £t)*%%(0.35)07(0.25)*-11
=238 hr

The hydrograph variables are shown in the figure.

flow (ft¥sec)

Qso §
Qg

time (hr)

The total runcff, R, is egual to the area below the hy-
drograph.

R= (-;-) (10.7 hr) (4.8 g)

1 ft3
+ =] 48— + Qs | (15.8hr — 10.7 hr)
2 sec

+ (‘2}:) (Qso + Qvs)(23.8 hr — 15.8 hr)

1
+ ~§Q75 (46.2 hr — 23.8 hr)
= 37.9 + 6.55Q50 + 15.2Q75

According to the definitions given, the area up to T5p
must be 50% of the total runcff, and the area up to Tos
must be 75% of the total runoff.

0.5R = (%) (10.7 br) (4.8 g%)

1 ft3
+ =} 4.8—+Qs ) {15.8hr—10.Thr)
2 sec

075K =08+ (%) (ng -+ Q75)(23.8 hr - 15.8 hr)

Substituting R into these last two equations results in
a system of two equations.

1.45Q50 + 15.20Q75 = 37.94 ft3-hr/sec
9.4450) 50 + 0.8Q7s = 37.9 ft3~h1'/sec

Solving for Qsp and Qs yields

Qso = 3.83 ft7 /sec
Qs = 2.13 £t /sec

Substituting these values in the expression for the runoff
volume,_

3.h
R =379 f—t-é-e—gf + 6.55Qs50 + 15.2Q73

3_ 3 3
~ 379580 L (6.55) (3.83 i) +(15.2) (2.13 ft—«)
seC Bec s5eC

= 95.36 ft>-hr/ sec

f3-hr see
(95.36 — )(3600 '}'{r‘)

B o= i = 7.88 ac-ft
43,560 —
ac
In terms of depth,
7.88 ac-f% ,
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The unit hydrograph is obtained by scaling the ordi-
nates so that the area under the curve is 1 in.

Q= 48-@"i = = 10.2 ft®/sec
T\ Usec/\047) T

3
Qso = (3.83 ft—) (ﬁ) = 8.15 ft%/sec

sec

4
Qrs = (2 13—f—13-3~ —— | = 4.53 ft%/sec
BTV sec/ \04T) T

The resulting unit hydrograph is shown in the figure.

flow {ft¥/sec)

@ 701

p 1T T i Ja
10 20 30 40 50
time {hr)

2.2. The hydrograph for this storm is

raintail

depthiny ~°0 T

1.5

1.0

0.5

30 80 20

time {min)

The duration of the storm is relatively short compared
with the base of the unit hydrograph. Alsc, most of the
precipitation occurs between 30 min and 60 min. This
storm can be approximated by

rainfall
depth(in) 5 g

1.5

1.0

0.5

time (min}

The total depth is equal to

0.3in4+15n+04in=22in

With this assumption, the peak will be

3
Q= (2.2} (10.2 itm) =|22.4 ft?/sec
secC

The characteristic times will be those of the unit hydro-
graph displaced by 30 min (0.5 hr).

Ty =46.2hr + 0.5 hr = 46.7 hr
Tp = 10.7hr + 0.5hr = 11.2 hr
Tso = 158 hr + 0.5 hr = 16.3 hr
Ty = 28.8 hr + 0.5 hr = 24.3 br

SOLUTION 3

The time of concentration is taken as the travel time
along a diagonal toward the inlet. This distance is equal
to (200 ft)v/2 = 283 ft.
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3.4, For area A, the nomograph yields £, = 9 min.

30
28
26
=24
\
-100 /% AN A -22
./ \
Loco PN\ -20
o NN
. 300 BA 0% Lig
. - / Ny
lawn /400 N R1% -6
; NN
4 2%
Vi [ B v d
asphalt 0o A 14
- 600 IOV SF
\
700 410
5
I~ 800 8
averland % slope 5
flow length (f)
F4
surface turning t, {min)
type fine

For a storm duration of 9 min, the 10-year IDF curve
indicates an intensity of 2.3 in/hr.

intensity (in/hr}
5 L
4+
3 —
10-year 1DF curve
foww — e ..(... ——
2 fun
_____ e e
|
1
1 -
!
A
{ B
1 L L ] i
5 10 15 20 25

time to
concentration {min)

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

Qp = CIAy

= (0.8) (2.3 ;{%) (3.7 ac)

=] 6.8 ft3/sec

2.2, For area B, the nomograph yields a time of con-
centration (inlet time) of 8 min. The travel time in pipe
1is
400 f
-—%—E = 200 sec (3.3 min)
g b
sec

Area A’s Aow will reach the second inlet at
t =9 min -+ 3.3 min
=12.3 min
Pipe 2 has to be able to carry the maximum flow i
will see. There are two possiblities for peak flow. The
first occurs at area B's time of concentration, 8 minutes.

The runoff from area B will never be higher than it is
at 8 minutes.

Another possibility for peak flow in pipe 2 is when the
peak flow from area A reaches pipe 2. This will oceur at
19.3 minutes. The runoff from area B at 12.3 minutes
wili combine with the peak runoff from area A.

The maximum of these two fiows determines pipe 2's
size.

The intensity at 8 minutes is about 2.5 in/ar. The peak
runoff from area B is

Q(8 min, B) = C14

in
= (0.07) | 2.5 +— .
007 (25 ) 5729
= 0.65 ft>/ sec
This is less than Q(peak,A), so it doesn’t conbrol.

But at £ = 12.3 minutes, the storm intensity is 1.7 in/hr.
The runoff from ares B at this moment is

Q(12.3 min, B) = CIA

— (0.07) (1.7 %E) 3.7)
= 0.44 ft°/ sec

At the moment that area A’s peak reaches the seconc
inlet, area B will be producing 0.44 £3 /sec. This wil
combine with the peak flow from area A.

ft? ft?

Q(peak, pipe 2) = 0.44 — + 6.8 —
sec sec

= 7.2 ft*/ sec
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4.4. The return period for culvert design depends
mainly on land and road 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 be-
tween 0.5 and 0.8, For this problem, an average value

of will be used.

4.3. The runoff is given by the rational formula,
Qp = CIA4
0.65) (22 (175 ac)
' hr

i

228 £t /sec

4.4. For a corrugated metal pipe,
n = 0.022
The hydraulic radius for a 54-in culvert flowing full is

.. _D_siin
A=y ™7g

=13.5 in (1.13 ft)

The discharge through one culvert flowing full is

Qo = (i»sg) A{TH)2/3 Vs

(1) ([

= 101.2 t3 /sec

The maximum flow that can be carried by a circular
Pipe operating as an open channel is

Qrmax = 1.08Qn
3

= (1.08) (101.2 i)
sec
= 109.3 ft/sec

“Since each culvert must carry (228 ft%/sec)/2 =
: 1114 ft®/sec, the pipe must be under pressure to meet
“this flow. This could oceur as shown.

In this case, the culverts are controlled at the outlet.

SOLUTION 5

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

10-min storm

rank 1 (in/hr)

6.80
6.00
5.50
5.10
4.90
4.10
3.50
3.00
2.07

O 00 =T O TN L b

20-min storm

rank i {in/hr)

4.90
4.40
4.07
3.85
3.55
3.08
2.60
2.15
1.60

00 =1 U WD
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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

00 =] N U1 QO DD ke

40-min storm
rank i (in/hr)

3.40
3.10
2.90
2.60
2.30
2.00
1.75
1.50
1.05

W 0o =1 O U b WY D

60-min storm

rank i (in/hr)

2.60
2.30
2.15
2.00
1.90
1.50
1.25
1.10
0.80

W 0o ~I G s WD

The probability of exceedance is calculated as

. T
P=NT1

r is the rank when the storms are sorted from the high-
est intensity to the lowest, and N is the total number
of events {nine in this case).

The return period is T = 1/p. For the 10-year IDF,

T = 10 years, or p = 0.1. The curve is made up of all

the events with rank

r={000O+1)=1

These storms are

duration
(rmin) i (in/hr}
10 6.80
20 4.90
30 4.00
40 3.40
60 2.60

The plot of the 10-year IDF curve is shown in the figure.

intensity
(in/h)

7

; l H | | —4
10 20 30 40 50 80

duration (min.

For area A, the 10-year IDF curve yields I =7 0in/t
for t, = 5 min. The rational formula produces

Qp = CIAq
= {0.9) ('z %) (4 8¢)

= 25.2 ft3/sec

Pipe 2 must carry 25.2 ft%/sec while flowing full. Usb
the geometric properties of the full section,

D
‘T'HE“I
Z
e (2)
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Manning’s formula is used to size the pipe.
1.49 ;
Q= Av=(4) ("*;;"") (rar)/*V§

Replacing the geometric properties, this equation be-~

COmes
o= (5)- () (3)" 3

Solving for the diameter of the pipe,

D = (1.38) (%)3/8

Replacing the known values yields

3 3/8
(0.012) (25.2 ft—)
sec

D = (1.33) N

=1.59 ft {19.1in)

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

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

Qp=ClAy
= (0.25) (3.8 ;—E) (10 ac)
= 9.5 ft*/sec
The diameter is found from Manning’s equation for a
fult pipe.
n 3/8
D =(1.33) (7%)
{0.012) (9.5 ?é%) v
= (1.33) T50%

= 1.1t (13 1n)

| A standard size pipe of 14-in diameter should be used
| for pipe 1.

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

I =17in/hr
I =38 in/hr

Storm 1: duration = 5 min,
Storm 2: duration = 18 min,

The travel times in pipes 1 and 2 have been neglected
since the pipes are short.

Storm 1:

After 5 min, all of area A responds to the storm, but
only a portion of area B contributes to the flow. As-
suming constant overland flow velocities, area B can be

- linearly divided into isochrones.

660 fi

550 ft
367 ft
183 ft

—at 0.77 ac
Smin | 232 ac
10 min - 3.85 ac
15 min a 3.06 ac
18 min

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

5 min
18 min

(660 ft) ( ) = 183 ff

At the end of the storm, only the 183-ft region will con-
tribute to the flow. Consequently, the peak discharge
during this storm will be

Q@ = (0.25) (7 %) (0.77 ac) + (0.9) (7 %) (4 ac)
= 26.5 ft3/sec

Storm 2:

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

Q, = (0.25) (3.8 -E») (10 ac) + (0.9) (3.8 %’%) (4 ac)
= 23.2 ft*/sec

The design flow is the greatest of the two peaks—that
is, 26.5 ft2 /sec.
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The diameter of pipe 3 is given by Manning’s equation
for a full pipe.

= (1.33) (:’o/@_)%
= (1.33) (0.012) (26 5 fL?;) 3/8

+/0.035

= 1.6 ft (19.2 in)

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

SOLUTION 7

From the IDF table, the IG—year storm for the grassy
area has an intensity of 5.8 in/hr at 15 minutes. The
peak flow is

(Qp)grass = OIAd
in
= (0. B—1(2
(0.3) (5 8 hr) (20 ac)
= 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 minutes, and the IDF table shows an intensity of
I =6.9in/hr. The new peak flow ia
(Qp}pa.ved = CIAd
= (0.9) (6 9 ) (20 ac)

= 124.2 % /sec

The approximate hydrograph for a 10-minute storm {

flow (ft¥/sec)

1242 ~ ~ — -

34.8+

20
time (min}

Since Bows above 34.8 ft° /sec are unacceptable, the d
tention basin must hold the volume in the shaded are.
The base, b, of the shaded iriangle is interpolated as

3
308
se%
124.2 ftm

b =20 — (20 min) = 14.4 min

The required volume of the basin is

3 3
(1) (124 28 g -f—t-> (14.4min) (60 =
2 ec min.

ft3
4 =
3, 560 s

Vm

= 0.89 ac-ft

The required capacity is approximately ; 0.89 ac-ft.

PROFESSIONAL PUBLICATIONS, INC.

www.EngineeringBooksPDF.com



45

Water Supply

A 28-ft x 20-ft (plan dimensions) sand filter (not
shown) feeds a clearwell that has plan dimensions of
900 £ x 250 ft. The elevation of the surface of the
clearwell is 150 ft and is constant. A pump at elevation
165 £ is driven by a 95% efficient electric motor and
removes 3.5 MGD. The pressure gauge at the exit (lo-
cated at elevation 175 ft) reads 80 psig (static pressure).
Minor losses should be ignored.

gauge
| 15 ft 51t
elev 175 #t
200 25 130 ft
T s o
elev 165 & ]
pump
elev 150 ft
140 7t
not to scale
50 ft
300 ft "
head {ft) efiiciency (%)
409 |-
H
320
240
160 - - 100

-1 90

-1 80

i - 70

-1 60

i i ] 1 [ 1 |

flow rate (ft3/sec}

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

1.2. Draw the system curve on the accompanying
pump curve,

1-3. What is the pump efficlency at the operating
point?

1 .4. What motor horsepower would you recommend?

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

PROBLEM 2

Due 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 pro-
cesses.

1. prechlorination
flash mixing
flocculation
sedimentation
filtration
storage
chlorination

e IRl

distribution

2.4, 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 irihalomethanes (THMs) introduced into
water supplies?

2.4. How are THMs reduced?

2.5. What are the problems inherent with THM treat-
ments?
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PROBLERM 3

A rapid mixing paddie device in a drmkmg water system
has four flat plate rectangular paddles, each with an
area of 2.81 ft2. Each 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 paddle unit is
located in a 185.7 ft3 tank through which 2 MGD of
water fows.

3.4. What power is required to drive the paddie mixer?
3.2. What is the mean velocity gradient?

3.3. Is the value of Gtz (i.e., the product of the veloc-
ity gradient and the mean detention time) within the
normal range for such mixing units?

PROBLEM 4

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

4.1. Design a treatment sequence.

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

4.3. Size all settling basins in your design.

PROBLEM S

In order to build an underground parking lot for a large
office building, a 400-f% x 400-ft-square excavation site
35 ft deep needs to be made in a sandy soil (permeabil-
ity = 190 ft/day) in a location where the water table is
only 25 £t below the surface. An impervious clay stra-
tum exists 120 ft down. In order for the soil to develop
enough bearing strength to support the heavy excava-
tion machinery, the water surface must be lowered 10 ft
below the excavation floor. To accomplish this, a de-
cision has been made o drop one or more dewatering
wells 1 ft in diameter in the middle of the excavation
site.

5.1. What amount of water must the weli(s) withdraw
to completely dewater the site to a depth of 10 ft be-
low the excavation floor? Assume the well’s radius of
influence will be 800 ft.

8.2, 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 is ov
water supply system varies between 24,500 during t
day and 35,000 at night. The area is relatively fie
The town is approximately rectangular in shape wi
length and width of 4.4 mi and 2.9 mi, respective
The water district is under a mandate to provide :
water customers with minimum and maximum wat
pressures of 50 psig and 80 psig, respectively. Disrega,
minor losses, and state all other assumptions.

6.4. For what average demand should the water d
trict design its water treatment facility?

6.2. Considering hourly, daily, and seasonal variatior
what is the maximum instantaneous demand the wat
digtrict could expect to see?

©.3. What additional requirements should the wal
district add for firefighting?

6.4. In general, how would you recommend meeti
the minimum and maximum water pressure requi
ments?

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

6.6. Assuming that houses are uniformly distribut
in the town, sketch a reasonable layout for the wa
distribution system, including all towers, mains, a
submains.

&.7. Design the water storage system, indicating 1
volume and elevation of each tank. Assume there ar
total of seven water tanks, evenly distributed.

Assume that the distribution path from tower to hoi
is made up of the following pipe lengths, types, 8
roughness coefficients, in series.

roughne

type diameter (in) length (ft) coefficie
steel 16 40060 100
steel 12 4000 100
steel 8 1000 100
copper tube % 80 130

6.8. How often and at what time of day should -
water tanks be refilled?

6.9. Assuming that the water tank surface elevation
80 ft above the ground, will the water pressure requ
ments be satisfied?
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WATER SUPPLY

ca++
Cl-
COy
Fe++
HCO;
Mg++
SO, ™
TDS

80
18
15
3
336
30
64
650

mg/L
mg/L
mg/ L
mg/L
mg/L
mg,/L
mg/L
mg/ L

e e SR 7.%. What is the hardness?
position of water as delivered from an aquifer

T.2. Is the water acidic or alkaline? Why?

7.3. What is the acidity or alkalinity?

7.4. What is the most likely color of this water?
7.5. What is the pH of this water?

78. Should this water be softened?

&7

‘T 7. What amounts of lime and soda ash are required

0 obtain a final hardness of 80 mg/L?
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efficiency (%)
pump curve system curve | -
=160
-180
i
H -180
j -1 70
: - 60
|
!
H i H t X | | H
1 2 3 4 5 8 7 B8
fiow rate (ft¥sec)
he flow, @, is 3.5 MGD.
&3
= (3.5 MGD) { 1.55 _sec_ | 5.42 £t /sec
@=I ) MGD /

DH at 5.42 i3 /sec is | 320 £t

-?- Static }ift is the difference between the water ele-
ation at the outlet (175 ft) and at the inlet {150 £&).

static lift == 1761t — 150 £ = 25 ft

1bf in?
- (80 1"11_2) (144 -&?)

- Ibf

¥
62.4
£t

static exit pressure ==

= 184.6 ft

static head = lift + exit pressure
=251+ 184.6 &%
= 209.6 ft

For this problem, minor losses are small and can be
neglected,

TDH == static head - friction head 4 minor losses
320 ft = 209.6 ft + friction head -+ 0

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

hy=320ft — 2006t = 1104

Use the Hazen-Williams equation to determine the pipe
size, and calculate the system curve.

3.022v1 85 L

hy = (71.85 )1.165

[Eq. 1]

Assume this system uses plain cast-iron pipe. The rough-
ness coefficient, ', is 100.

The pipe length, L, can be determined from the figure
in the problem statement.

L = 50 ft 4 200 £t + 140 ft + 20 ft 4 25 ft
+30ft 4+ 1586+ 51
= 4851t

The velocity, v, is calculated from the continuity equa-
tion.

G = Av

The area, A, in the continuity equation can be expressed

as Dz
i
A=Tr

Substitute the equation for area in the continuity equa-
tion and solve for v.

40
My

Substitute values for hy, C, L, v, and @ in Eqg. 1.

[Eq. 2]

ft8

1.85
(4) (5.42 é’e’é)
(3.022) [yt | (4851)

1104t = (100)1-85 D165

6.9

1.85
(0262) ("ﬁ) _(0.202)(6.9)1%
= 71165 T DT PGS
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Rearrange and simplify.

4,865 __ (0'292)(69)1'85 N
D= "04k 0.0944

D = 0.616 £ (7.39 in)

2
. W(O.Giﬁ ft)

= .298 ft?

Next, compute the system curve, flow (@) versus TDH.
Use values of Q from 3 ft8/sec to 7 ft°/sec and D =
0.616 ft to solve for v with Eq. 2. Use values of v,
I = 485 ft, C = 100, and D = 0.616 ft to calculate
values of hy with Eq. 1. Finally, TDH = hj + static
head (209.8 ft). These calculations are shown in tabular
form.

static
Q v hg head  TDH
(f3/sec)  (ft/sec) (ft) {ft) {ft)
3 101 37.15 209.8 247.0
4 13.5 63.5 209.8 273.3
5 16.8 95.2 200.8 305.0
6 20.2 133.9 209.8 343.7
7 23.6 178.9 200.8 3884

This system curve,  versus TDH, is shown in the pre-
vipus illustration.

4.3. At the operating point (5.42 ft%/sec) on the ef-
ficiency curve in the illustration, the pump efficiency,

Npump» 19 90%.

4.4. The required motor horsepower, P, can be found
from the equation
L fam 9
550Ngump  Je
The heat added, ha, equals the TDH found in Sol. 1.1,
ha = 320 £t

The water tmass dow rate is

P

o= vp

£t lbm
(s (ms2)

= 338.2 1bm/sec

(320 1) (338.2 5515‘—) 59.9 1
P sec sec?
o Ibg 59,5 SPm
550 s | (0.90) " Ibf-sec?
] Tp ]

:‘ 218.6 hp  fuse 225 hp motor]

Notice that motors are rated by their output power, anc
the motor efficiency is not needed.

4.5. A reasonable assumption is that the inflow to the
sand filter equals the outflow, @Q. The volume, V, is th
product of the flow, the time, and the overload rate.

£13 sec
V= (5.42 EéE) (3600 TE) (8 hir)(1.25)
= 195,120 ft*

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

105,120 &2

soooome ~ o0

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 How.

1. Prechlorination is the process of adding chlord
to water at the beginning of the treatment pr
cess to disinfect water with high coliform leve
remove certain tastes and odors, and pretreat w
ter for removal of high concentrations of iron a1
mAanganese.

9. Flash mizing is the immediate and complete m
ing of chemicals (such as coagulants) with wal
for two minutes or less to achieve maximum p
cess efficiency.

3. Flocculation is the slow, gentle mixing of wa
with a coagulant 0 Temove colloidal materi
This allows the destabilized colloidal particles
agglomerate and form flocs. The mixing time
usually in the range of 20-60 min.

4. Sedimentation is usually 2-8 hr of low (or no)
when flocs and other discrete particles settle ¢
by gravity in a clarifier.

5. Filtration is the process of passing clarified wa
through a bed of granular media such as s&
anthracite, or garnet to remove particles that h
not been removed by sedimentation.

6. Storage is provided by reservoirs or by Wi
tanks/towers to account for daily and seasC
variations in water demand as well as for er
water demand for firefighting purposes. This
cess storage capacity allows for the design cap#
of the water treatment plant to be less than
peak water demand.
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orination 18 the final disinfection of water with
fore distribution and consumption.
" The chlorine dose is determined by local require-
“pents 10 provide either a low free-chlorine residual
 or chloramines only at the points of use.

oMl
chlorine be

.2; Chlorinated organics would probably be present
“the treated water because chiorine is added first—
: ofore arly Organic compounds are removed by floccula-
tion, sedimentation, or filtration. Chlorinated organics
o difficult to remove by these treatment processes.

4. Trihalomethanes (THMs) are organic chemicals
produced during water treatment when organic com-
ounds (precursors} in the water react with disinfec-
ants such as chlorine, bromine, and iodine. These
jrganic compounds occur naturally from decaying

plants.

THMs can be reduced by

using a raw water source with less organic THM
precursors.

disinfecting with chlorine, bromine, or fodine only
at the end of the treatment process after most
THM precursors have been removed.

removing precursors before chlorination—ifor ex-
~ ample, by treatment with granular activated car-
bon (GAC]).

using ogone, chlorine dioxide, or potassium per-
manganate for disinfection.

adding ammonta to form chloramines, which do
not form as many THMs as free chlorine.

5. Trihalomethane treatments add more expense 0
he treatment process. The cost of alternate disinfec-
ants is also greater. Alternate disinfectants should be
valuated for disinfecting power, residual stability, and
oxicity.

SOLUTION 3

P =Dv { ’ 1]
ag, D, is calculated using
CDA,OVQ
Z | R U A E * 2

Cp = drag coefficient = 1.8 for flat plates
p = density of water = 62.4 lbm/ft?
g. = gravitational constant = 32.2 ft-Ibm/sec-1bf
A == total paddle ares
= (2.81 #t* /paddie)(4 paddies) = 11.25 ft>
v = mixing velocity == 0.75 (tip speed)

tip speed = (rpm){perimeter circumference of paddle)

~ (rpm) (D)

100 25

= _6_.5%1-1« 7 (3.75 ft)

min

19.63 ft./ sec

v = (0.75) (19.63 f—t)
sec

= 14.75 f/sec

I

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

_ CpApy®
29.

Ibm £\ *
2 U —
(1.8){11.25 £t~) (62.4 73 ) (14.73 sec)

ft-lbm
@ (32'2 sec?-1bf )

= 62,709 ft-Ibf/sec

P

62,700 ft-Ibf
sec

550 fe-ibf
sec-hp

31 114.0 hp

3.2. The mean velocity gradient, G, can be found from
the equation

P

G =y =5
Ju‘V;hzmic

P = 62,709 ft-Ibf/sec

fi

o= 2.55 % 1077 Ibf-sec/ft* at 55°F

Vienic = 185.7 £

FPROFESGIONAL PUBLICATIONS, INC,

www.EngineeringBooksPDF.com



52

161 SOLVED CivVit ENGINEERING

PROBLEMS

62,709 fe1bf
o= e
(2.55 x 1075 f;ec) (185.7 %)
=1 3639/sec
This value of G is high.
3
1.55 ?EE,
3&3- = 2 M D
Q= (2MGD) MGD
= 3.1 ft*/sec
Vo 18578
=g~
31—
sec
== 5.9 sec [high end]
Gty = (%) (59.9 sec)
sec
= 2.17 x 10°

The Gty value is high. The typical range of Gtg is
104 — 10°.

4.4. When designing a treatment sequence for this wa~
ter supply, the following items must be taken into ac-
count. 'The turbidity of 300 NTU is very high and
should be reduced to 5 NTU or less. Assume that the
water does not reguire treatment to remove hardness
or strong tastes or odors. Iron (Fe) and managanese
(Mn) are present in the water and require treatment
to be removed. The bacteria count in the raw water is
relagively low.

The treatment sequence is
1. intake
. aeration to oxidize Fe and Mn
. presedimentation to settle out large solids
. coagulant addition and rapid mix

2

3

4

5. coagulation/flocculation

6. clarification to settle out flocs
T

_ filtration with dual media filters to remove no-
settleable particles

8. disinfection with chlorine

9. fluoridation

4.2, Treatment process profile:

coagulent
/l backwash
elay olav ri slav elev  alev slev  elev  olev
100 R o8 H g51t | s2ft, 9tk gpft BSR 83t
= = = B
aeration | ?
focculation
rapic mix clarifier
solids o
presedimentation disinfection
from
T 1 clearwell
. %]
fittate filter press
dewaterad solids to disposal
Cly elev  F~ elev
é 80 ft L 7Bt
- i e l I distribution
from g - - system
fitter
disinfection
clearweil

to filter

Note: All elevations are approximate to provide gravity
flow between the units.

4.3. When sizing the settling basins, the following as-
sumptions 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
particles with these characteristics, the settling velocity
Ve, is typically 2 x 107° ft/sec. In this problem, the
particles are not assumed to be spherical, s0 Vs will be
reduced by a factor of 0.7.

ft
vy = {0.7) (2 x 1073 __,.._) =1.4x 1072 ft/sec
sec
Select the overflow rate, v*, to be less than vs.
ft
* = 0.3 % 10™% = = 600 gal/day-ft?
v X = 0 gal/day

Use two basins, each with half of the flow, Q.

%— =1 % 10° gal/day

By the continuity equation,

1
1x 108 2=
) Q x 10 day
surface ™ ;}’; = ga}_
600 ——=—5
day-ft
= 1667 ft°
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Use a rectangular basin with a length-to-width ratio
o of 5:1.
Asurtsce = (SW)W) = 1667 ft*
W= 18.25ft
L=9133 &
water depth = 10 f%
tank volume = (18.25 4)(91.33 ft) (10 £}
i
= (16,668 %) [ 7.48 5
( 6a6 8 )( ft3
=1 124,675 gal
Vv
deletion time = ¢ = —
Q@
124,675 gal
- gal
1x 108 =
% day
24 hr
= {0.125 d
(0125 ca) (%)
= 3.0 hr [ok]
SOLUTIONS R,
5.1. - 200 -
I 1 i i
original 251t 35 ﬂj excavation
waterlevel @
10 # 3 water level
e after pumping
120 ft
=

A R e e e el
irmpervious clay layer

not to scale

Y
well flow, @ = Wz~ ¥3)

86,400 In (TE)
Ty

K, = permeability = 190 ft/day

Y1 = original thickness of saturated layer
=120ft - 25t =95 f

Y2 == thickness of aquifer at edge of excavation
=120 —~ 358t - 10 =75 0%

1 = radius of influence of the well, assume 800 f&

Tz = radivs of excavation (distance from center of

square to corner) = (200 f£)(v/2) = 283 ft

7 (190 —fE—) [(95 £6)2 — (75 )2}
0= day
800 &
86,4001In (~——-——283 ft)

= 22.60 ft*/ sec

gal

iy win

(22.60 ——) 448,83 LU0
sec ft

O
i

seC

=1 10,144 gal/min

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 ft from a well requires pumping a great, deal of wa-
ter. Wells in the center of a 400-ft x 400-f4 excavation
do not appear to be the best way to lower the water
table 20 ft at this site.

B.3. Other methods that could be used to provide a
dry working site include

1. Wells spaced around the perimeter of the site, as
well as one or two wells in the middle, would also
dewater the site.

2. A bentonite slurry or concrete cutoff wall could be
built around the site to a depth greater than the
desired dewatered depth (such as 55 ft) to slow the
fiow of groundwater into the site. The excavation
could then be dewatered by wells or trenches.

3. Dewatering trenches could be used around the
site.

SOLUTION 6

8.%. The assumed average water demands are

residential 100 gped
commercial 80 gped
public 20 gpcd

waste 20 gped

total demand = 220 gped

Population records from the past 20-40 years for this
town, as well as for surrounding towns, should be ana-
lyzed 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
waber treatment plant for & 30-year life. The multiplier
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for the design population is 1+4-0.2 = 1.2. The exponent
for the design population is 30 years /10 years = 3.0.

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

gal
1,006,000 G

average design flow =

=| 13.31 MGD

6.2. The maximum hourly flow can be calculated using
the average flow and a peak flow multiplier of 3.0.

6 gol day \ _
(13.31 x 10 day) (3.0) (2 . hr) =

The maximum daily flow is 1.8 times the average flow.

1.66 % 10° gal/hr

1
(13.31 x 108 g-%) (1.8) == 23.96 x 10° gal/day

6.3. Firefighting water requirements:

O = (1020vP)(1 — 0.01VP) gal/min
p = population in thousands of people
60,500
P = 1660
O = (1020V60.5)(1 — 0.01v/60.5)

_ “%53}_ 60 min 24 hr
- (e 25) () (5)

:t 10.54 x 10° gal/day

= 6{1.5

6.4. The minirum water pressure requirement is
50 1bf/in?. This can be maintained by pumping wa-
ter to storage tanks that are high enough to provide
adequate pressure, such as

Ihf it
(5{) l—ng) 2.31 TE

2

= 115.5 & + head losses

in

The maximum water pressure requirement is 80 Ibf/ in?
= 184.7 ft. This can be maintained (not exceeded) by
proper design of the storage tanks and distribution
system, and by using pressure-regulating or altitude
valves where appropriate.

8.5. The storage flow 0 equalize the pumping rate is
0.2% times the maximum daily flow.

1
storage flow = (0.25) (23.96 x 108 %) (1 day)

= 6.0 x 10° gal
gal
fire-flow storage = (7 hr) [ 7317 —
min
= 3.07 % 10° gal

60 min
hr

1
emergency storage = (3 days) (13.31 x 108 %)

= 39.93 x 10° gal
total storage = 6.0 x 10° gal +3.07 X 108 gal
+ 39.93 x 10° gal

:l 40 x 10° gal (49 MG) \

6.6, System layout:

29mi (153121

oot -t
]' [+

]

11
UL

]
[
]

4.4 mi (23,232 1) - e

- storage fowe
(typical)

JI——
o)
I-xs-«w submain oo}
|

{typicai)

griil

|

©.7. This answer is subject to variations in assurn¢
Jayout of the network. Using seven tanks,

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

. _ sgal) (M
maximum flow = (1.66 » 10 hr) ( & min}

= 27,730 gal/min

storage in each tank =

There are seven towers, each feeding two directions,

27730 £
TILEEL

@2)(7)
= 1980 gal/min

flow in 16-in (main) pipe =
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me each feed direction has three submain take-offs.

1980 22
min

3
= 660 gal/min

~ Assu

flow in 12-in pipe =

Assume reasonable values for the remaining pipes.

fiow in 6-in pipe = 200 gal/min
flow in -in tube = § gal/min

Calculate the head losses, Ay, with the Hazen-Williams
equation.

10.44LQ%
hi = (71.85 j4.8655
pipe

diameter length  flow, @ by
(in) (ft)  (gal/min) C  (ft)
18 4000 1980 100 145
12 4000 660 e 7T
6 1600 200 100 6.2
g 80 8§ 130 195

total friction losses = 47.9ft

Minimum pressure at house = 50 1bf/in?.

. b ft
static head == (50 ;"1";"‘5) (2.31 li)f—inz)

= 1155

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

115.5 ft + 47.9ft =| 163.4 ft

6.8. The water tanks should be filled at periods of low
demand such as early morning (2:00-5:00 a.m.) and af-
ternoon (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.m.} and evening (4:30-8:30 p.m.).

6.9. The minimum water pressure requirement is

Ibf ft
—_ B e | = 1155 4
(50 in2> (2 31 ibf—ing) 1155

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

H

The water pressure requirements will not be met.

SOLUTION 7

7.1. Hardness is contributed by Ca*t, Fet+, and
Mg**. Convert mg/L of substance to mg/L as CaCOj.

rnultivlier = equivalent weight CaCO3 50
phet = equivalent weight substance = MW
change

For Cat¥, MW == 40.

... B0
multiplier = W 2.5

2

compound mg/L multiplier mg/L as CaCO;3

Cat+ 80 2.5 200.0
Fet+ 3 1.79 5.4
Mg++ 30 4.1 123.0

total hardness = 200.0 + 5.4 + 123.0

= | 328.4 mg/L as CaCO;3

7.2. Alkalinity is mainly caused by HCOjy. Acidity
is mainly caused by H,COj (ie., the combination of
HyO and CO3). Assume the water is alkaline—check in
Sol. 7.3.

From Sol. 7.5, pH = 7.5. The water is alkaline.

7-3. alkalinity (eq/L) = [HCO3 ]+ 2[CO; "] + [OHT]
~ [HT]

From Sol. 7.5,

(HCO;] = 5.51 x 107 *moles/L
[Ht] = 3.1 x 10" moles/L
[HH][OH"] = (1 x 107'%)[OH]
1x 1071
T BIx10-8
= 3.23 x 1077 moles/L

HCO; = CO; ™ + H”

pKz = 10.3
{H+][COE_3 — {10)—10.3
[HOO; |

(10-103) (5.51 X 108 m;’fes)

moles

[CO37] =

3.1 x 108
= 8.91 x 107° moles/L
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alkalinity = (5_51 v 1072 mi@s)

+ (2) (8.91 x 107 mdes)

= 5.528 x 10™% eq/L
= (5528 x 107* 2
(5 528 % 10 L)

3 g as Ca003>

% (50 % 10
eq

=1276.4 mg/L as CaCOjy

acidity (eq/L) = 2[H,CO3] + HCOZ] + =Y
~ [OH"]
From Sol. 7.5,
[H,COY] = 3.41 x 1074 moLleS

acidity = (2) ( x 104 mo}es)
N (5 « 10-3 moles)
N ( « 10-5 moles)
+ (3.23 % 1077 T—‘?)

= 6.19 x 10™%eq/L
-8 gg
(6.19 % 10 L)

(5{} » g e 28 CaCOa,)
eq

1l

=| 309.6 mg/L as CaCO3

= &. This water would probably be the color of rust or
rusty tea. The iron would contribute & rust color. Any
organics (such as TDS} may aiso contribute a ea color.

15 x 1072 &

7.5. [00g] = ——5—L&
44 5
mole

= 3.41 x 107 moles/L

336 x 1073 %

(HCO7} = ——g—2
6] ——
mole

= 5.51 x 107% moles/L
Assume

[HyCOj] = [CO3 ag] = 341 x 107% moles/L
H,CO% = HCO7 + H

pK1 = 6.3
[H+HHCO{_’;] — }G-rﬁ.?v
[H2CO3)
] = (10~%3){H,CO3]
[HCO3]
(1078:5) (3.41 x 10~ m‘:es)
551 x 10-8 2O
= 3.10 x 107% moles/L
H = —log[H"]
= —log (3‘10 % 1072 mzles)

=1 7.5

=.6. This water should be softened to reduce the har
ness to 60 mg/L or less (which is considered soft watber

7.7. total hardness = 328.4 mg/L as CaCOs
alkalinity = 276.4 mg/L as CaCOs

CO, = (15 %g) %%
2

= 34.1 mg/L as CaCOs

In the first stage, add hydrated lime (93% P
Ca{OH);z) to remove COg, alkalinity Ca(HCO3)2, &
Mg(HCO3)2}.

Hydrated lime must be converted to CaCOjz equi
lents.

formula weight, Ca(OH), = 74
valence = 2

equivalence, Ca(OH), = 50 = 1.35

‘2
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The amount of lime required to remove COg and HCOy

18

341 ?f +276.4 28

(1.35)(0.98} 247.3 mg/L

[Ca(OH)z]

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

mg
50 T
extra lime = T 53.8 mg/L
total lime (Ca(OH),) = 247.3 I;"g +53.8 %ﬁ
= | 301.1 mg/L

In the second stage, add soda ash (98% NapCOs) to
remove CaS0y and MgSQ,.

noncarbonate hardness = total hardness — alkalinity
= 328.4 5%5 ~ 276,428

L
= 52.0 mg/L as CaCOj

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

52.0 gng - 80 % = —28 mg/L as CaCOj3
, 50
CaO3 equivalence of NagCOg e 06 = 0.94
2

No soda ash is required because hardness is less
than 80 mg/L after lime treatment.
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Soils

Soil is taken from & borrow site and used as fill at a con-
struction site. A standard Proctor test indicates that
the dry specific weight of a borrow soil is 105 Ibf/ ft3 at
an optimum moisture content of 20%. The borrow soil
has a water content of 26%. The specific gravity of the
“gpil solids is 2.65. Per contract, the fill must be com-
pacted to 95% of the standard Proctor maximurm, but
the earthwork contractor complains that the fill pumps
and ruts badly before reaching 95% compaction.

4.,1. Plot three points on the zero air void curve for
moisture contents of 20%, 256%, and 30%.

1.2, What is the maximum water content when the
-l is compacted to 95% of the standard Proctor maxi-
©mum?

 4.3. What is the maximum density without pumping
or rutting at the original water content of 26%?

1.4. Does the earthwork contractor have a valid argu-
ment?

1.5. Briefly give your recommendations.

Samples of five different soils, A, B, C, D, and E, are
taken. The properties of the five soils are given.

sieve analysis: % passing

soil 10 40 160 200

A 45 15 5 -

B 75 40 20 15

C 85 62 35 7

D 89 72 48 39

E 95 87 72 63
uy Uy I

liguid plastic plasticity
soil lirnit limit index

A 8 - ~
B 27 15 12
C 37 29 2
D 35 22 13
E 52 25 27

2.4, What are the soils’ classifications according to the
AASHTQ system?

2.2. What are the soils’ classifications according to the
Unified Scils system?

2.3. Which soil(s) would require undercutting if ex-
posed afier excavation and grading (i.e., would not be
suitable for roadway base material)?

2.4. Which soil{s) would not make suitable roadway
embankment material?

2.85. Which soil(s) would not make suitable borrow ma-
terial for a subbase?

PROBLEM 3

The cut and fill volumes {in cubic yards) of soil for 20
stations along a new highway are given. The soil has
a shrinkage factor of 0.25. The confractual free haul
distance is 600 ft.

station cut il
1406 - 1000
2400 2000 -
3400 1000 -
4400 - 1500
5400 500 -
6-+-00 1000 -
7400 1500 -
8-+00 - 500
9400 - 1500
10400 - 500
11400 = 1000
12-4-00 2000 -
13400 2500 -
14400 1000 -
154-00 0 0
164-00 - 1000
17400 - 1500
18400 - 2000
194-00 - 2500
20400 - 2000
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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 overhaul 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?

PROBLEM 4

Two 20-ft-deep cuts are made at an angle of 45°, one
in sandy soil (angle of internal friction = 30°, density
= 120 Ibf/ft?), and another in homogeneous soft clay
(specific weight = 110 Ibf/f?; unconfined compressive
strength = 1600 1bf/ft?*). Answer parts 4.1 through 4.4
for both soils.

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

4.2. Find the factor of safety for translahonal or lateral
block failure. 7 e ‘.;‘ AU La”) j

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 5

An 18-ft-high, 40-ft-wide braced cut is made in clay
(cohesion = 450 Ibf/ft?; specific weight = 115 Ibf/ft®).
The bottom of the cut is well above & hard clay layer.

SRR G &~ i
clay: braces
o= 450 bf/ft2 —~—wall (typical) B |18t
= 115 1pH/ft3 "
o 40 ft -

hard ciay aner o

( \ &g
B.1. What is the factor of safety against bottom heave?

Hw w345 Poz1H
8.2. At what depth will the bottom heave? ;"
o7 25

5.3. If the bottom of the cut is only 16 £ above 3 hard
clay layer, what will be the factor of safety?

PROBLEM 6

A 20-in-diameter concrete pipe with a crushing strength
of 1000 Ibf/f? is buried 4 f¢ below grade. The trench is
backfilled with granular soil having & dry specific weight
of 120 Ibf/ft°. The pipe is loaded 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

Two soils have been proposed for use as a landfill soil
liner. Falling head permeability tests have been per-
formed.

permeability test results

test parameter soil A soil B
| sample length 15 cm 15 cm
A sample area 40 cm® 40 em®
i, initial head 160 em 200 cm
final head 75 cm 1990 cin
+ test time 300 min 6000 min
Af standpipe area 5 cm? 2 em®
IR A P17

7.4. What are the permeabilities of the two soils in
units of ft/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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fons

air voids curve. Use the following
o degree of saturastion, s, equals 1.

£ water (62.4 1bf/ft)
ntent expressed as a decimal

7 (Ibi/it?)

118.3
108.1
99.5
92.1

0 alr void curve

95% of standard
Proctor maximum
density = 29.8 bifd

05 Ibffia 0
1 | i 1
20 25 30

- water content {w )

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 maximum water content at 95%
of the standard Proctor maximum is approximately
25%.

4.3. Maximum density without pumping at 26% water
content, w, is the point on the zero air voids curve at
26%. From the plot, v =~ 98 1bf/ft?.

The maximum density can aiso be found by

62.4 2F
g = —— L =1 97.9 Tof/f3

{126 +

2.65

1.4. The earthwork contractor has a valid point. At
26% moisture content, any density over 98 Ibf/ft® wili
cause the soil to pump and rut.

4.5, The contractor should dry the soil back o near-
optimum water content, w (20%). Each lift should be
spread and then disked until it dries to about 20% water
content. Disking should be done prior to compaction.

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

Finally, the contractor should be reminded that the
nearer the soil is to optimum w, the easier it will be
to reach 95% of the standard Proctor maximum. Fewer
compactor passes are required at 20% water content
than would be required at 24% or 25% water content.

2.4, 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.
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A-B 8C (CL fines)
CH {CH fines)

AASHTO Unified Soils
soil group Clagsification
A A-l-a SW or SP (C,, undetermined)
B A-2-6 SC (CL fines)
C A-2-4 SP-SM (ML fines; €, < 4)
D
E

A-T-6

2.5, Use the Unified Soil Classification flow charts
(found in ASTM test method D-2487-90-—standard test
method for classification of soils for engineering pur-
poses). Choose the appropriate flow chart based on 50%
or more passing the number 200 sieve, or 50% or more
retained on the number 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
number 4 sieve.

Note that ¢, is not specified and cannot be determined
for soil A. Classify fines using ASTM D-2487-90 or any
standard plasticity chart.

_ Dgo
Cu= Dio

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

2.4, Soils D and E are clayey soils rated A-6 or wors:
They would not be suitable for a roadway embankmen

2.8. Soils rated A-2-6 or worse {such as soils B, D, an
E) would not make good subbase borrow soil.

SOLUTION 3

3.1. The mass diagram is constructed by first modif:
ing the fill values by the shrinkage factor given for t}
soil. Next, add all the cut values and subtract all t}
modified fill values, then tabulate the cumulative valu
for each station as shown in the following table. Pl
the cumulative values as shown in the following figur:

3.2. Balance points may be found by drawing a hor
zontal line at any location on the mass diagram. G
and fill are balanced between any two adjacent statio
where the mass diagram is intersected by the horizonte
Consider the points where the mass diagram crosses tl
zerc cut and A1l horizontal. Balance points along th
line are indicated by vertical arrows on the mass ¢
agram. These poinfs occur approximately at statio
1450, 4400, 9450, 11470, and 17-+40. (See followi
table and figure.)

Haul directions are indicated on the mass diagram. .
general, a positive slope indicates cutting, and a neg
tive slope indicates filling,
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Tabde for Solutions 3.1 and 3.2

total volume
8l {-) curnulative haul volume at balance
sta cut (+) £l () %125 cut or fill (sta yd) points (sta yd)
Y - 0 - 0 - -
1 0 1 1.26 —1.25 —0.625 -
1.5 - - - 0 —-(.3125 —~0.9375
2 2 ¢ 0 0.75 0.1875 -
3 1 0 0 1.75 1.25 -
4 0 1.5 1.875 -0.125 0.8125 2.25
5 0.5 0 0 0.375 0.125 -
6 i 0 0 1.375 0.875 -
7 1.5 0 G 2.875 2.125 -
8 0 0.5 0.625 2.25 2.5625 -
g 0 1.5 1.875 6.375 | 1.3125 -
9.5 - - - ¢ - .09375 7.69375
10 0 6.5 0.625 —(1.25 ~0.0625 -
11 0 1 1.25 ~1.5 ~(.875 -
11.7 - - - 0 —.525 —1.4625
i2 2 0 o 0.5 0.075 -
13 2.5 0 0 3 L.75 -
14 1 0 0 4 3.5 -
15 0 0 4 4 4 -
18 0 1 1.25 2,75 3.375 -
17 0 1.5 1.875 0.875 1.8125 -
17.4 - - - ¢ 0.175 14.6875
18 0 2 2.5 —1.625 —0.4875 -
19 0 2.5 3.125 —~4.75 —3.1875 -
20 0 2 2.5 -T.25 —6 —~8.675

(All cut, £ill, and volumes are in thousands of cubic yards.)

Figure for Solutions 3.1 and 3.2

1600's of
cubic yards

4 balance
cut{+) 2 | point

haul direction
ol N s el

i {~)-2 L M

4 batance points ] balance points
~6 L.
-8 | E | H k | {
5 10 15 20
station

mass diagram

PROFESSIONAL PUBLICATIONS, ING,

www.EngineeringBooksPDF.com



6B 101 SOLVED ©IViL ENGINEERING PROBLEMS

3.3. Haul volumes may be calculated as the areas be-
low the mass diagram between balance points. For ex-
ample, the volime between stations 1450 and 4+4-00 is
found by

[sta (2-1.5) (750;(13 H

. (St& (3-2) [(1750 yd® ;- 750 ydg’)} )

; (sta (4-3) [<~125 yd® 1750 yda)D

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

=| 2251 sta yd® {or sta yd)

Other haul volumes for balance points are shown in the
preceding table.

2.4, The overhaul volume between station 1400 and
the first balance point is 0, since 50 ft is less than the
freehand distance.

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

3.6. Measures to control siope stability and erosion in-
clude reducing slope angles, hydroseeding or vegetating
slopes, and using silt fences.

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

angle, 0.

For homogeneous soft clay, the friction angle is taken as

ZELO,
¢ 0
FSclay = :8— S 55 m@

NSNS

20 ft
f=45°

RITFSNSNTAN

4.2. The factor of safety against a soil block translatic
or rotation is computed by a computer prograin ot take
from a slope stability chart. For the sand, there is 1
surcharge and no water inside or outside of the slope
FS = tan ¢
tan 3
_ tan30°
T tandse

For the clay, use the Taylor slope stability chart (¢ = (
The factor of safety can be computed as

Nge

~H

N, is the stability number from the chart, ¢ is the ¢
hesion intercept taken as one-half the unconfined cor
pressive strength for ¢ = 0, v is the specific weight
the soil, and H is the slope height.

0.58

FS =

From the Taylor slope stability chart, an average val
of N, is approximately 6 for § = 45°. The factor
safety is
£
1600 %
(©) | —5 2
Nye

18 (110 935) (20 )

ft?
ﬂ‘ 2.2

4.3. Any factor of safety less than 1 is unaccepta
because failure is indicated. Generally, a factor of saf
of 1.25-1.5 is considered acceptable. The clay sl
<hould be stable as shown in (b), but the sand sl
will be unstable.

FS

4.4, The clay slope is stable with a factor of safety
2.9. The sand slope should be revised to have a fac
of safety of approximately 1.5. From the previous eq
tion, & maximum stable slope angle may he determb

by
_; (tang
== L3 ik
3 = tan ( 7S )
— tap~? tan 30°
B 1.5
=1 21°
SOLUTION 5

§.4. When the hard clay layer is deeper than 0.75
= excavation width), the factor of safety, F'S, age
the bottom heave is
Qu 5-7631
FS o ot = e
Q ~HBy —cH

¢ = cohesion
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By =078 ‘
v = soil specific weight
H = excavation height

(5.7) (450 @> (0.7)(40 ft)

Ibf

FS =
| (115 g) (18 £)(0.7)(40 ft) — (450 ft2> (18 £)

= 1.44

8,2, If all other parameters remain the same but the
excavation is carried deeper, the bottom wili heave
when the factor of safety equals 1.

1 5.7c
ro= (1) (3%) -
T 0%B
Solve for H.
5.7c
How=
YT OB
Ibf
) (5.7) (450 f—ﬁ)
= Tof
4 e
st 0

& (0.7)(40 )

= | 25.9 ft

B.3. Agsume that the original conditions apply but

~ that the hard clay is now 10 ft below the bottom of

_the excavation. For a depth to hard layer, D, of less
than 0.7B, use

Ibf

“< ) ) (5. )(4501%2)
I8 Ibf
Ibf 450@
#2 (10f5)

115

== 2.03

SOLUTION &

Compute the dead load per unit length, w, and the dead
load pressure, Paesd loag-

w = Cyy B?
'\ = correction coefficient
B = trench width

For a 20-in-diameter pipe, a trench of approximately
36 in would be required. The (), is approximately 1, so

w = (1) (120 i’f) (3 f£)*

== 1080 Ibf/ft

1b#
1080 — b

i
Pdead load = 3t + 100 “fgg“
= 460 1bf/ft?

The live load, Diive 10ad, for H-20 loading is determined
from NAVFAG DM 7.1 (1982}, Fig. 19. For 4 ft of cover,
the live load on the pipe is approximately 350 Ibf/ft?.
Note that this value includes impact effects.

Plive foad = 350 }_bf/ft2

The allowable load, Danowable, that the pipe should be
able to withstand without excessive cracking is

FS
Pallowable = {pdead load + Diive laad) f

Ly 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 bedding, %/5_[

Pallowable = (460 Ejf + 350 lbf) (5,23)

EX W

ft? 1.9

= | 533 Ibf/ft? < 1000 Ibf/ft?  [safe]

For class D bedding,

Iof bfy /1.25
Pallowable = (460 f‘t2 + 350 ft_2> (—}_—i—)

= | 920 1b/82 < 1000 1bf/ft2  [safe]

However, if a factor of safety of 1.5 is desired, the pipe
would not be safe for class D bedding.

SOLUTION 7

7.1. The hydraulic conductivity of the two soils may
be computed from the equation for the falling-head test.
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g8 1901 SOL

= (G (%)
(5em )(1Scm})} - (199_%)

o eem ae
Fotl & {{40 cm?}(300 cm 75
= 0.0018 cna/min

Converting the units,

525,600
yI'

CIn
hooit A = (0.0018 %) — 9‘{?

=1 31.0 ft/yT
. @Zen®)(15em) |y, (200 em
soil B ™ | 740 cmn?)(6000 em) 190 cm
= 6.4 % 107 cm/min
. [ 525600 %ﬁ
. s ~6 B
ksoil B (6.4 % 10 min) -
B i

=] 0.11 &/yr

=2, Most regulations yequire & soil liner to have an
inplace hydraulic conductivity of 1 % 10~7 cm/sec (or
0.1 fi/yr). Soil B would be acceptable as a liner.
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Foundations

PROBLEM 1

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/ft? live load. The piles
penetrate 10 ft of recently placed granular fill (specific
weight = 110 lbf/ft*) and 24 ff of normaliy consoli-
dated clay (specific weight = 95 bf/ft?; angle of infernal
friction = 30°; unconfined compressive strength = 900
Ibf/£t%). The piles continue another 16 ft, and pile ends
bear on a dense sand layer (¢ = 35° « = 125 Ibf/ft%).
Piles have been installed loosely through a steel casing
for the first 10 ft.
slab

101t

normally consolidated
=05 [biffi

8, = 900 i

&= 30°

24 ft

ense sand layer

%.1. Is the end capacity sufficient for this installation?
Why or why not?

1.2. Would your approsch to determining the pile
strength be any different if the clay layer was overcon-

solidated? If so, in what manner would your approach
differ?

PROBLEM 2

Two square footings in a structure must have the same
settlement even though their loadings and sizes are

different. Both footings are located at the same depth
in a sand layer 2 ft above the water table. The first
footing (A) is 6 ft square. (Refer to the illustration for
more information.) Disregard any interaction between
the two footings.

¢ 75 kips

{N} N

Sear= 120 IbffAE

; size ?

¥ : water table

:'sand: "

o= 130 Jof#
clay:
Vo= 113 1T/
4 C,=0.38
2,=0.80
Y G o N T o O T 0 Vel O 0 ua. Vol

bedrock

2.%. What is the settlement of footing A?

2.2. For a first approximation, assume a 2:1 (verti-
cal:horizontal) 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 (horizontal
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 Ibf/ft?. The soil
consists of sand (effective friction angle = 30°; specific
weight = 120 Ibf/ft%; coefficient of modulus variation =
40,000 1bf/1t3). Assume the water table is at the ground
surface. Use a factor of safety of 2.5 to determine the
maximum allowable lateral losd. State the authority
for yvour method.
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_ﬁb’ E #50 kips

ot 7 %
water table
A 4 clay:

w waler table

< y=120 bifft®

PROBLEM 4

4.%. Find the primary settlement under the cente

The bay spacing in a reinforced concrete frame is 20 ft. the footing.

Each bay has a series of 6-ft x 6-ft footings that carry
vertical loads of 50,000 1bf. The footings are located
over two layers of clay and two layers of sand. The
specific gravity of the clay solids is 2.7. (Refer to the
illustration for more details.)

4.2. Is this settlement tolerable? Why or why not
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pundatians Solutions

.Compute the pile load.

o Joad = (area){live load + dead load)
= (12 £6)(12 ft) [1100 i—lg +(21t) (150 %)}

= 201,600 Ibf

& capacity is derived from side (skin) resistance and
{end) resistance. In this problem, negative skin fric-
- or downdrag will occur as the clay consolidates.
itional load will be applied to the pile. Downdrag
willoccur between the top of the clay layer and the
tral axis (generally taken as the center of the layer,
though a more rigorous solution may be employed}.
'h:e average lateral force applied by the clay is

Jave = Tyktand
7, = effective vertical stress
k = earth pressure coefficient
mxl - ging
§ = goil-pile friction angle
=2 0.5¢ to 0.T¢

average vertical stress acting over the top half of
he layer is computed at a depth of 6 ft below the top
he clay.

fave = Tyktand

[(lof’c) (110 gg) + (6 £t) (95 g)]

x (1 — sin 30°}[tan(0.6)(30%)]
271 Tbe/gt?

It

i

he downdrag force may be computed as

Qn

i

{Fave)(pile surface area)

Ibf 20 in
(271 %?w) (12 ft)r L
fr

H

i

17,027 Iof

The load applied to the pile is

load applied = 201,600 Ibf -+ 17, 027 Ibf
= 218,627 Ibf

The critical embedment depth in the dense sand may
be determined.

(—Lj—) a2 10
D critical

L = embedment length
D == pile diameter

The maximum tip capacity is obtained at

Ly = 10D = (10) | 22 -
122
it

= 16.7 ft

For ¢ = 35°, N, = 41.4. (Value used may vary with
other sources.)

For a depth of 16 {t into the dense sand,
g == (10 1f5) (iiO %)

Ibf Ibf
+ (24 ft) (95 f_tg) + (16 ft) (125 ﬁg)
= 5380 Ibf/ft2

The tip capacity of the pile may be computed as

Qp = gpdp = A" Ny
Ay = pile tip cross-sectional area

g’ = effective vertical stress at pile tip
N, = bearing capacity factor

@p = qu,Nq

()] ) (08)

486,000 1bf

Qaliowable = g_g

il

i
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A factor of safety of about 3 should be used. &y, = 7h
48 Ibf - 1bf
Qallowable = ""6’8399‘”"' T, at 2 ft = (120 £t 3 (2 ft)
== 162,000 lbf = 240 Ibf/ft? [at base of footing]
. ) - Ibf Ibf
Oallowable < load applied, so the pile end capacity Ty, ot 4 ft = 240 — w2 + {120 — i (2 ft)
is not sufficient.
= 480 Ibf/ft?  [at water table]
Ibf Ibf )
Ty, a6 8 = 480 1 + (211) (130 w3 - 6247 ibf
1.2. If the clay was overconsolidated, settiement would b
be negligible and no downdrag would occur. Addi- + (2 ft) (113 bt ~ 62, 4 lbf
tional pile capacity would be derived from friction be-
tween the pile and the clay. For highly overconsolidated = 716.4 Ibf/ft? [at center of clay]
clays, it would be conservative to ignore increased ca-
pacity because the clay may crack, which would Hmit ¥
the strength increase. Potential for cracking may be depth Ty, z ég Ap
reduced by augering a hole for the pile before driving. {ft) (Ibf/f2) B g (Ibf/ft?)
0 240 0 1 1250

SOLUTION 2 e 2 480 0.33 09 1125
‘ 6 7i6.4 1.0 0.33 412

2.1. Footing A applies 45 kips of load over 36 ft? of Use the previous figure to compute the change in st
footing area. The applied stress on the bottom of the below the footing at depths of 3 ft, 5 ft, and & f f

footing, ¢, may be computed as the bottom of the footing.
45 kips Ibf

:<36&2>(QOOW}§) atlft,—gmé—gmﬂ.l'?

= 1250 1bf/ft? z  3ft

. — at3ft, = = — =05
Compute effective overburden pressures, &y,, and the B 6ft
change in stress, Ap, at the top of the sand layers and 2 Bft
the center of the clay. z is the depth from the bottom at § ft, BT BR 0.8
of the footing. Use Boussinesq stress contour charts . 8k
or other suitable means to determine the ratio Ap/g at 8 ft, — 5= bR =13

{or calculate Ap graphically from an influence chart).
(The sand settlement is probably negligible, but check Settlement in the sand layers may be computed u
it anyway.) the following formula.

footing

surface o '
I, = strain influence factor

2 i l i l 4 (1 = correction for embedment
Ty

2 = (1 T

- ' : ( 0 5) ( . O-Vo )

(s == correction for creep
=1+ 0.2 log (tirze in yr/0.1)
Eg = Young’s modulus

For a square footing,

I,=01latz=20
I,=05at2=05B=(0.5){6ft) =3ft

At z =11t and 3 ft, /B = 0.167 and 0.5, respectis
and I, = 0.23 and 0.5, respectively.
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05 ~

04

03 -

0.2

0.1 0.2 0.3 0.4 0.5

The settlement in the sand 1 yr after the footing is
placed is

240 }f%f
= {1—{0.5)
TBF 1S
1250 7 ~ 24_0 e

% {1 +0.2]og ( Olly;r)} 0.23 = | (24in)
' |\ 720,000 23

T L | (24i0) (1250 }szf 240 i%f)

720,000 5

=0.026 in  [negligible]

Settlement for a normally consolidated clay may be
- computed as

l 4
716.4 2 4 419 %

£ Ibt
716.4 s

= .17 ft (2.0 in)

Settlement in the sand layers is negligible, so the
total settlemeni 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-
g B should be sized so that 2 in of settlement is in-
duced 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 1bf/ft2. The
hypothetical loaded area at the center of the clay layer

would be
load 75,000 1bf

stress Ibf
412 i

Am

= 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 hori-
zontal) stress distribution, project upward to the depth
of footing B as shown.

footing B

Footing B should have a side dimension of

13.5 £t — (2)(0.5)(6ft) =] 7.5 f

SOLUTION 3

The first step is to determine if the pﬂe will behave
as short and rigid or long and flexible. Compute the
stiffness factor, K.
S E

kB
Ky
1.6

oy = Terzaghi's subgrade modulus for
1™ & one-square-ft plate

B == pile width
I = moment of inertia

k =

s éﬂ“r‘l = 0.04910*

For sand with ¢ == 30°, density may range from loose
to medium. k; may be estimated to be from 50-100
tons/ft2 Solve for R.

(60 000 1bf> (0.0491) [(20)* in*]
R =
‘{100,000 lbf i
e S {20 in) (W""_)
\ 1.5% 12 in

= § in

PROFESSIONAL PUBLICATIONS, INC,

www.EngineeringBooksPDF.com



74 101 SOLVED CIVIL ENGIMEERING PROBLEMS

Compute the stiffness factor, T

EI

Tk

5

ny, = coefficient of moduius variation

5 (60 000 ) (0.0491) [(20)* in*]
(40 0 (555)

Compare the embedded pile length, L, to R and T

T o

=10.7 in

12 in

(14ff)( ) = 168 in

Since I > 47 and L > 3.5R, the pile is considered to
be iong and elastic. An elastic solution must be used.

Find the uitimate moment resistance, M,, for the
pile. A 20-in-round (or octagonal) pile will typically
have eight #5 or #6 bars. Such piles will have M,
values of 70 kNm and 100 kNm, respectively.

kp = tan® (45" + %)

1 1bi 3.28 ft
M, (70,000 Nem) (445 N) ( m )
Bivk, /20 1bf Ibf 30°
2. 2 [
(12)(120 o5 —6 4ft3) (45 + )
= 38.7 [say 40]
H, .
W = & for 5 ratio = 3.6
H, = ultimate lateral load
= 8l By
3
= (8) | tan® (45° + ﬂ) 20in
2 1o
£t

lbf 1bf
(ol —enl)

= G400 Ibf

The sllowable lateral load, Hinowable, 18

H, 64001bf
Hanowanle = 'F—é” = 25

= 2560 Ibf (minimum)

If the larger steel is used, then

M, = 100 kN-m
Bﬁk = 55
kf;s = 10
H, = 8000 Ibf
Hatlowable = ?_Qg%?f

== | 3200 1bf (maximum)

SOLUTION 4

4.1. The applied footing load, g, is

load  50,0001bf
1= Grea T 66 )
= 1389 1bf/{t?

Determine the change in stress, Ap, at the center ¢
each soil layer from stress-contour charts or by othe
means.

depth Ap
center of depth I g Ap
layer no. (ft) (for B=61t) (L/B=1) (ibf/f
1 2.5 0.4 0.8 1111
2 7.5 i3 0.2 278
3 12.5 2.1 0.09 125
4 17.5 2.9 0.04 56

Compute the specific weight of the clay layers.

rsotids = (2.7)(62.4 1of/£:3) = 168.5 Ibf/ft>

_. Dooligs
1+4+e
Clay 1:
168.5 g;}if ,
WE TS 76.6 1bf/ft
Clay 2
168.5 g}f
WE T 84.3 Iof/43

Clay 2 is below the water table, so compute the wat
content, w.

_se
T 8G
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Jegree of saturation, S, is approximately 1 below

ater table. é

w=DEY _ 057 (377

urated density of clay 2 is

~va(l+w)
Iof \
(84.3 ﬁ‘g {1+ 0.37) = 115.53 lbf/ft

i

i

"hange in stress at a depth of 2B below a footing
sually negligible. Only 4-9% of the applied footing
reaches the sand layers. Seftlement in the sand

T8 is negligible.
offective overburden pressure, 7y, , at the center of
clay layers is

1bf
By ayer 1 = (25 16) (76.6 E?)
= 192 Ibi/ft?
ibf
| Ovlayer 2 = (5 ft) (766 Ef’-)

+(25 ft}(llS.S

= 516 Ibf/ft2

Ibf Ibf
73— 624 R—3>

Assume the clay is normally consolidated and compute
the settlement, S.

‘Jayer height By AR,
( 1T+e, ) (Cc_log_._
192 28 4 1111 ok
51t ﬂ;Q ftz
Sla,yer 17 ‘—“’—‘1 Tio 0.510g iE
‘ 192 25
L ft
= (.95 ft
i 516 @ + 278 lb—f
5ft ft2 f§2
Siaer 2= (775 | #4108 I
i 516 e
= (.19 £

Total settlement = 0.95 ft -+ 0.19 ft

=|1.14 £ (13.7 in)

4.2, This settlement is not tolerable. Generally, a set-
tlement of T in or less is acceptable. For a concrete
frame, angular distortion, d/! of 0.003 is considered ac-
ceptable. This results in a settlement of approximately
3/4 in in a column span, {, of 20 ft. The computed
settlement would be excessive.
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tewater treatment plant receives 4.5 MGD of
tewater influent with the following characteris-

2_:jmg/ L dissolved oxygen
70% volatile solids

art of its processing, the wastewater is aerated with
ion aerators operating with the following charac-

1.15 Ibm Oy/1bm BOD removed
[LSS constant  0.03 Ibm O /lbm BOD removed
efficiency 15%
“efficiency 85%

éﬁieiency 80%
ik 22.7 1bf/in?

covered digesters are used to process 30,000 gal
aste sludge per day. Each digester has an internal
digmeter of 45 ft, vertical walls of unspecified height,
and-a 7.5-ft-high tapered gection at the bottom. Prior
ading, the waste is thickened 5% and has the fol-
g characteristics.

BODs loading 12,000 Ibm/day
volatile organics  70%
temperature 61°F
- BOD reaction constant  0.2/day

he following data in calculating methane produc-

ficiency of waste utilization E  70%

yield coefficient, ¥ 0.06 1bm/lbm
endogenous coefficient, By  0.03/day
mean cell residence time, 8, 10 days

The average ambiens temperature is 58°F, and the tem-
perature of digestion is 91°F. The average heat loss
through the vertical portion of the digester walls is
110,000 BTU /hr per digester. The overall coeflicients
of heat transfer for the floor and roof of the digester are
0.15 BTU/f?-°F-hr and 0.16 BTU/f2-°F-hr, respec-
tively.

2.1. How much heat (in BTUs) must be supplied to
maintain the 91°F digestion temperature?

2,2, Wil the methane produced from the digestion
process be sufficient to provide the energy required?

PROBLEM 3

An existing 24-in (inside diameter) unlined concrete
sewer pipe currently serves a small town but is ex-
pected to be under capacity when the population peaks
at 300,000. The existing line drops 100 ft as it trav-
els 4000 £ to the first pumping station. A second pipe
will be installed in parallel with the existing pipe. Use
250 gped (gal per capita per day) as an estimate of the
future wastewater production.

3.%. What diameter pipe should be installed so that
the combined capacity will be adequate for the peak
population?

3.2. If both pipes are 24-in diameter, what will be the
depth of flow in each pipe?

PROBLEM 4

A pretreatment plant processes waste from several lo-
cal industries prior to discharging it into the municipal
system. The following mix of influents must be handled
simultaneously.

volume SOUTCE

13,000 gal/day
41,250 gal/day

5000 gal/day
15,000 gal/day

senitary waste from employees
hospital medical waste

plating plant chemical waste
dairy animal waste
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4.4. 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 pretreatment
process?

4.3. Design a pretreatment process and briefly explain
why each step is required.

PROBLEM 5

Design a stabilization pond to support a large national
park campground. The population of the campground
increases dramatically during the summer. During win-
ter months, a skeleton crew remains to perform mainte-
nance. The following characteristics must be considered
in the pond design.

BOD loading (all sources) 250 mg/L
average annual temperature 70°F

latitude 20°N

skeleton population 300

pesk summer popuiation 10,000 campers
hospital bed capacity 100
lasndromat 20 waghers
dining rooms 500 seats

gas stations 8 pumps

The dining room serves three meals a day. During the
summer, the dining facility offers a choice of three sit-
tings/servings per meal.

Use the following data in calculating the performance
of the stabilization pond.

BOD loading from all sources = 250 mg/L
BODs conversion = 90%
first-order BODjs rate constant, k = 0.25/day at 20°C

temperature coefficient, § = 1.06 at 20°C

summer pond temperature = 32°C {90°F)

winter pond temperature = 10°C (50°F)

maximum individual pond area = 10 ac

maximum pond depth = 2 ft

The product, kt, of the first-order reaction constant, &,
and the detention time, ¢, is 5.

PROBLEM 6

Specify five different methods for dlspos:ng of sold
waste in open areas. For each, indicate the (a) advan-
tages, (b) disadvantages, and (c) relative cost. Also
specify (d) the approximate population size for which
each method is appropriate.

PROBLEM 7

The present pOpuiation of a large town is 500,000 s
is expected to increase by 3% each year as it has in ¢
past. The population currently disposes of 5.4 Ibm
solid waste per capita day, but this amount is expect
to increase at the rate of 1% per year as it has in {
past.

Through & new recycling program, 3% of all solid wa;
can be recovered. A solid-waste disposal site has been
use (without recycling) for 16 years and was origina
designed with a 20-year life. The site is roughly squ:
in configuration with vertical side slopes. There i
250-ft buffer zone around the site, and waste can
piled to an average height of 40 ft. Daily, intermitte
and final cover occupies 26% of the disposal site. T
existing site has four years of capacity remaining. Sc
waste is compacted to a density of 1000 tbm/yd®.

7.1. How many acres does the current site occupy?

7.2. Specify the size (in acres) of a replacement s
that would extend the useful life by an additional {
years.

PROBLEM &

One MGD of wastewater is treated in a lagoon/ hold
pond arrangement. The effluent from the ponds is sut
quently processed by spraying into fields at the rate
2.5 in-ac/ac-week. The static head available in the sp:
lines is 45 ft, but head losses due to friction throt
the piping system are 30 ft. Each spray nozzle cov
a circular area 350 ft in diameter when operafing
its rated capacity of 275 gal/min and 75 psig. Pup
increase the head above the static value. To ens
uniform coverage, only 25% of the field nozzles are
use at one time. Pump mechanical efficiency is 8
motor electrical conversion efficiency is 92%.

8.1. At rated capacity, what land area (in acres) -
be in use at any given morment? :

8.2. How many nozzles (total) are needed?

8.3. What horsepower motor(s) should be used
drive the pumps?

8.4. What considerations should be taken into acco
when determining the application rate of effiuent to
spray fields?
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PROBLEM 9 e

A typical block in a & block x 8 block subdivision
s iliustrated. Streets are 24-feet wide. The subdivi-
gion is constructed on a 160-ac section of land. Indi-
vidual building sites (parcels, lots, etc.) are 0.25 ac
(90 £ x 120 ft) each, and building sites are grouped into
hiocks containing 12 sites as shown. There are 480 such
sites planned. Iach site will support, on the average,
4.1 residents. Infiltration is 200 gal/in-mi-day. Inflow
is 2000 gal/in-mi-day. What flow must the wastewater
puinp station be able to handle?

8-in main

————— P e e

| | | i frett—— §-in} {eeder, typical

| ] [ i ! |

i 1 i | | |

& £

g1 typical block g1

& g |

& =8

T |

| i

: 8-in main !
_____ I e e e o e e e e b e

t |
T |

CPTTT T T
PROBLEM 10

A complete mix-activated sludge processing facility will
be designed using the theory of kinetics and the follow-
ing characteristics.

incoming fow, Q 5 MGD
influent soluble BODs, Sp 250 mg/L
effluent BOD 20 mg/L
effluent suspended solids 20 mg/L
mixed liquor volatile

suspended solids,

MLVSS = 0.8 MLSS 3500 mg/L
return sludge suspended

solids, SS 10,000 mg/L
return sludge volatile

suspended solids, =, 8000 mg/L

Inean cell residence time, 6. 10 days
kinetic coefficient, y 4.6 Ibm: VSS/tbm BODs

kinetic coefficient, ky 0.06/day
percent of efluent

biodegradable

suspended solids 65%
ratio of BODs/BOD,, 0.68

.-_.Calcuiate the following quantities.
L. biological efficiency (in soluble BODs removal}

2. overall efficiency (in BODs removal)

3. biomass production (pounds per day)

e

increase in mixed liguor suspended solids
(pounds per day)

sludge to be wasted (pounds per day)
. sludge-wasting rate (MGD)
. recirculation ratio

. hydraulic retention time (hours)

. specific substrate utilization rate
(mg BODs/mg MLVSS-day)

10. food-to-microorganism ratio
(mg BODs/mg MLVSS-day)

11. blower capacity (£3/min) if the oxygen transfer
efficiency is 8% and 100% excess capacity is used

PROBLEM 14

Design an industrial wastewater treatment plant to pro-
cess wastewater from a beet suger processing facility.
The facility will operate for three months during the
fall and winter. The facility will have a $otal capacity
of 1000 tons per day. The flows and characteristics of
different sources within the plant are as follows.

unit daily
volume flow BOD T8S  TDS

source (gal/ton) {gal/day) {mg/L) (mg/L) (mg/L)
flume/wash
water 2200 2.2x 10° 200 800 780

6.6 x 10° 1230 1100 1120

process water 660
75x 10" 1420 450 2850

lime drainage 75

#14.1. Suppose the flume/wash water will be recovered
and reused. Design a sedimentation basin to treat the
fltume/wash water. Assume the detention time will be
2.0 hr 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 per acre-day.

11.3. Briefly describe two alternative methods for
treating the wastewater from this facility.

PROBLEM 12

A wastewater treatment plant will be designed accord-
ing to Ten-States’ Standards to process incoming waste-
water with the following characteristics.

2.0 MGD flow (Q)
250 mg/L BODjy
180 mg/L suspended solids (SS)
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Treatment will consist of a circular trickling filter us-
ing synthetic plastic media, a grit chamber, rectangular
primary clarifiers, and a secondary clarifier.

12.%. Draw the process diagram showing each opera-
tion in sequence.

42.2. Size the primary clarifier with an aspect ratio of
4:1. State your assumptions.

12.3. Size the trickling filter. State your assumptions.

PROBLERM 13

QOutline the general procedure and list the general equa-
tions you would use to design a three-cell aeration pond
based on the following characteristics,

wastewater flow @

wastewater organic strength Su, BODs
wastewater nutrients P, NH3-N or TKN
average winter wastewater

temperature Torwr
average summer wastewater

temperature Tws
critical ambient winter

air temperature Tow
critical ambient summer

air temperature Toe
substrate utilization coefficient &
theoretical yield coefficient Yo 2000
microbial decay coefficient k4 200¢
mean cell residence time &,
temperature factor f
detention time in each cell t
depth of each cell D

13.41. What are the cell volume and cell surface area?

13.2. What are the winter and summer lagoon oper-
ating temperatures?

$3.3. How are k and kg corrected for the winter and
summer operating temperatures?

13.4. What is the soluble BODs from the first cell?

13.5. What is the biomass concentration entering the
first cell?

413.86. What is the biomass concentration entering the
second cell?

13.7. What is the biomass concentration entering ¢
third cell?

13.8. Fstimate the effluent BODs before clarificatic
assuming the soluble BODjy from the third cell is §,.

13.9. Calculate the minimum mean cell residence tix
for nitrification. Assume fmay and pHep are known.

13.10. Calculate the oxygen requirements for each ¢
of the lagoon, including nitrification where apm
priate.

13.41. Determine the motor horsepower required
supply oxygen to each cell, assuming a surface aerat
delivers 1.8 Ibf of oxygen per horsepower-hour.

13.12. Determine the motor horsepower for comple
mixing in each cell.

13.43. Specify a maximum length:width aspect raf
for rectangular cells.

13.14. Compare the nutrient requirements and su
ply in the first cell. Assume the first cell controls t
nutrients requirements.

PROBLEN 14

Effiuent from a primary treatment plant discharg
from an 8-in-diameter pipe into an intermittent strea
“The characteristics of the effluent are

velocity 0.8 ft/sec (lowing full}
BOD; 150 mg/L (20°C)
dissolved oxygen, DO 1.0 mg/L

temperature 22°C

The characteristics of the intermittent stream are

flow 2 ft3 /sec
velocity 0.2 ft/sec
BOD; 4 mg/L (20°C)
dissolved oxygen, DO 10.0 mg/L
summer temperature 52°F

winter temperature 45°F
deaeration coefficient, Kp 0.1/day
resgration coefficient, Kg 0.25/day

deaeration temperature constant 1.047
aeration temperature constant 1.016
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§4.4. Find the effluent volumetric flow rate.

44,2. Find the five-day BOD immediately after mix-
ing.

{4.3. Find the dissolved oxygen immediately after

mixing-

 44.4. Find the temperature in the summer immedi-
. ately after mixing.

44.5. Find the temperature in the winter immediately
after mixing.

44.6. Find the dissolved oxygen concentration at a
point 20 mi downstream.

A retirement cornmunity supports 2000 people. A single
concrete sewer main connects the community to a local
treatment plant.

15.1. Determine the required diameter of the wasie
main assuming a minimum permissible slope. State all
of your assumptions.

15.2. Given that the waste main diameter is 8 in and
the slope is 0.021 ft/ft, find the depth and velocity of
flow.

PROBLEM 16

A large spill of a toxic liquid chemical has occurred.
The following steps have already been taken.

1. The spill has been adequately contained by a
makeshift dike.

2. The identity of the chemical has been determined
and no other hazardous or toxic contaminants
have been identified.

3. It has been determined that there are no immedi-
ate hazards due to fire or explosion.

4. Tt has been determined that there is no serious
threat of contamination to municipal water sup-
plies, major groundwater supplies, or surface wa-
ter.

.SPGCify the steps you would take to neutralize the chem-
ical and clean up the site.

PROBLERM 17

Explain how you would design and use a lagoon as an
equalizing basin to alter peak flow. Discuss the merits
of such a method to equalize fow.

PROBLEM 18

418.9. What is the difference (if any) between scouring
and self-cleansing velocities? What are typical values?

18.2. What minimoum scouring velocity should be
maintained given a roughly spherical particle with a
diameter of 0.5 in?

PROBLEM 19

The following questions apply to samtary landfills.

19.1. What agencies in the U.S. control landfill de-
sign?

49.2. What is the average density of shredded waste?

19.3. What is the average density of baled and com-
pacted waste?

198.4. 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?

49.7. 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 liners?

19.40. Whas is the significance {as related to sanitary
Isndfill design) of the acronym NIMBY?

PROFESSIONAL PUBLICATIONS, INC.

www.EngineeringBooksPDF.com



www.EngineeringBooksPDF.com




88

The influent wastewater flow is

4.5MGD) (950 W) = 4275 Tbm BOD/day

5% of the BOD is removed in this process.

@?%%99) = 3634 Tbm BOD/day

he O required is

1.15 Og/lbm BOD removed
+0.03 Oz/1bm BOD removed

1.18 Oy/lom BOD remaoved

lbm O ibm BOD
(z.lg T 01)) (3634 Gy )

= 4288 Ibm Og/day

ir is 23.2% Oy by weight and has a density of 0.075
m/ft%. The oxygen transfer efficiency of the diffusers
in wastewater is 15%. The airflow required is

4088 0m Oz

day
Ibm

0.075 -fggm) (0.232)(0.15)

= 1.643 % 10° % /day

lie air blowers have 100% excess capacity, so use a
ctor of safety of 2.0.

3
1643 x 10° 1 ) (2.0)
day
S = 2282 ft*/min
1440 oo
day

_u.ming the compression is steady state, open flow,
 Isentropic, the theoretical blower power can be cal-
ted from the following equation. (Assumes k = 1.4

= power (hp)
mass fow rate of air (Ibm/sec)

ft3 ibm 1 min
(2282 %) (0.075 W) (w)

2.85 lbm/sec
= gas constant = 53.3 ft-1bf/Ibm air-°R
= temperature °R = °F + 460 = 70°F + 460
= B30°R
e = efficiency of blowers
p1 = inlet pressure = standard atmospheric pressure
= 14.7 1bf/in?
po == outlet pressure

3
I

~

(2.85 @513) (53.3 M) (530°R)
sec

ibm-"R
F= ft-1bf
(550 g—m) (0.283)(0.80)
0.283
22.7 gé
X e -1
14.7 "ij?_zf“
in
=846 hp [use 85 hp]

The power cost for 24 hr of constant aeration is

EW?Y /24 hr $0.08

=| $121.75/day

SOLUTION 2

2.1. The heat required for raw sludge is calculated
from the following equation.

g = V(.‘p (Tg e Tl)

V = 30,000 gal/day of sludge
¢p = 1.0 BTU/Ibm-°F (water)
Ty =61°F

Ty = 91°F
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30,000 £
_ | day | (g gabmY (4 BTU
b = 9 42 T gal " Ibm-°F
day

% (91°F — 61°F)
= 312,750 BTU/hr

The digester shape is

45 ft

7.5t
ol |

225 fi 225f |

not to scale

The heat required to make up for heat losses from the
walls, floor, and roof is

walls: gy = (Qdigester) (0. of digesters)
BTU .
= (110,000 W) (3 digesters)
= 330,000 BTU/hr
floor: A= wry/r? +b°
= 7(22.5 1)/ (92,5 F6)2 + (7.5 ft)?
= 1676 ft?/digester
roof: A= mr?
= 7(22.5 ft)? = 1590 ft2/digester
g = AU(Ty — T3)
floor: U = 0.15 BTU/#2-°F-hr
roof: U = 0.16 BTU/ft?-°F-hr
Ty = 91°F
Ty = B8°F
ft? _— BTU
qf = (1676 c{igester) (3 dzgesters) (015 ng)
% {91°F — 58°F)
— 24,889 BTU/hr
ft? , BTU
g == (1590 digester) (3 digesters) (0.16 m)

% (91°F — 58°F)
= 25,186 BTU /hr

Gy = Go + g5 + 0r

~ 330,000 2oV 4 24,889 LY 4 95186 21U
hr hr hr
= 380,075 Btu/hr
The total heat required is
BTU BTU

g = 312,750 e + 380,075 o

=| 692,825 BTU/hr

2.2. The volume of methane produced from the siudg
is caleulated by 4

Ve, = volume of methane produced (ft? /day)
5.61 = theoretical conversion factor for amount

of methane produced from conversion
of 1 Ibm of BOD,

E = efficiency of waste utilization = 70%

( = sludge flow rate = 30,000 gal/day

S = ultimate BODy, (lbm/gal)

P, = net mass of cell tissue produced (tbm/day)

BODs
1—efit

R = 0.2/day and ¢ = § days.

BODL =

12,000 22
day

1 - t3—(0.2/6153.}0(5 days)

BODL =

= 18,984 lbm/day

18,084 Iom

_ BOD,, . day
- gal

Q 30,000 -5
day

So

= 0.63 Ibm/gal
YQESy
T 1 R,
yield coefficient, ¥ = 0.06 Ibm/lbm

endogenous coefficient, Ry = 0.03/day
mean cell residence time, 8. = 10 days

0.06 22 (30,000 52 (0.70)(0.63 fom
P ibm day gal

0.03
1+ (@) (10 days)

= 611 lbm/day

ft2 gal 1brn>
Vi, = (5.62 ﬁ;;) [(0.70)(30,000 a-gy«) ((}.63 o

Ibm
- (1.42) (611 Ea?ﬂ
= 69,477 ft*/day

Py
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The heating value of methane is approximately 260
BTU/#3.
BTU ft3
heat produced = (960 53 ) (69 477 aw?)
= 6.67 x 107 BTU/day

BTU day
[ = 2.78 x 10°
(6.67 x 16 e ) (24 hr) 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 suflicient
to provide the energy required.

SOLUT!ON 3

3.4. flow, @ =
= {300,000 capita} (25{}

(population)(How per capita)

gal
capita-day
=75 x 10° gal/day
For the existing 24-in (inside diameter) unlined concrete
sewer pipe,
length = 4000 ft
vertical drop = 100 &

100 it
4000 ft

diameter = (24 in) (};Jrn) = 2t

slope = = 0.025 ft/#

For an unlined concrete pipe, assumge n = 0.013.

Calculate the capacity of the 2-ft-diameter pipe flowing
full.

gD 26
T4 4
= 3.14 ft?
D2
o A m@
= w  ®D
D 2 i
=T =0.5
Use the Chezy-Manning equation.
1.49
Q= (7) Alr)?*V8

0.013
= 35.85 ft?/sec

( 149 ) (3.14 £%)(0.5 1t)*/3+/0.025

Compeare this to the flow rate.

3
gal ) | 1-65 &
Q= [ 75 x 10° 2= | | oSG
day gal
108 2
day
=116 t*/sec
A second pipe is required to handle the flow.
ft? ft3
118 —t—(—: — 35. 8 o == 80,2 £83 500

Assume that the second pipe is fowing full with the
same slope (0.025 ft/ft) and is also an unlined concrete
pipe (n = 0.013).

D

=g
wD?
AWT

Use the Chezy-Manning equation.
£ 149\ (wD?\ (D\** —
2/3
= (14.23D?) (2)
4
= 5.65D%?

80.21\ ¥/®
D={22) =27 5i
(5.65) 0ft (32.5 in)

The 32.5-in pipe size is not standard, and sewers are
not normally designed to Sow full.

Use a 36-in diameter pipe.

3.2. Two 24-in-diameter unlined concrete pipes with &
slope of 0.025 ft/ft will flow full and will not handle a
peak flow of 75 x 10° gal/day (116 1% /sec).

SOLUTION A
4.1. wastewater expected

source BOD

sanitary 250 mg/L

hospital 350 mg/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 because these conditions may upset biological
treatment processes.
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o the presence of heavy metals

e the presence of hexavalent chromium

e the presence of cyanide

e a high or low pH (less than 6 or greater than 9)

The following compounds should also be checked for,
although their presence is less likely: phenol, excessive
o0il and greage, and high levels of hydrogen sulfide.

All these compounds must be removed or neutralized in
pretreatment before biclogical treatment to reduce the
o;g;g_nic_waste load (BOD).

To help design biclogical pretrestment, anslyze the fol-
lowing constituents.

o dissolved oxygen in incoming waste, COD

e nutrients such as nitrogen and phosphorus {defi-
cient or rich)

e chlorides and sodium, total dissolved solids (TDS),
suspended solids, and the settleability of the waste

4.3. The pretreatment process is as follows.

1. (a) Use a basin (with aeration if required) o equal-
ize the flow and waste strength.

{(b) In the same basin, allow solids to settle out
{during quiescent times). A skimmer and/or ab-
sorbent boom will be used to remove foating ma-
terial (especially oil and grease).

2. Use chemical treatment and precipitation to re-
move heavy metals such as Crt®, CN—, and phe-
nol.

3. Adjust the pH to 6.0-9.0 (if required).
4. Add nutrients (N or P) or carbon (if required).

5. Use a trickling filter or aerated lagoon to provide
a moderate amount of biological treatment—i.e.,
to reduce BOD and NH3-IN or organic nitrogen
to levels acceptable to the municipal wastewater
treatment facility.

6. Use final clarification and turbulent discharge to
the municipal sewer system to reoxygenate waste-
water.

SOLUTION 5

Peak summer wastewsater flows:

wastewater unit units(® flow
source volume  (gal/unit-day) (gal/day)
summer population 10,000 30 300,000
hospital (beds) 100 165 16,500
laundromat (washers) 20 550 11,600
dining room (meals) 45000 T 31,500
gas station

{employees) 4 12 48

total 359,048

(2) (Reference: Wastewater Engineering, Metcalf and Eddy)

) The dining room serves:
(3 meals/day}(3 servings){500 seats) = 4500 meals/day

Winter wastewater flows:

wastewater unit units flow

source volume (gal/unit-day) (gal/day)
winter population 300 30 9009
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 dining room serves:
(3 meals/day)(300 seats) == 900 meals/day

Adjust k for winter and summer temperatures.

ke = kogecf” 20

winter: kjgeg = (%g;) (1.06)Y10°-2%° = 0.14/day
02 Lol Q
summer: kageq = (%3»}?) (1.06Y3%° 20" = 0.5/day

The detention time In winter is

kit 5

ay

The detention time in summer is

= 10 days

L
il
L]
gge

PROFESSIONAL PUBLICATIONS, INC.

ringBooksPDF.com



WASTEWATER SQLUTIONS 89

opmine the pond surface area requirements in both
ior and winter.

1
(@) casm)
Asummer = ft3
T (o) (7 48 %i?) (43 560 m)

gal
(359,048 o ) (10 days)

3
(2 ft) (7 48 % (43 560 @m)

y
= 5.5 ac
(19 174 ag——) (35.7 days)
)
3

Avinter =
(2 ft) ( (43 560 -—)

= 1.05 ac

theck the BOD loading.

(zso )(o 36 MGD) (8.34

BOD summer 55 ac
== 136 lbm/ac-day

mg gal lbm-L
(250 T)(w 1742 )(8.34 e
6 _g_i)
(1 % 10 MG (1.1 ac)
36.3 Ibm/ac-day

Ibm-L
meg-MG

LBOD,Winter =

H]

For this facility, use a non-aerated stabilization pond
with & maximum working depth of 2 ft that has five
cells, each 1.1 ac in surface area. The total ares is 5.5
ac. Only one cell will be required during the winter
months, Additional cells can be brought on-line as the
Wastewater flows increase in the spring and early sum-
er. All the cells are used during the peak summer

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
groundwater and surface water. (¢} The relative
cost of landfills is average but increasing. {d}
Landfills can serve any size population.

® Gpen burning’ (a) The main advantages of open
burning are that it can be done on both small
and large scales with relatively little cost, 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 prod-
ucts. The combustion of the waste may not be
complete. Combustion of large amounts of waste
may be difficult to comtrol. No energy is recov-
ered from the combustion of wastes, and the pro-
cess produces air pollution. (¢) The relative cost
is low. (d) The population served is usnally small.

“Incineration: (a) The advantages of incineration

include more complete destruction of the wastes
and less ash production than in open burning.
This process can destroy less-burnabie wastes such
as plastics and food. Energy from incineration can
be capiured and used to make steam and electric-
ity. (b) The disadvantages are the high cost and
iarge volumes of waste required. If the waste com-
bustion is not self-sustaining, supplemental fuel
may be required to maintain incineration. This
process does not work for incombustible materi-
als such as glass and steel. The ash may contain
hagardous compounds. This process also produces
air pollution. {¢} The cost of incineration is high.
{(d) It 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. (b) The main disadvantage is that
this process is only applicable to easily degrad-
able 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. {c) The relative costs
are low to medium. (d) Composting best serves a
small to medium population.

Recycling: () The main advantages of recycling

are that it reuses process materials and saves nat-
ural regources. It algo reduces the amount of waste
that must be disposed by other means. (b) The
disadvantage is that it uses more labor than other
methods. This method is viable only if there is
a company willing to perform the recycling and
if there is a market for the recycled materials.
The trash must be separated into different waste
strearns. {c) The relative costs of recycling are
medium to low and should decrease as the de-
mand for recyeled materials and the cost of other
disposal methods increase. (d} The population
served is medium to large depending on the mar-
ket for recycled materials.
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PROBLEMS

SOLUTION 7

7.%. Use the trash disposal in the eighth year as the
average over the past 16 years.

Population in year &:

500,000

W = 394,705 capita

Solid waste disposed (per capita in year 8):

!
54 day ]?:z;ita
Dt = 4,99 lbm/day-capita
Solid waste disposed over the past 16 years:

Tom
7 it 4.99 e
(394,705 capita) ( 99 day—capita) (16 yx)

= 31,518, 247 Ibm-yr/day

Over the next four years, use the average trash disposal
as the second year.

Population in 2 years:
(500,000)(1.08)* = 530,450 capita

Solid waste disposed:

b
4 e 1 (1~ 0 01)*
(5 day~capita) (1-003)(1.01)
= 5.34 lbm/day-capita
Solid waste disposed over the next 4 years:

tbm
ciaywcapita) (4 yr)
= 11,330,412 Ibm-yr/day

(530,450 capita) (5.34

The solid waste occupies 75% of the site. The depth of
the waste is 46 ft.

The area filled by 16 years of trash is

<31?513,247 1bm—yr) (365 days)
day yr

Tbm ft3
(1000 3 ) (27 53 )(40 ft)(43,560 —8-;)(0.75)
= 237.65 ac

A=

The area filled in the next four years is

(“7330 412 1bmwyr)(365 days)

day yr

(1000 ! b;) ( = ftg)(am ﬁ)(tl?) 560 gt-~-)(o 75)

= 85.45 ac  [185.5 ac with buffer zone]

A e

Add the areas and include the 250-ft buffer zone.

2
\/{237.65 ac + 85.45 ac) (43 560 ﬁm) = 3752 {1

b £
(3752 ft -+ 250 ~2i- 250 ft)2 — | 415 ac

43,560 i
ac

7.2. Replacement site:
4 yr+ 5 yr capacity = 9 yr
Average trash disposal at 4.5 years:
population in 4.5 years = (500,000)(1.03)*®
= §71,133 capita
Ibm
W) (1-0.
% (1.01)%°
= 5.48 lbm/capita-day

solid waste disposed = (5.4

Solid waste disposed over the next 9 years:

b ) (9 yr)

capita-day
= 28 168,280 lbm-yr/day

Area of the site:

(28,168,280 lbm~yr) (365 days)
day vr

1bm
(1000 ) ( o {ta) (40 ££){0.75)
= 9,253,280 ft2

9,253,280 £t
TR
43,560 -

ac

{571,133 capita) (5.48

A=

= 212,43 ac
Include the 250-ft buffer zone.

1/ 9,253,280 #t% = 3042 ft
2
(3042 ft + 250 ft + 250 ££)® :2 S:S:a:c]

2
43,560 —fnt—

SOLUTION 8

@.1. The spray volume is

ac-in ft? ft
(2'5 ac—week) (43’560 j;é_) (12 in)
gal week
(1555 (7ame)

= 9697 gal/day-ac
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The total area required is

1
100 £
Ix day

gal
day-ac

Ag ==
9697

any moment i8

= 103.1 ac

(103.1 ac){0.25) =} 25.8 ac

8.2. The area covered by each nozzle is

(350 )2
f’t2
(4) (43,560 “;g)

= 2.21 ac/nozzle

A, =

The number of nozzles is

105.1 ac

e == | 46,7 nozZlEs 52y 48]

nozzle

lb_ne time.

The pump flow, @, is

gal ;
275 2 =
( min) {12) = 3300 gal/min
.The exit head at the nozzles is

i3

in?

he'_a‘ head added by the pumps is

(48)(0.25) = 12 nozzles at once

= 4.756 MGD > 1 MGD

I
(75 ;%E) 9312 | = 173.95 ft

b = 173.25 ft — 45 & + 30 ft = 158.25 f

Only 25% of the nozzles are used at one time, so 256%
of the total area is used at one time. The area used at

8.3. Fach nozzle delivers 275 gal/min at 75 1bf/in?.
‘There are 48 nozzles in use, but only 25% are used at

[0k

{ha B£)Q(SG of water)
3956

(158.25 ft) (3300 %) (1.0)
B 3956

water hp =

il

132.0 hp

motor hp = w

Thoump
132
= e =2 1
XD 75 hp

Use one 175-hp pump motor or two 90-hp pump
motors. Note that motors are rated by their out-
put power and that motor efficiency is irrelevant.

8.4.

The following should be considered when deter-

mining the application rate of effluent to spray the fields.

@

-3

The

soil permesbility

soil crop cover {crop uptake of moisture and nu-
trients)

average monthly/annual precipitation and evapo-
ration

organic and nutrient content of effiuent to be
sprayed

metal/toxic content of effluent to be sprayed
depth to groundwater table

subsurface geology

site topography and drainage

distance to nearest surface water

first five considerations are primarily used in de-

termining the application rate. All the considerations
are used in determining the overall site applicability.

SOLUTION ©

(90 ££)(120 ft)
fe2
43,560 -~
ac

(12 sites)(block) (540 ft)(240 ft}

2
block 43,560 -
ac

A= = 0.25 ac

=3 ac
480 sites

(12 sites){block) = 40 blocks

Assume wastewater flow is 100 gal/capita-day. Waste-
water flow from the houses is

capita gal .
4.1 ——=— | (480 sit
( site ) (100 capita:—day) (480 sites)

= 196,300 gal/day
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200 gal 2000 gal
in-mi-day = in-mi-day
= 2200 gal/in-mi-day
The length of the 6-in feeder from the houses is
L = 12-f street + 50-ft lot

infiltration + inflow ==

= B2 ft
(62 ft) (480&81%3) 564 mi
5280 —
mi

Infiltration/inflow from the 6-in pipe is

( 2200 gal

i . i) = 1
s day) (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 it—
mi

== 4,27 mi
Infiltration/inflow from the 8-in pipe is

2200 gal )

—_— in){4.2 =T
(in—mi— day) (8 in)(4.27 mi) = 75,152 gal/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 &t

5280 —ﬂ—
mi

= (.29 mi

Infiltration/inflow from the 10-in main is

2200 gal . .
(in—mid day) (10 in){0.29 mi) = 6380 gal/day
The total flow is
1
106,800 E2 4 74,448 B 475,152 2L | 650 8L
day day day day

=i 352,780 gal/day

10.4. The efluent BOD; is the untreated influent sol-
uble BODs, §, plus the BOD;s of the efluent biological
solids.

20 %‘5 ~ 5+ (20 ?ng) (0.65)(1.42){0.68)

= me
5+12.6 L
—=2028 1958
S =20 I 12.6 T
= 7.4mg/L

The biological efficiency, 7, is

_ [ influent BOD; — effluent BOD;3
= influent BODs

mg mg
950 =8 . 7.4 ==
( L ) (100%) =| 97%

250
5{)L

) (100%)

40.2. The overall efficiency, 1, is
250 %% ~ 028
n = g | (100%) mt 92%
250 T

18.3. Calculate the reactor volume.
Vreactor b QQ

8.Y (59~ S)

{1+ Rgf.)

Substitute and solve for Vieactor

X =

(5 MGD)(10 days) (0.6 Ibm V53 )

Ibm BODs

mg mg
% (250 e 74T

mg 0.06
(3500 ”i?') {1 + (Tﬂ}”) (10 days)]
= 1.3 MG

Sludge production can be calculated from the obser
vield.

Vrea.ct;cr =

Y
1+ kaf,
Ibm VS8
0.6 Ibm BOD

- 0.06
1+ (EX;) (10 days)

Yobs =

== 0,375
The biomass production is

P,(MLVSS8) = Yous(S0 — 5)@

= mg . ,m8

= (0.375) (25{) T4 L)
{bm-L )

=| 3794 lbm/day

10.4. The increase in MLSS is

lbm
vivss My
08 08

== | 4743 lbm/day
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5, The siudge to be wasted is the increase in MLSS
. MLSS in the effluent.

‘ hm mg ibm-L

=| 3909 lbm/day

40.6. If sludge is wasted from the reactor, the sludge
wasting rate is Q-

9(: = VzeactorX

QuX + Qe X,
earrange this equation, solving for Q.

Vi X
QuX +QuXe =~

V;:eacer 1
Q= (e - 0ux) (3)

“Assume that . = @, since it is being diminished only
by the waste sludge.

(VSS) X, = (0.8) (20 %g_) =16 mg/L

_ (1.3MG) (3500 32 ) me
Qu = L2 - (sMaD) (16 3F)
: 10 days L
W
me
3500
~|0.107 MGD

0.7. Calculste the recirculation ratio, R, using & mass
alance around the reactor.

reactor MLVSS = 3500 mg/L
recycle MELVSS = 8000 mg/L

| (35005 (@ + Questor) = (8000 ) (Qrencor)

mg
Q + Qreactor . 8000 —= L
(react me
eactor 3500 T
= 2.29 mg/ 1,
¢
— + 1229
Qreactor
Q
e 2 200 — ]
Qmactor
=1.29
Qreactor
R = ZEI22CHX
Q@
1
m o = | (LT
1.29 0.78

10.8. The hydraulic retention time, @, is
V 1.3 Mgal

=5 = 5McD

24 hr
{0.26 days) ( pes )

=1 6.24 hr

I

10.8. Check the specific substrate utilization rate, u.
Sp— 5
86X

mg mg
25OL 74L

(0.26 day) (3500 %)

0.27 mg BOD; utilized
mg MIVSS-day

10.10. Check the food-to-microorganism ratio, Rp_a.
Sy
Fem = 5%

mg
250 —= T

(0.26 day) (3500 %)

0.275 mg BOD
mg MEVSS-day

1@.114. Check the volumetric loading rate, VLR.

5o
VLR =
mg Ibm-L
) (250 : )(5 MGD) (8 Moo G) (1000)
- 1.3 x 10° gal
gal
748 5
ibm
_ 60 day-BOD
1000 f&*
Calculate the oxygen required.
Mo, = -Q—(‘-g—“};i@- ~ 1.42P,
BODs
f= Sop, = 068
(5 MGD) (250 2e 74 mg) 554 oL )
B L L mg-MG
0z = 0.68

— (1.42) (3794 15“;)

9490 lbm/day

]
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Air is 23.2% O by weight. Since the transfer efficiency
is 8%, the normal air fiow is

9agp 22
. day
air flow = o —
075 wome | (0.232)(0. i
(oo 523 ) (0.232)(0.08) (1440 day)
= 4734 3 /min

With the 100% excess capacity, the blower capacity is

3
(2) (4734 éi—n-) = | 0468 1% /min

41.1. Reuse as much flume/wash water as possible af-
ter sedimentation and chlorination to reduce the waste-
water flow.

The sedimentation tank volume is

. — 8 §fl day
V=Qt= (2.2 % 10 day) (2hr) ( )

24 hr
=1.83 x 10° gal
Vv 1.83 x 10° gal

D al
(7.48 %) (10 )

= 2451 f°

Use a length-to-width ratio of 4:1,

LW = (4WW = 2451 ft*
L= 99 £
1L 00 it
W=3=—7
The surface overflow rate is

== 24.75 ft

2.9 % 106 &
day

2451 ft*
The required weir length is

= 898 gal/day-fi?

22 % 106 5%

ga‘fy = 147 ft
15,000 -2
000 Tor

The design summary of the sedimentation basin for the
flume/wash water is

detention time, ¢ = 2 hr
volume, V = 1.83 x 10° gal
dimensions, Lx W x D = 99 ft x 24.75 ft x 10 ft
weilr length == 147 ft
overflow rate = 900 gal/day-ft?

44.2. Design an aserobic lagoon to treat all the waste-
water.

“The composition of the combined wastes is

gal

6 g2l 5
= 2 6.6 x 10
Q=22x10 doy + day

1
+7.5% 10t B2
day

= 2.935 x 10° gal/day

s gal ( E-g-) .6><105—g3l)
(2.2 % 10 day) 200 7 ) + (6 Ty

x {1230 —-“‘g) + (75 %100 B2 (1420 Imng)
L day L
BOD =

9.035 % 10° 5%
day

= 463 mg/L

The BOD organic loading is

mg ﬁ%ﬁ)
(2.935 MGD) (463 ’i,—) (8.34 MG

= 11,333 Ibm/day

Size the aerobic lagoon for a two-day detention time at
1.5-ft depth.

(2.935 x 108 521) (2 days)

a9 day :
=D ft
b (1.5t) (7.48 %%1) (43,560 Ec—)
=12.0 ac

Check the organic leading.
11,333 %?
e = Q44 4 1bm/ac-da;
50sc fac-day
Check the lagoon size based on an organic joading o
86 1bm/ac-day and 1.5-ft depth.
lbm
11,333 prpen

. a&y
A= Toms 131.8 ac

ac-day
£t al
V = (131.8 ac) (43,560 E) (1.5 %) (7.48 %Eg)

= 64.4 x 10° gal

G
th_mM:fzi_gdays

@ o935 % 100 E2
day

A lagoon that is 64.4 x 10° gal in volume with an are
of 131.8 ac is too large to be practical or economical fc
this facility.

PROFESSIONAL PUBLICATIONS, ING.

www.EngineeringBooksPDF.com



WASTEWATER SOLUTEIONS OF

Design a lagoon for a composite of process water and
lime drainage only.

Q=6.6x105§~%~1~+7.5x104§-a—1

ay ay
=7.35 x 10° gal/day

5 gal ( ﬁ}g)
(6.6><10 day) 1230 L.

+ (7.5 X 104 %) (1426 %5)
BOD =

7.35 x 10° B2

day
= 1249 mg/L
The BOD organic loading is

(0.735 MGD) (1249 %ﬁ) (8.34

= 7658 lbm/day

Ihm-L
mg MG

Design a lagoon for a two-day detention time at 1.5-f
depth.

1
('?.35 x 10° a%) (2 days)

gal f?
(1.5 £) (7.48 Eg) (43,560 ac)

= 3.0 ac

Ihm

HEERQ ot

658 oy
ac

= 2553 Ibm/ac-day

organic loading =

A lagoon that is only three acres in area has a very high
organic loading and will not effectively treat the waste.

_: Use an aerobic lagoon, built in four cells, to treat all the
Waste. ach cell will be 3.0 ac in area to accommodate
- the flow of the process water and lime drainage only.

The design summary for an aerobic lagoon o treat all
the wastewater is

total area, 4 = 12 ac
number of cells and size = four 3-ac cells
detention time, t = 2 days
working depth, D = 1.5 ft
organic loading = 944.4 Ibm/ac-day

:3 treated effluent will be disposed by land applica-
1

« The foliowing alternatives may also be consid-
for treating the wastewater from this facility.

Since the beet sugar plant operates only three
Inonths of the year, the wastewater could be stored
nd treated slowly over the entire year. More stor-
8€ capacity would be required. This option would
duce the organic loading on the aerobic lagoon.

2. 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.,

> A
grit trickling secondary
chamber primary filter clarifier
clarifiers

12.2. According to the Ten States’ Standards, this fa-

cility requires two primary clarifiers, each designed for
full flow.

Assume a surface loading rate, SLR, of 1000 gal/day-
ft2.

2 % 108 gal
A= siQR = af‘y = 2000 £t
1000 —S2
day-ft

Assume a detention time, ¢, of two hours.

V =1Q = (2hr) (zstgf’“l) ( day)

day 24 hr
= 22,282 §t°
Vo 229282 f3
= o= 2200 1R
A 200087

For the clarifier, the length-to-width ratio is 4:1.

LW = (4W)W = 2000 f*
L =894 ft
W =224f

Assume a weir loading rate of 20,000 gal-day /ft.

gal
108 =—
2% day

gal-day
iy

weir length =
20,000

= 100 f%

The design summary of the clarifiers is

dimensions, I x W x D = 80.4 ft x 22.4 ft x 11.1ft
detention time, £ = 2 hr
volume, V' = 22,282 fi5
weir length = 100 £t
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In the primary clarifiers, assume the BODs reduction is
30% and the TSS reduction is 60%.

12,3, For a trickling filier using plastic media, the
NRC formulas are not applicable.

The influent BODs to the trickling filter, S;, is
(zse %5) (1-0.3) = 175 mg/L

Assume the effuent BODs from the trickling filter: S, <
30 mg/L. The treatment efficiency is

meg mg
%8 A A

= | (100%0) == 100%
( 3, ( ) ( 175 mg ( o)

L
= 82.9%

Assume the depth, D, of the trickling filter is 10 ft.
The area, A, of the trickling filter can be calculated by

Se _ Jl-kaD(@74)™"]
S

~In (Se> v
Ae O | N

kag D

Rearranging,

Assume average values (modified for depth) of kpp =
0.085 gal/min and n = 0.5. (Corrections for variations
with depth and/or temperature would normaily be re-
quired. However, no supporting information was given,
so already-corrected values are assumed.)

9% 106 &L
Q= m‘iizy = 1389 gal/min
1440 —
day
30 1/0.5
—In (———)
A= (1389 §3£) 170
m (0.085 §—{3“1—> (10 ft)
in
= 5979 ft?
De [1A _ [(4)(5979 &%)
- iy - "
= 87.25 f

The trickling fitter dimensions are 87.25-ft diameter x
1Q—ft deep.

V = (5979 ft%)(10 ft) = 59,790 £t°

The organic loading is

me Ibm-L
(2 MGD) (175 . ) (8.34 — G)

59,790 ft°

= | 48.8 Ibm/day-1000 £

The hydraulic loading is

1389 £
—5:9—75%%& =1 0.23 gal/min-ft>

These values fit the criteria for a high-rate trickling fil-
ter.

43.1. The design procedure is as follows. Calculate
the cell volume, V, from the flow and detention time.
{Assume all three ponds have the same volume.)

V=1t

Caleulate the cell surface arvea, A

a=1Y
D
13.2.
Thinter = (Aftz)(f) (T&W,"F) + (QMGD)(TWW,°F)
e (Aga)(f) + Qmop
T _| (AT, p) + (Qmep) (Tww,w)
summer (Aﬁ?)(f) T QMGD
13.3. 9 = temperature coeffictent

ko = k19T2—T1

43.4. Assume there is no algal growth in any of the
three cells.

. 14 ka8,
S = Yoko,
S ~ 81)@
13.5. X _| o~ 31)¢
1, VEBS SlkV
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13.6. Assume ali the soluble BOD,, entering the cell
is removed.

X; +Yp8,

X -
2,VS8 _fftg 41

3.7, Assume the soluble BOD, entering the cell is
zero.

1308:: BOD&,eﬁ - 0.54X3 (VSSeﬁ) -+ S@

13.98. The correction factor for pH is

1
1+ {0.04) (10PHop—PH _ 1}

pH factor ==

The correction for temperature is
Tfacl;or = 10(0‘033)(T“205C)
(#ma’x)correded = (“max)aﬁsumed(pﬂfactor) (Tfactor)

Calculate the retention time above which nitrification
will occur.

i

Hmax

B =

13.10. NOD = (3.81Q}(Nayaitable me/1.)

(8.34Q)(1 — 1.424T)(S, — S.)

A0z =| " 834)(1.42)kgV 4 NOD

Ibm Oy required

13.41. hp = ibm O
(1.8 hohr )(24 hr)

13.12. Assume the mixing power is approximately 30
horsepower per million gallons.

P = (30 ”M%) (Vaa)

Use the greater horsepower of steps (k) and (1) in
each cell. Determine the number of aerators needed
to achieve the total horsepower required.

13.13. Use a length-to-width ratio of 3:1 minimum
and determine the position of the aerators.

#3.44. The first cell controls the nutrient requirements.

AX =8.340X,
Niequirement = 0.122AX
Prequirement = 0.023AX

Novaitable = 8.340Q Ninguens, mg /1L
Pavsilable = 8.34Q Piagyent, mg/1

If the amount of N or P available is less than the
amount required, add the difference of N or P.

SCOLUTION 14

14.1. For the pipe,

8in

, 12in

_ D i
A= 4 4

= (.349 t”
ft \
Q=vA- (0.6 g“e“é) (0.349 %)
= 0.21 t%/sec
3
0= (0.21 ft_) (7.483ga1) (60 -sec)
sec ft min

= 04 gal/min

14.2. The diluted characteristics can be calculated from

O+ Q20
G+ Q2
mg il mgy [, &°
(150 L ) (0'21 sec) + <4WIT> (2&;
ft3 e

0.21 — + 2 -
sec sec

O =

BOD5 =

=| 17.9 mg/L

T4.3. The dissolved oxygen, DO, is

mg g3 mg ft3
%) (0-21 ;"z;a) +(103) (2 sec
E] 3
021 & o8
sec sec

=91 mg/L

PROFESSIONAL PUBLICATIQONS, INC.

www.EngineeringBooksPDF.com




O8 101 SOLVED CIVIE ENGINEERING PROBLEMS

44.4. The summer temperature is

(22°C) (0.21 g) +(11.1°C) (2 fﬁi)

seC
ft3 £t

=|12.14°C

44.8. The winter temperature is

3 3
(22°C) (0.21 fi) +(7.2°C) (2 ft—)
sec sec o
e m‘ 8.61°C
0.2 — +2 —
3ec 5eC

i4.6. Calculate the dissolved oxygen concentration
90 mi downstream using the summer temperature and
the following equation.

KpT = 104720 Ky agec

o_ggel { 0.1
o = 047 12,120 (___
Kp2s [(1 v ) } day
= (1.07/day
Kpr= (1.016}T-2{)° Kpgaoeo
o_oned { 0.25
- 12102007 { Y2
Kpaz1e = | (1016) ] (day>
= 0.22/day

. £
_ distance _ (20 mi) (5280 WIIE)

= Velocity ft 3600 sec (24 hr)
0.2~
560 hr day
= 6.1 days

BOD,
BODu = T— 5=k

mg
7.9 —
_ 17.9 2
1 - 10-{0.G’?‘/day)(5 days)
= 32.35 mg/L

Use the Streeter-Phelps equation to caiculate the dis-

golved oxygen concentration 20 mi downstrearn.

Dt - (KDBODu> (IO—KDt - 10—«}{3&) 4 Do (10""’Kﬂ_t)

Kzg—Kp

D, is the oxygen deficit at time, %, and D, is the oxygen

deficit after initial mixing.

DO ot 12.1°C = 10.8 mg/L
_ mg o478
D, =108 7 9.1 T
= 1.7 mg/L
0.07 me
(%> (32.35 —L-«)
1

1
99— e 007
0.22 7 0.07 o

% [10“‘(0-0?/day}{6.1 days)

Dt;‘:—'

10~ (0-22/day) (6.1 days}]

EBE ~{0.22/day){6.1 da.ys)-‘
+ (172E) [10 _

= 5.04 mg/L

The DO at 20 mi is

1n m
DO,y — D; = 10.8 —15 ~5.04 wf

=|5.76 mg/L

§5.4, Assume the wastewater flow, @, 1s 125 gal/capit:
day. Add 10% for infiltration.
gal .
= | 125 —2— ) (2 £a){1-+0.10
Q ( 5 copita da,y) (2000 capita)(1 + 0.10}

= 275,000 gal/day
Design a pipe to flow half full at a rate of 275,000
gal/day. (A peak flow factor could also be used.) Us
the Chezy-Manning equation.

Asgsume n = 0.013.

0.25in
§ = = = 0.021 f/fs

The flow area, A, is

Anns == mD? _@i
fow = Ty(2) ~ 8
wD?
A _Tg D
=P, T D A
2

_ gal 3 day hr
@G = (275’000 day) (7.48 gal) (24 1/ \ 3600 sec,

= 0.426 ft%/sec

3 2 2/3
0.426 2. = (1'49 ) (”D ) (2> V0.021
sec 4

0.013 8

2/3
(D% (%) = (.0653
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. Simplifying, 1. Secure the site by a fence and/or other barrier to
prevent unauthorized entry, possible injury, and
D88 = 0.1648 damage to the confinement dike.

D =051 (6.1 in) 2. Implement the required health and safety plan,

measures, and procedures. These include protec-
Use an 8-in pipe (the recommended minimum size tive clothing and equipment, monitors, an excly-
or & sewer main). sion zone, a decontamination area, etc.

3. Remove the liquid chemical from the diked area

5.2. Calculate the full pipe flow, Qs, for an 8-in pipe by pumping it into a tanker truck for transport
a slope § = 0.021 and n = 0.013. off-site to be treated and disposed of or recycled.

72 4. Visually assess the ares of contamination. Per-
form soil borings or excavation of pits or trenches
to characterize the soil, determine the groundwa-
ter elevation, locate confining layers, and define

21 the depth and area of contamination. Sample the

8in Sin \ 2/3 contaminated soil and water to determine the con-

L BTy o centrations of the toxic chemical around the site.
it 7 oo "This will help define the area that must be treated.

4 4 5. Install groundwater-monitoring wells to determine

if the groundwater becomes contaminated and to

monitor its depth and movement. This step as-

sumes that the groundwater is fairly close to the
surface,

6. Cover the contaminated area and install hay bales
= (.242 or silt fences around it to minimize the spread of
contareination by rainwater and the formation of
leachate. Perform the same measures for any ex-
cavated piles of contaminated soil during the site
d cleanup process. This step is based on the as-
— == (}.38 sumption that the area of contamination is small.

7. Determine the best methods to treat the contam-
inated soil, and begin treatment. These methods
may include on-site, in situ treatment, excavation

pth of flow, d, is

(0.38)(8in) =| 3.0 in and on-site treatment, or excavation and off-site
: treatment.
table of properties of partially filled circular 8. Begin treating any contaminated groundwater and
o d/D =038, A/D? = 0.2739. surface water by on-site pumping, if necessary.

2 9. Once the contaminated soil is removed and/or
8in treated, replace the treated soil on-site to fill any
0.2739) Rin | ™ 0.122 ft? excavations (if permitted by the regulatory agen-
TR cies), or fill the excavations with clean soil. Finish
3 cleaning up the site and return it to its original
0.426 sec condition.
012 12 n! 3.49 ft/sec
' 10. 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

required before site cleanup can begin. If this

.............................................................................. spill is in a heavily populated area, a public re-

8 Steps should be taken to neutralize and lations/information campaign may be warranted
ite. to gain the support of the residents.
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A lagoon 15 typically designed for at least several days’
detention time of wastewater flow. Detention times of
lagoons range from one 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 lagooun is not exceeded. The waste-
water in the lagoon can be discharged at lower flow rates
to other treatment processes. A lagoon serves as & good
equalization basin to dampen peak flow rates to lower
average flow rates.

48.4. The self-cleansing velocity is used in sewer de-
sign. It is the minimum velocity required to pick up and
carry solid particles of & typical size with the flow. This
velocity is usually between 9.0 ft/sec and 2.5 f5/sec.

The scour velocity is used in the design of aerated grit
chambers. It is the velocity required to sCOUT organic
particles off the grit. This velocity is usually 1.5-2.0
£t /sec.

18.2. For a spherical particle of a 0.5-in diameter, the
minimum velocity should be the self-cleansing velocity,
which can be calculated with the following equation.

L —
Vepinimum = c\/ M(/YS’Y /Y) d

« = specific weight of waber = 62.4 1bf/ft®
e = specific weight of the particles = 100 Tof/£6°
¢ = Chezy coefficient = 100
k = 0.04 {initiation of scour) to 0.8
(effective cleansing)
d = particle diameter

Use k = 0.8.

Vminimam =

=| 2.9 ft/sec

PBOFESSIONA’L PUI‘%LICAT!ONS,
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48.1. The state regulatory agencies and the US. I
control sanitary landBll design.

£9.2. The average density of shredded waste isapp
imately | 450 Tbm/ yd?
fill.

before compaction in the 1

18.3. The average density of baled and comps
waste is | 1600-1800 b /yd®.

49.4. Daijly soil cover is typically

49.5. Intermediate soil cover is typically\ 2 it de

49.6. Final soil cover is typically | 2 ft deep.

19.7. Intermediate soil cover can be used for

49.8. The clay liner serves to separate the was'
the underlying soil and groundwater. Tt redu
chance of landfill leachate seeping into the
groundwater and surface water.

46.9. The limitation of clay liners is that £
somewhat permeable and their properties can
considerably over time due to interactions wit
Lials jn the landfill and gurrounding forces. Wl
dries out {becomes desiccated) it is much mOr€
able. Chemicals in the landfll may break &
permeate the clay. The clay liner may fracture
ture due to the weight of the landfill, shiftin
underlying soil or landfill materiai, of other sU
disturbances.

49.10. NIMBY stands for ‘ot in my backyd
is the prevailing attitude of people regarding ’
of landfills (and other waste-treatment and di
cilities). People agree that these facilities 81€!
but they do not want to live near them. Th
sttitude makes landfill siting difficult. :
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Concrete

4.4, What is an admixture?

4.2, Give six examples of admixtures and explain the
purpose of each.

A 1:1.6:2.6 (by weight) mixture of cement, sand, and
coarse aggregate is produced with the following specifi-
cations.

cement specific gravity = 3.15
94 pounds per sack

sand specific gravity = 2.62
SSDh

coarse aggregate specific gravity = 2.65
55D

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? Fx-
press all answers in pounds.

2.2, If the sand absorbs 1.6% moisture and the coarse
aggregate has 3.2% excess moisture (based on saturated
surface dry conditions), what weight (in pounds) of wa-
ter is needed?

2,3. Discuss three techniques that can be used to en-
sure proper curing of concrete pavement.

2.4, Discuss two methods of installing transverse joints
In concrete pavermnent.

PROBLEM 3

A concrete mixture uses the following materials.

cement, 34 gacks

specific gravity = 3.156

94 pounds per sack

6500 pounds (dry basis)

specific gravity = 2.67

—2% moisture absorption from SSD

fine aggregate

gravel 11,500 pounds (dry basis)
specific gravity = 2.64
+1.5% moisture excess from S5D
water 142 gal (as delivered)

entrained air 4%

3.1. What is the concrete yield (in cubic yards)?

3.2. Whet 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

A 16-in (gross dimension) square, tied column must
carry 280-kip desd and 190-kip live loads. The dead
load includes the column self-weight. The column is
not exposed to any moments. Sidesway is prevented at
the top, and slenderness effects are to be disregarded.
The concrete compressive strength is 4000 Ibf/in?; the
steel tensile yield strength is 60,000 1bf/in?.

4.4, Use the current ACI 318 or IBC to design the
column. Specify longitudinal steel size and tie spacing.

4.2. Sketch the column cross section.

PROBLEM 5

A series of frames are spaced on 20-f¢ centers (measure-
ment perpendicular to the page). The frames support a
110 Ibf/ft* vertical downward dead load (which includes
the concrete self-weight) and a 45 1bf/ft? vertical down-
ward live load. The columns are rectangular, and the
width dimension is fixed at 12 in {as shown) by archi-
tectural details. The material strengths are f, = 4000
Ibf/in? for concrete and f, = 60 kips/in? for steel.

8.1. Use the current ACI 318 or IBC with uitimate
strength design to determine the exterior column depth.
(Do not use ACT moment coeflicients. )
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PROBLEMS

8.2, Draw the design to scale showing dimensions,
reinforcement placement, and other details.

braced
against
sidesway
24 in *
3E/ % 3EI E\\:
El f El El
12 ft{—o| je—12 in
Y - pinned
7 end, 2 4
typlcal
= a2t o B A ~
not to scale
PROBLEM &

A simply supported exterior concrete beam has a length
of 22 ft. The beam carries a live load of 3.3 kips/ft and
a dead load of 1.3 kips/ft. The dead load does not
include the beam weight. The beam width is 16 in.
The concrete compressive strength is 3000 1bf/in®; the
steel yield strength is 36,000 1bf/in?. Use the current
ACT 318 or IBC and design the beam depth and steel
reinforcement. No cormpressive reinforcement is to be
used. Do not design shear reinforcement.

PROBLEM 7

Determine the deflection of the concrete beam designed
in the previous problem. Assume a depth to reinforce-
ment, d, of 27.3 in.

PROBLEM 8

A cantilever beamn extends 8 & from a rigid support and
carries 100 Ibf/ft dead load and 300 Ibf/fi live load.
The dead load does not include the concrete weight.
The beam width is 10 in. 4000 1bf/in® concrete and
60 kips/in® steel will be used. #3 bar is available for
stirrup and miscellaneous use. Design the beam.

8.1. Specify the beam depth.

8.2. Give the amount, type, and location of the longi-
tudinal steel.

8.3. Draw a cross section of the beam.

PROBLEM 9

A combined footing supports two 18-in columns se
arated by a distance of 18 ft {center-to-center). Ti
right column (column A) is located near a property i
and cannot extend more than 2 ft to the right. The
is no limitation on how far the footing can extend
the left of column B, nor is there any limitation on ¢
footing widsh, The footing thickness is limited to 2
overall. Overburden loading and punching shear are
be neglected in the design. Use the following data.

column A 80 kips dead load
55 kips live load
column B 110 kips dead loac

105 kips live load
3000 1bf/in?
60,000 1bf/in?
3500 lbf/ 2

concrete compressive strength
steel yield strength
allowable soil bearing pressure

|
property
line

18in
ittt

E?B in

7 181t 2ft

not fo scale

9.1. Size the footing for a uniform pressure distrit
tion.

9.2. Draw the shear and moment diagrams for t
footing.

9.3. Design the longitudinal reinforcement for the m:
imum morment.

A 10-in x 10-in column carries a service-level axial lc
of 10,000 1bf and a moment of 5000 ft-1bf, and it re
on a square footing. The allowable soil pressure is 1£
Ibf/ft?. Ultimate or factored loads may be taken
1.6 times service loads.

10.1. Determine the size of the footing required
keep the soil pressure helow the allowable value.

10.2. Check for shear.
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CONCREYE 105

40.3. Design the amount, spacing, and location of the
steel reinforcement.

A water tank weighs 40,000 Ibf when full. It is sup-
ported by four legs that, in turn, are supported by two
footings with the dlmensmns iHustrated. The footings
rest on a 6-in-thick concrete slab. All concrete has a
compressive strength of 3000 Ibf/in*. The allowable
bearing pressure of the soil is 1300 1bf/ft?.

footing,
20 in thick,

; <= water tank, 40 kips
reinforced

ﬁ —— leg, 1 ft 1 f square

TSSO N

soil

plain concrete
slab, 6 in thick

leg, 1 ftx1 ft 2t

of 1k 48

108
not 1c scale

14.1. Determine if the two footings are of sufficient
size.

11.2. Determine if the slab shear strength is sufficient.

PROBLEM 12

A 32-fi-diameter 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 1.0. The tank itself weighs
200,000 Ibf. The tank is supported by a ringwall (circu-
lar) foundation, also 82 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 aliowable soil pressure of 1500 Ibf/ft2. Use the fol-
lowing material properties: f. = 3000 Ibf/in?, f, = 60
kips/in®. Do not design for seismic loading.

4 2.4, Determine the required depth of the ringwall,

12.2. Design the steel reinforcement. State your as-
sumptions or the basis for your design.

12.8. Draw & cross section of the wall you design and
label all dimensions and steel bars.

PROBLEM 13

A rib-slab system has the dimensiors shown. FEach
beam uses three #9 longitudinal bars. The concrete
has a compressive strength of 3000 1bf/in?. The steel
has a tensile yield strength of 60,000 1bf/in?. Deter-
mine the ultimate moment capacity of this design per
repeating unit.

34in %

10in

not to scale

PROBLEM 14

A 4-fewide, 30-Tt-long simply supported beam is part
of a roof section and is constructed as a double-tee,
prestressed section as shown. The total superimposed
dead load is 45 1bf/ft?; the live load is 40 1bf/ft>. The
initial concrete compressive strength is 3500 1bf/in*; the
ultimate concrete compressive strength is 5000 1bf/in?.
250-kips/in? tendons are used, and each web contains
four tendons.

41t i

2in

f{

not o scale
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14.4. Check all permissible concrete stresses immedi-
ately after prestress transfer.

14.2. Check all permissible concrete stresses with ser-
vice loading.

14.3. What is the section’s nominal moment strength?
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Concrete Solutions

107

Ingredients added to concrete immediately before

or during mixing (other than portland cement, aggre-
gates, and water} are known as admiztures.

4.2. Six types of admixtures are:

1.

on

. Pozzolans (ASTM C618):

Accelerators (ASTM C494, Type C}: Accelerate
setting and enhance early strength. Example: cal-
ciwm chloride (ASTM D98).

Air entraining (ASTM C260): Improve durability
and workability. Example: salts of wood resins
(vinsol resins).

Retarders (ASTM C494, Type B): Retard the set-
ting time to avold difficulties with placing and fin-
ishing (typically used in hot weather). Example:
lignins.

Superplasticizers (ASTM C1017, Type 1}
Make high-slump concrete {(Howing concrete) from
concrete with normal to low water-cement ratios,
aliow for easy placing, and reduce and sometimes
eliminate the need for vibration. Example: Hgno-
sulfonates.

. Water reducers (ASTM C494, Type A): Reduce

water requirement to produce concrete of a certain
slump. Example: lignosuifonates.

Improve the proper-
ties of concrete by changing the properties of the
various types of cement; substituted for certain
amounts of cement; reduce temperature rise, alkali-
aggregate expansion, and harmful effects of trical-
cium aluminate. Examples: fly ash, blast furnace
slag, ground pumice.

SOLUTION 2

2.1.

Calculate the volume for one sack of cement.

bt .
(94 M} {(proportion)

(62 4 Eif) (SQ)
SG == 88D specific gravity

V=

Cement:
(94 mslifk) (1)
V= 3‘ = 0.48 £t fsack

B (62 4 ;lof) (3.15)

Fine aggregate:

(94 —@) (1.6)
= 0.92 ft3/sack

(62 FEAYY 62)

Coarse aggregate:

E)
()
]

= 1.48 #3/sack

(62 4 1 (2.65)
Water: 5 8 gal
V= 2B g8 £t3 /sack
gal
7.48 o

The yield volume is
0.48 £t% 4 0.92 #*
+ 148 8% +0.78 /2

= 3.77 £
I—0.03 377
3 1 .Yd . 3
(3.77 1) = (1140 yd° /sack
27 f
For 1 yd®,
cement = ! 7 (94 slasz)
0.140 £
ack
= | 671 Ibf
1yd® 1bf
fine aggregate = WXE»—@— (1.6) 94 e
yd ack
0. 140 e
ack
== 1074 1bf

)
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1yd® ]
coarse aggregate == w—-igl——g— (2.6) | 94 bt
yd sack
0.140 ~—
gack
=| 1746 Ibf
3 f8
water = -—Hfimgw (0.78 m-~> (62.4 }}g)
yd sack ft
0.140 —
sack
== | 348 Ibf

2.2, The ordered material weights are based on SSD
density. The water absorbed (—) by sand is

(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 + 17.18 Ibf = —38.69 Ibf [say 39 Ibf]

The weight of the water needed is

348 1bf ~ 39 Iof = 309 lbf

2.3, Three techniques that can be used o obtain prop-
er curing are:

1. ponding, which uses earth or sand dikes around
the perimeter to retain a pond of water. It requires
considerable labor and is generally restricted to
small jobs.

2. covering with plastic sheets, which provides an ef-
fective moisture barrier and is easily applied.

3. spraying or fogging, which is effective and can be
carried out using ordinary lawn sprinklers. This
method requires an ample water supply and may
be costly.

4. commercial surface-applied curing compounds.

2.4, One way to install transverse joints is to saw a
continuous straight slot in the top of the slab. Another
method is to place strips of wood, plastic, or metal in
the fresh concrete. Dimensions vary greatly depending
on conditions.

i !«Mt= %intoj;ir;

1in U 1 inI_‘ e S — Strip
b

SOLUTION 3

3.4. Calculate the volumes based on SSD density.

Cement:

weight = (34 sacks) (94 —Sg%%) = 3196 Ibf

V- 3196 Ibf 163 £

s
(3.15) (62.4 E-g)

Fine aggregate:

V= 6500 1bf — 30.0 &%

(2.67) (62.4 %’é)

Water deficit (—) of fine aggregate:
(0.02){6500 1bf) = 130.0 Ibf

Coarse aggregate:

o MLBOOIE s

Ibf
(2.64) (62.4 ﬁ-g)

The excess (+) water in coarse aggregate is

(0.015)(11,500 Ibf) = 172.5 Ibf

Water:
142 gal

V= gal
T.48 ==
48 R

"The correction from aggregate deviations from SSD is

= 19.0 ft?

~1301bf + 172.51bf

Iof
2.4 —
241

= 0.7 £

The total volume of water is

V=100 ft% + 0.7 % = 19.7 ft°
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o 16.36t% 4 30.0 #% 4+ 69.8 ££° 4 10.7 £3
yield =

1-—-0.04
= 150.8 ft°

1
= (150.8 f°

yd?

=| 5.6 yd? ;

3.2. water-cement ratio = (19.7 ft*) (7 48 gal)

#3
1
x
(34 S&Ck)

= 4.3 gal/sack

34 sacks

cement factor = 3
5.6 yd

=| 6.1 sacks/yd®

» Determine the design load, P,. From ACI 318
9-1,

H

P, = 1.4Ps00q + 1.7 Pive

= (1.4)(280 kips) + (1.7)(190 kips)
= 715 kips

rmine the column capacity, @F, max. From ACI
Eq. 10-2,

.¢Pn,max = {.80¢ [085fé(_:49 - Ast) + fyAst]
Ag = (16 in){16 in) = 256 in”

tied column, ¢ =
‘the capacity is

= [(0.80)(0.7)] [(0.85)( k’ps)(%ﬁ in® — Ag)

(o)
= 487.4 kips + (31 7 k‘ps) Ay

80 criterion is

0.7, Substituting numerical

maxkpu

kips = 487 4 kips + (31 7 KIP S) Ay,

Ag =718 § in®

Check the limits.

Pmin < £ < Pmax

At
= i
From ACI 318, Sec. 10.9.1,
Pmin = 0.01
Praax = 0.08
.2
_ 7.18 1112 - 0.028 [within Limnits—ok!
256 in

Select the longitudinal reinforcement. Various combi-
nations are possible—for example, using #9 bars,

eight #9 bars: As,pmvided =8 in®

Select the ties. The tie spacing is governed by ACI 318,
Sec. 7.10.5.
16dy = (16)(1.125in) = 18in
48d; = (48)(0.375in) = 18in
least colurnn dimension = 16in

In accordance with ACT 318, Sec. 7.10.5.3, if clear dis-
tance dimension A in the figure is larger than 6 in, SUp-
plementary ties would be needed. Calculate A.

for #3 tie]

[contrOIS]

4.2, - 16 in o

1.5 in (cover
specified in
ACl 318,
Sec. 7.7.1)
eight #9 bars

16 in

#3ties at 16N

16in — (2)(1.5in + 0.375 in) — (3)(1.125in)

2

A=

=444in < §in

Supplementary ties are not needed.

SOLUTION 5

5.1. Since information about the framing in the direc-
tion perpendicular to the figure is not given, BSSUME
(conservatively) that the beam of the frame shown cal-
ries the full load. Determine the design load, Wu

Waead = 110 Ibf/5t?
Wiive = 45 Ibf/ftZ

MC.
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From ACI 318, Eq. 9-1, ¢he factored load is

Wy, = (20 ft) (1.4wde&d -+ 1.7w1-we)

= (20 %) {(1.4) (110 %’;) + (1.7) (45 1‘{%)}

— 4610 Ibf/ft (4.61 kips/ft)

Determine the forces on the column using moment dis-
tribution.

Wy from symmetry
06 | N
g
L]
Ke
%A
Ky = % = 0.09375ET

K.= (%) (0.75) = 0.0625E1 [far end pinned

cotumn distribution _ K,
factor T K.+ K

= 0.4 [0.6 for girder}
52

fixed-end moment = %ﬁw"

= (-1%) (4.61 %f) (32 ft)?

= 393.4 Kips-ft

+511.4
+118.0
+393.4

~157.4
+236.0
~393.4
0.6 1

B C

/%

+157.4
[ 04

units of all values in fi-kips

A
7z

kipse
(4.61 e ) (32 ft)

R = e

2
(5114 kip-ft — 1574 kip-ft)
32

= $2.70 kips
The forces on the column are then

62.70 kips

157.4 ft-kips

A 62.70 Kips

Check the slenderness. Determine the effective len
in accordance with ACL 318, Sec. 10.11.2.

ElL
Dy

EI!J
P
b

Y=

N &

12t
i]]rm “Egﬁ_ ={.89

Bk

é**— e
Z

From ACI 318, Fig. 10.11.2,

k= 10.86

Tn accordance with ACI 318, Sec. 10.11.3, the rac
gyration, r, can be taken as

r = (0.3}(12in) = 3.61n

The column slenderness ig defined as
E‘Zfi
T

I, is the clear height of the column. Recognizir
the beam depth is 24 in,

J, = 144in — 3%13 =132 in

PROFESSIONAL PUBLICATIONS, ING .
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The slenderness is

.‘Ifflfi _ {0.86}(132 in)
ro 3.6in

The limit: below which slenderness can be neglected is
given in ACT 318, Sec. 10.11.4.1.

klu Mlb)
e =34 —-(12) | —
( r >1imit ( )(Mfzb

= 34 (because My = 0)

= 31.5 in

Gince the actual slenderness (31.5 in) is smaller than
the limit, slenderness can be neglected.

Column cross section:

- yx(2in)
(@ )
@ @

b
@ @
@ @
I 1Z2in !

elect steel on two faces as shown in the figure.

~ 12in—bin -
12in

Se interaction diagram F4-60.75 (ACI SP-17).

Vb= 24 in.

¢P, _ 62.70 kips
: (12in)(24 in)

0.6

= 0.2177 kips/in®

£
(121n)(24 in) (12 in)

(157.4 ft-kips) (12 E)
= (.547 kips/in®

AGh

m the diagram,

Prequireg = 0.025 [reasonable]
AS?} = pAg
= {0.025)(12in)(24 in)
= 7.2 in®
b=]24in

5.2. Select longitudinal steel and ties. One possible
arrangement is shown.

Tie spacing:
16dy = (16){1.125n) = 18in
48d; = (48)(0.375in) = 18in
least column dimension = 12in fcontrols]
Check the assumed -y of 0.8

12— (2)(L.5in + 0.375 in + 0.563 in)
. 12in

=059  [ok]

1.5-in clear cover {required
by ACI 318, Sec. 7.7.1}

etz ties: #3 at
12 in (double
tie needed to
satisfy ACH
318, Sec.
7.10.5.3)

24 in

12in

SOLUTION 6

Select the beam depth. To control deflection, select a
depth that satisfies the requirement of ACI 318, Table

9.5. z ;
> (o) (044 2
= (55) 04+ %)

(22 £t) (zz ﬂ) 36 198
> N ) 0.4+ ~_in*
= 16 TV
> 12.54 in

The nominal moment of capacity for a singly reinforced
section is given by
My, = fibd*w(l ~ 0.59w)

PAROFESSIONAL PUBLICATIONS, INC.
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From the maximum limit of steel allowed in ACT 318,

w < (0.6461) (878: fy)

By is as defined in ACI 318, Sec. 10.2.7.3.

By = 0.85 for f, < 4000 E—Qf—
&7 87
(0.6451) (m) == (0.64)(0.85) | ———rr—
8T+ 1y 87 4 36 B
i
= (.38
w < 0.38

Large w values will result in small depths and heavy re-
inforcement, while the opposite occurs when w is small.
Uise the common intermediate value of w = 0.18.

M, = (3 %’;) (16 in)d?(0.18) (1 — (0.59)(0.18))

= 7.72d

Obtain a first estimate of the applied moment by ne-
glecting self-weight.

Wy = 1.4Wdeaa + 1.74wsve
kips kips
=14 13— T 3
(1 )( 3 it )—i—(l )(33 f )
= 7.43 kips/ft
1

Mu = gwuﬁ

= (}g) (7.43 }%—S«) (22 ft)*

== 449.52 ft-kips
The design requirement is

M 2 My

(0.9)(7.72d7) = (449.52 f-kips) (12 1{2)

d = 2786 in

On the basis of the previous calculations, select a depth,
d, of 30 in.

Calculate the actual value of M, {including self-weigl

\

self-weight = (0.3.5 %%E) (16 m)(30 in)

in?
144 -

52
= 0,50 Kips/f

_ kips | kips
Wy = {1.4) (1.3 & 05 ft)

0T (3.3 5‘%)

= 8.13 kips/ft

(X kips 2
M, = (8) (8.13 R ) (22 £8)
= 491.9 ft-kips

Using the actusl moment and a depth, d, of 27.5
solve for w. M, = M,

(491.9 ft-kips) (12 %) = (0.9) (3 %%S-) (16 in)
x {(27.5 inYw(l — 0.5%
(1 — 0.59w) = 0.181
w = 0.206

From this value of w, the area of steel is

320

)
= (0.208) 1
kips

36—

in

(16 in)(27.5 in)

= 7.55 in®
Various arrangements and bar selections are possi
Using #11 bars,
As _ 7.55in?
Aone bar 1.56 in2
= 4.84 [use five #11 bars]

no. of bars =

In order to fit these bars in the 16-in width avail
and satisfy the spacing requirements, it is necessar,
use bundles as shown in the figure.

five #11 bars

beam size =| 16in x 30in

FROFESSIONAL PUBLICATIONS, INC.
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SOLUTION 7 Obtain the maximum service load moment, M,.

Determine the cracked moment of inertia, I,. From

ACL 318, Sec. 85.1, service load = 3.3 —— kips 4 1.3 i kips + 0.5 —— Kips
ft i
E. = 57,000/ = 57,000v/3000 ~ 5.1 Kips/ft o
Ibf < g
= — 1
3,122,019 =3 (3122 kips/in?) M, = g’wservicef‘?
Enps
1
_ B, 20005 - ( ) (5 1@) (22 £)°
o= E; = "“—“Ep's"m 8 ft
3122 - = 308.6 ft-kips
= 9.3
16in Calculate the effective moment of inertia, I, using ACI
318, Eq. 9-7.
10
(M Mo\
27.3in I“—’”(Ma> I + 1"(M& Lor
82.2 fi-kips \° .
= | et ) (36,0001
, (308.6 ﬂ;wkips) (36,000 in")
82.2 ft-kips \° 4
1 = | e 2
T + (308.6 ft—kips) (26,190 i0%)
. 1.56in?) = 72.54 in?
{9.33(5)( in?)=72.54 in — 26,375 i
16¢
—— = (72.54)(27.3 — ¢) Calculate the immediate deflections.
¢ +9le— 2475 =0
c=1183in Avprmaiane = 2oervcel”
: immediate 384EI3
= (%) (161in)(11.83 in)® + (72.54 in®)(15.47 in)? kip .
(5) (5 1 28 ) | (264 )
= 26,190 in* ft /1ol
. . £t
Calculate the gross moment of inertia, I;. (384) (3122 ) (26,375 in*)
1 1 .
I, = 3 3 = (.33 in
(12> bh (12) (16 in}(30 in)
- i
= 36,000 Find the long-term additonal deflection using ACK 318,
getermine the cracking moment, M. From ACI 318, Eq. 9-10.
£q. 9-9,
' fr = 1.5/ = (7.5)v/3000 Alcresp + shrinkage) = AMimmediate
. = 410.8 Ibf/in’ ¢
The cracking moment is given by ACI 318, Eq. 9-8. L+ 529’
[ R, 2
My, = 12ls 1+ (50%(0)
Yt
Ibf i
(410 8 _) (36,000 in") Afcreep + shrinkage) = (2)(0.33 in) = 0.66 in
301in Ibf total deflection = (.33 in + 0.66 in
5= 1000 s
= 085.9 in-kips (82.2 ft-kips) =[099in [y 1 in]
e PAOFESSIONAL PUBLICATIONS, iNC.
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SOLUTION S o 151n ;
8:‘3» wu l
2
\
W o
8 ft
B e ds
S W

Select the preliminary beam depth based on deflection.
From ACI 318, Table 9.5(a),

! ﬂM:lEm

hanin = ‘i"’é 2
Estimate the beam weight as that of & 10-in % 12-in
bear.
ki
gy (1020 in?) (0.15 —&%93)

we = (14) (0.1 Ji—) + A
f (144 el
£

= 0.14 kips/f -+ 0.18 kips/ft
y
wy = (L7) (0.3 ig—s-) = 0.51 kips/ft
DS | g1 S22

kips
, = 0.14 — + .18 ——
wy, = 0.1 mn 4 0.18 R %

= 0.83 kips/ft

wyl? i kips o

M, = 5 = (5) (0.83 _g__) (8 1)
= 26.56 ft-kips (318.7 in-kips)

Calculate the required bd®.
M, = ¢{fibd*w(1 - 0.59w)}

fé
Use w = 0.18 to define the section size.
I 17
p=w (—3») = (0.18) :
fy 60522
in
== 0.012
M,

Bel? mm e
$flw(1 — 0.50w)
318.7 in-kips

) (0.9) (4 =

= 550.3 in®

i fbd? _ [5503in’
Y r 10in
=742 in

i{iPS) (0.18)[1 — (0.59)(0.18)]

8.2. Assuming #6 bars and #3 stirrups,
h>742in+15in+2in+ & in=9.67in

Use h = 10 in.

Refine the value of w by using the exact selected d;
slons. :
d=10in-15n~—$m~3in="7
bd? = (10 n)(7.75 in)”
= 600.6in®

M.,
(1 = 059&)}&} == W
318.7 in-kips

(0.9) (4 %%?) (600.6 in®)

= (0.147
w = 0.163
fé)
= ———
g (fy
= (0.163) ks
in®
= 0.011
A, = pbd = (0.011in)(10 in)(7.75 in)
= 0.85in”

Two #6 bars provide 0.88 in?.

Use two #6 bars.

Shear:
ctitical section

frett——oriioe]
d

s

77500 ) _ 5 g8k

_ kips
Vi = ({).Swmfjc——> &t — 12.12
ft

TONAL PQBLEGATIONS, IiNG.,
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The footing thickness is likely to be governed by punch-
ing shear around the columns. Because this problem

V. = 2\/f‘ébwd = 2/4000(10 in}(7.75 in) does not require checking punching shear, assume the
¢ _ 9303 Ibf (9.80 kips) footing thickness is the maximum allowed—i.e., 2 ft.

oV, = (0.85){9.80 kips)
= 833 klpS

o ACK 318, Eq. 11-3,

Determine the dimension, b. Equating the total load to
the soil capacity times the bearing area gives

ce oVe > Vo and the beam depth is 12 in, no shear 350 kips + (0.15 -mwkI%S) (26.1 ft)(2 ft)b
is needed (ACI 318, Sec. 11.5.5.1). f5
kips
= (3.5 “f—t%‘) (26.1 ft)b

=t 4.2 £

nforcement

= \
& Q two #6 bars
9.2. Calculate the shear and moment diagrams. The

-z 1.5-in Clear cover . : £
(ACI 318, Sec. 7.7.1) design of the footing uses factored loads.

- gonstruction stirrup column A == (1.4)(80 kips) + (1.7)(55 kips)

i (as required) = 9205.5 kips
column B = (1.4){110 kips) + (1.7)(105 kips)
= 332.5 kips
total = 205.5 kips + 332.5 kips
= 538 kips

i . ) ) . {The footing weight does not induce shear or moment,
“Bize the footmg 4o attain a uniform pressure dis- so these are nob included.)
tion under service loads. Locate the resultant of

service loads. The resultant of the factored load is not exactly in the

18 6t same position as the resultant for the service load, but

o - this shift is typically neglected and the pressure is as-

*215 kips 135 Kips sumed uniform. For this reason, the reactions on the
|

inverted footing are not exactly equal to the factored

e column loads.

rmsso Kips o 5:232 I;iflzs 2061 kips/ft
' inverted footing
%
(350 kips)e = (135 kips){18 ft) 1
T e HHQHHHHHHHM
footing length = [(18 ft - €) +2 ft](2) tons| (330.3 kps 2077 Kipsk
= [(18 ft — 6.94 ft} + 2 ft}(2) 611t | 18 ft _j21]

= 26.1 f&
204.6 Kips 41.2 kips

26.1 8 V ==z
= 125.7 kips 1686.5 Kips
£ oile SRR s R-Kips
M ik "W
el ; ~41.2 ft-Kips
18 ft 2t —383.4 fi-kips

PROFESSIONAL PUBLICATIONS, iNC.,
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@,3, Determine the steel for the rnaximum moment.
Using a cover of 3 in a8 specified In ACT 318, Sec. T 7.1,
and assuning & bar diameter of approximately 1.25 in,

dﬂhwsmm%sumpsinﬂ}ﬁgjﬁ

= 20.4in

Estimate A 88 follows.
A= 0.1d = (0.1)(20.4 in) = 2.04 12
From Eq. 50.19,
(632.5 ft-kips) (12 ‘%)
A= grgon N T
v (0.9) { 60 :1;?25) (204 in — 2.04 1)
= 7.66 in”

Compute Mr for the trial A

) kips
66 in” 5
A w
0.85fcb {0.85) (3 1_{"1—15;) (50.28 in)
= 3.58 in
@ 3.58in .
)\dﬁd 5 n»—l..’?’?)m

« (204 n — 179 in)
- 7608 in-kips (641 ft-kips)

The adjusted steel area 18

32.5 ft-ki
As = (W) (7.66 in”} = 7.56 in®

Check the mininmr steel Tequirement using ACT 318
Sec. 10.5.4.

Aq suin = 0001800 = (0.0018)(50.28 in) (24 in)

=917 in® [does not controi]

Use eight #9 bars in the negative bending region- (dis
slightly conservative.)

gight #9 bars

AR cen BOH A T A NC.

SOLUTION 10 . oo B .

10.1- 10 kips
5 fi-kips

]
o A

o

critical section
for punching shear

Golve by trials. To allow for a 1-fe-thi
Gmax 10 1.5 Kips/ft? — 0.15 yips/it?




40.2. Check the 1-f depth for punching shear. Find
the fraction of the moment transferred by shear, 7,
from ACI 318, Eq. 11-42.

1
vvwlwmm1+<g> 5
3V 5
by = by
w=1- 12
1+(§)(1)
= 0.4

Find the factored moment affecting the punching shear.

e M, = (0.4)(1.6)(5 kip-ft) = 3.2 kip-ft

(1.6) (10 kips) = 16 kips

%

Assuming a single layer of #6 bars and a clear cover of
3 in,

d=12in-3in—0.75in = 8.28in

B = Qavebiba
by =by = 10In+d
w1010 4 8.25in
= 18.25in
P 16 kips

Jave ™ Z = W
= 1.17 kips/ft®
V, =16kips— R

2
) .. kipsy (18.25
= 16 kips ~ (1.17 e ) ( B ft)

= 13.29 kips

CONMCRETE SOLUTIONS 117

From ACT 318, R11.12.6.2,

_ b P dbob?

Joo= —d o 20
R
_ (8.25in)(18.25in)® N (8.251n)%(18.25 in)
6 6
. (8.25 in)(18.25 in)(18.25 in)?
2
= 35,139 in?
Ac = 2d(by +by) = (2)(8.25 in)(18.25 in + 18.25 in)
= 602.25 in?

Calculate the maximum punching shear stress using
ACI 318, R11.12.6.2.

b
3

e

u
Vg 7= —— 4
<

; . in
_ 1329 kps (3.2 ft-kips)(9.13 in) (12 E)
602.25 in® 35,139 in"

Calculate the allowable stress using ACT 318, Eq. 11-43.

¢Ve
bod

P, =

Using ACI 318, Eq. 11-36,
4
Ve = (2 + ;3_) VFibod
i

Using ACT 318, R11.12.2.1,

_ long column dimension
c - .
short column dimension

From AC 318, Eqgs. 11-37 (with o = 40) and 11-38, V,
should not exceed the smallest of

40d

(7‘3“ + 2) V fibod
by = 2(by + by)
or
4/Fib,d  [controls]
bvn = 4/ [

= (0.85)(4)v/3000
= 186 Ibf/in?

Since ¢vn > vy, the punching shear capacity is ade-
quate.

Check the one-way shear. The capacity is V..

PROFESSIONAL PUBLICATIONS, INC,
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pprd f |et—

H
!
i
i
|
|
|
t

e critical section, per
ACI 318, Sec. 11.3.1.1

$Ve = $2+/ Fibd
— (0.85)(2) /3000 (3.7 £t) (12 %) (8.25in)
— 34,107 Ibf (34.1 kips)

SV, is greater than the total factored load, so there is
no need to obtain V. The cne-way shear is adequate.

40.3. Calculate the maximum moment.

3T

N

1.43 1t

T_

[+ ctitical section

. 5 1.32X1.6=
0.224 Kips/f2 \M 2.11 kips/ft?

g =1.38 kips/t2 :

force A = (3.7 #)(1.43 ) (1.38 iﬁg)

= 7.30 kips

force B = (2,11 kips | og klps) (E}_Sﬁ) 3

ft2 ft? 2
= 1.93 kips
1431
M, = (7.30 kips) ( 5 )

+ (1.93 kips) @—) (1.43 ££)

== 7.06 ft-kips
Use the trial approach to compute the required

area.
M,

As = [T0)7, 74

Assume J = (.95,
(7.06 ft-kips) (12 5&‘5)

(0.9) (60 %ﬁ) (0.95)(8.25 in)

= 0,19 in?

Ag o=

[clearly less than minimum]
Using ACI 318, R7.12.2.1,

(AS)min = PminA
= (0.0018)(44.4 in) (12in)

= 0.96 in”

Use five #4 bars in each direction.

—am pa— 3 in clear

12 En}: five #4 bars each way _{

— 3in clear
|

3.7 it

not to scale

Since the plan dimension of the plain concrete :
not specified, calculate the minimum required.

1bf Ibf 6in
(O'soil}net = 1300 E"Q“ bl (150 Eg) -——-"'gijl"‘
12 o

= 1225 Ibf/ft?

40,000 1bf
A Wl_bﬂf
f?

= 32.65 #t°
1225
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Given that the clear distance between the footings is 6 ft
and that the length is 10 ft, the minimum area exceeds
60 2.

114.4. Assume isolated 2-ft-wide footings and neglect
the slab. Assuming all the load is dead, the load factor
is 1.4. The shear and moment diagrams for the footings

are
_ (2){(10kips)(1.4)
v 10 £
= 2.8 kips/ft

w,, = reaction from soil

l
meros {HHTH T T

footing e~

BN
R

%

25i 51t t 25f

~7 kips

8.75 f-kips

8.75 ft-kips

Taking d == (0.8)(20 in) = 16 in,

+/3000(24 in)d

ibf
1060 kip

Ve =(2)

- 2) +/3000(24 in)(16 in)
1000 E)E
kip

== 42.07 kips
Vi < 7 kips
&V, = (0.85){42.07 kips)
= 35.76 kips > V,,

The footing size is sufficient for shear. (The moment
of 8.75 kips-ft is small and can be easily provided for
in the sections of the footing.)

114.2. The critical section for shear in the plain slab
is at a distance, d, from the face of the footings (see
figure).

= footing

N . jet— slab
critical section

14 kips (factored) per leg

The effective depth for plain concrete slabs can be taken
as h—3 in from ACI 318.1, Building Code Requirements
for Structurael Plain Concrete.

d=h-3in=3in
2¢/3000(120 in)d _ (2)(v/3000) (120 in) (3 in)

V ==
¢ Ibf Ibf
1 el =
000 W 1000 ki
= 39.44 kips
Vi < 28 kips

¢V, = (0.85)(39.44 kips)
= 33.52 kips > V,,

[conservatively estimated]

The plain slab shear strength is sufficient.

12.1. Calculate the load per foot of ringwall.

3
weight of liquid = (55,000 gal) (0.13368 —gf%i)

It
X (62.4 Eg)

= 458,789 Ibf (458.8 kips)
weight of tank = 200,000 Ibf {200 kips)
total weight = 458.8 kips + 200 kips

= 658.8 kips
perimeter of _
centerline of ringwall = (m)(32 ft)
= 100.53 ft

The service load per foot of ringwall is

__ 658.8 kips

= T R 6.55 kips/ft

Neglecting the weight of the ringwall, the required
width, b, to keep the soil pressure within allowances

18 ki
6.55 —ov
b= il = 4.37 £
1.5 B
TR
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This dimension is large and suggests the use of a footing
under the ringwall. Because of the 18-in-deep frost linze,
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 is arbitrary.
Select 6 in. %

VARSI S SR

w

' & in (arbitrary)
N SNV
d

18 in i 24 in

critical section —=-' "
_T“ - for shear !

frost line

Assuming the full loading is dead load, the factored load
per foot is
Py = 1.4g

Using ACT 318, 8ec. 14.5.3.2,
ty > 7510 lsay 8 in]

Check the 8in value for strength.

Estimate h. The shear force at the critical section, Vi,

® b— (t + ?.d)]

V””"P“[ 2

The shear capacity of a 1 fi-long section is ¢V, where

BV, = (0.85)(2)/fld
in

(0.85)(2)v/3000(1 ft)d (12 ifg) = 1117d 1bf
x (1.12d kips)

Taking tentative values of b and %, as 60 in and 8 in,
respectively, and recognizing that F, = 9.17 kips,

1 8in d
Vo = (9.17kips) | & — smerre— — ==
w = (9.17kips) [2 (25(60 ) 60]
= 3,97 — (.1534
Equating V,, to ¢V,

d=312in
However, ACI 318, Sec. 15.7, presecribes a minimum

effective depth of 6 in. With a 3-in clear cover, the
total depth is

h=d+3+dy~d+4in

Try h = 10 in. Check the flexure before finalizing A,

TR

Again taking b = 60 in, the load between points A 5
B in the figure is R,

. {60 in—8in
{(2)(60in)
= 3.97 kips
M, = (3.97 kips}{13 in)
= 51.61 in-kips/ft of ringwall footing

] (9.17 kips)

Assume J == 0.95.

M,
(-As)req == m

in-kips
(5101 %)
(0.9) (60 1%) (0.95)(6 in)
= 0.17 in?/f%
{Ae)min = (0.0018)(10 in)(12 in)
= 0.216 in?

[controls]

k=110 in can be used.

8in

201in

ETO in

80in
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ok the bearing pressure, taking into consideration
weight of the wall and footing.

added pressure | {8in)(20in) + (10in)(60in)
er foot of wall = 2
144 B2
kips
(o 1547 )
= 0.79 kips
actual bearing _ 6.55 kips +0.79 kips
pressure - (586)(1 ft)
kips kips
= 1.47 ——- 7 < 15— T [allowable]

{2.2. Select the steel for the ringwall. The load per
“foot is small, so minimum requirements will govern.

For vertical steel, use ACI 318, 14.3.2,
Asp = (0.0012)(8in)(12in)
= (.12 in?/ft
 Use #3 bars at 11 in.
For horizontal steel, use ACI 318, 14.3.3.

A p = (0.002)(8in)(20 in)

= .32 in?/ft  [in shaded area]

Use three #£3 or two # 4 bars.

Note: This solution assumes that the bottom of the
tank is adequate to carry all of the solution weight.
This will require a very stiff tank bottom. If the bot-
tom is flexible, there will be a radial force on the ring-
wall, translating into a hoop stress in the ringwall steel.
The minimum requirements for horizontal steel in the
ringwall would not be adeguate in that case.

12.3. Summary of final design:

8in
|t —f]
[l gﬁ in
_i/ AN Y YA NS N
#3barsat 11in #3 bars
. 3inclear
24in le ] e
Sm i = £ :I10in
clear = o
? 60 in
. temperature reinforcement
#3barsatéin (not designed)

SOLUTION 13

10N

et

10 in

typical unit

Use ACI 318, Sec. 8.10.2 to check the width of the
flange.

(beff)max = {2)(8)(2 iI}.) +10in
= 42 in > 34 in

The full width is available.

Calculate the area of concrete in compression at ulti-
mate tension,

k
T = f,As = (60 lps) (3 %)
== 180 kips
T 180 kips
Ae= G = kips
858 (0.5) ( )
= 70.59 in®
70.59in? ~ (21n){34 in) = 2.59 in® [f;f?ﬂ“ivf,‘zﬁ ]
2.59in? from underside of flange
Tom = (.25% in [ to neutral axis }

Compute the moment capacity, ¢M,.

{68)(0.85){3} =173.4 kips
Lot ——

1
% % L B T e e i S

11in {0.259)(10)(0.85)(3) = 6.6 kips
9.87in
oS! 3o 180 kips
not to scale
M, = (173.4kips)(11in) -+ (6.6 kips)(9.87 in)

== 1972.5 in-kips (164.4 ft-kips)
OM,, = (0.9)(164.4 ft-kips)

= 148.0 ft-kips
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SCOLUTION 14

14.1. Locate the centroid and calculate the moment
of inertia.

area  y (area)(y) (area)ly—%)* I
(in?) (in) (in®) (in%) (in?)

2(4;) 104 85 884 1347.8 1464.7
Az 96 1.0 96 1460.2 32.0
totals 200 980 2808.0 149867
980 in®
7= =4.91
Y= 00 m? "
I, = 2808 in* + 1496.7 in*
= 4304.7 in®
Y = 4.9in
yp = 10.1in
e="T.1lin

Check stresses at transfer. Assume $endon stress after
transfer, fpq, is the maximum permitted. From ACI
318, Sec. 18.5.1,

Foi = 0.7 fp = (0.7) (250 %)
= 175 kips/in®
area of tendons = (8)(0.08 in®)
= (.64 in®

The prestressing force at transfer is
P, = (0.64in2) [ 175 B
AT in?

= 112 kips

The stresses should be checked at 50 diameters of the
strand from the ends and at the centerline.

Caleulate the bending moments from self-weight at sec-
tions 1 and 2.

1 2
|
1

|

— 4 = =

l ;
Wé i |
I i centerline

50d,= 18.75 in (1.56 ft)

(200 in?) ((}.15 %f)
r. 2
m
14475
= 0.208 kips/ft

(self weight) =

At section 1,

My = (o.zos E‘l—ﬁis) (15 £t)(1.56 ft)

1 kips 2
- (i) (0.208 T) {1.56 ft)
= 4,62 ft-kips

At section 2,

(1 kips 2
My = (§> (0.208 ft )(30 ft)

= 23.4 ft-kips

Calculate the stresses at section 1.

112kips (112 kips)(7.1in)(4.9in)
200 in® 4304.7 in*
(4.62 ft-kips) (4.9 in) (12 »}%)
- 4304.7 in?
kips kips kip

= —(1.560 — + 0.906 —- ~ 0.063 —
(.560 ) -+ 0.905 7 0.0 =3

o0y =

= 0.282 kips/in? (282 1bf/in?)

i kips\ (10.1i
oy = —0.560 25 _ (0.905 i%ﬁ) ( m)
133 my

4.9in
kip 10.1in
+ (0.063 I;?) ( iom )

ki ki ki
= —0.560 ~57 — 1.865 T5F — 0.130 5
i m 113

= | ~2.205 kips/in? (—2295 Ibf/in?)

At gection 2,

ot = —0.560 B8 4 0,905 1B
1y 1

(23.4 fo-kips) (4.7 in) (12 g)

4304.7 in?

ki ki i
= —0.560 o + 0.905 ~& — 0.31 o
1 1% m

=| 0.035 kips/in® (35 Ibf/in?)
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kips kips
— 0560 o — 1.865
T 0.560 7 865 F

kips 10.1in
N (0'32 m—2> ( 19m )
kips kips kips

= —0,560 —% — 1,865 —5 -+ 0.660 —
0.560 3 865 oz e 7

=| —1.765 kips/in? (—1765 Ibf/in?)

In summary, at transfer:

maximum compression = | 2295 1bf/in®  [not ok]

According to ACI 318, 18.4.1, the allowable compres-
sion i8

£
0.6fs; = (0.6) (3500 ;%)
= 2100 Ibf/in?

maximum tension = | 282 psi  [ok]

According to ACI 318, 18.4.1, the allowable tension is

6/ f; = (6)4/ 3500 % = 354 1bf/in?

14.2. Check stresses at the service load level. Assume
total losses = 20% of fp.

.
for = 0.8fpi = (0.8) (175 fﬁ)

= 140 kips/in®

The final tendon force, Py, is

P; = (140 %’;) (0.64 in®) = 89.6 kips
The service load is
1bf Ibi
45 =5 + 48 =5 kips
Wservice = """""""ﬂ“;""”’"“_fbfﬂi— {4 ft) + 0.208 “i":"t}?m
1000 —-
kip

= (0.548 kips/ft

The moments at sections 1 and 2 are
0.548 k—?
M = (4.62 ft-kips) W—EE—S—
0.208 _ﬁ%

= 12.17 ft-kips
0.548 »1%5-
0.208 —flti

= 61.65 ft-kips

Calculate the séresses at section 1.

89.6kips  {89.6 kips)(7.11n){4.9 in)
 200in* 4304.7 in*
(12.17 ft-kips)(12 in) (4.9 in)
4304.7 in?
kips kips kip

= —0.448 =2 + 0.724 =5 — 0.166 =
m 1 mn

oy =

== 0.110 kips/in® (110 Ibf/in®)
oy = —0.448 i—ff%ﬁ —~ (0.724 E%’;) (10.1 zn)
n iy

4.9in
kip 10.1in
+ (0'166 in2> ( 4.9in )

. y .
— 0,448 928 1 499 9 40 342 22
jaes m s}

=| —1.508 kips/in® {~1598 Ibf/in?)

At section 2,

o = —0.448 K5 4 724 K28
1 m
_ (61.65 ft-kips) (121in) (4.9 in)
4304.7 in*

0448 52 4 0724 5P g 540 OB
n 1 in

= —0.566 kips/in? {—566 lbf/in?)

oy = 0,448 B8} 49 10
in 1

kips 10.lin
* (0‘84‘2 TF) ( i6h )
kips kips kips

= —0.448 it — 1.492 e 4+ 1736 —5-
in? 0 in? +1.736 in®

= | —0.204 kips/in? (—204 Ibf/in?)

In summary, at service:

maximum compression = | 1598 1bf/in®  [ok]
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According to ACT 318, 18.4.2, the allowable compres-
sion is

0.45f7 = (0.45) (5000 }%)
= 2250 Ibf/in?

maximum tension =/ 110 1bf/in?  fok]

According to ACT 318, 18.4.2, the allowable tension is

Ibf
6+/f] = (6)4/5000 —
= 424 1bf/in?
14.3. Find the section’s nominal moment strength.

Calculate the stress in the tendon at ultimate, fos-
Using ACI 318, Eq. 18.3,

el (@) )

fpu is the specified tensile strength of the tendons.
Using ACI 318, Chap. 18 notation,

Jov

Iy 085
fou

'Yp == 0:4

1 = 5000 1bf/in?

By = 0.80

i 2
pp = 0.641in - 0.0011
(4 £6)(121in) (12 "fg)
" (0.4)(0.0011) (250 ﬁ%ﬁ)
fpsr(zso iis) 1 T
& (0.80) (5 RPf)

= 243.1 kips/in®

The total tension at ultimate is
y
T = (243.1 m]—g;ﬁ) (0.64 in®) = 155.58 kips

The depth of the compression block, o, is

T 155.58 kips

a, —— 7 g "
08555 (0.85) (5 %%S-) (48 in)

== (.76 in

The flexural capacity is

(0.9)(155.58 kips) (12 . 0.726 m)

GMy, = T
1
12 —
i

= | 135.6 fi-kips
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Steel

A moment-resisting connection between a W18 x 46
beam and a WI0 x 45 column is designed to resist a
moment of 140 fi-kips and a 70-kip vertical load. All
steel is A36. Use L-in A325 bolts.

N
1 i - WT7 secfion
B2 =
i
- W18 46 beam
+ o+ v
web A
+ + plate ML
+ o+
=
M
~— WT7 section
W10x 45
column
NG

1.1. How many bolts are needed to attach the WT7
section to the column flange?

1.2. Specify the required Bange thickness of the WT'7
sections. Prying force is not to be reduced to an in-
significant amount.

1.3. If four -g»ln—ciiameter A325 bolts are used in each
WT section instead of —-m boits, what is the mini-

mum beam size (depth)?

PROBLEM 2

A 3400-pound sign is supported by three equally spaced
cables from a W8 beam, the exact type to be deter-
mined. The beam, in turn, is supported by two side
wires and a threaded tie rod. Assume all wire and rod
connections are pinned.

7 2
threaded
tie rod
8t
4 ft |
beam W8 beam
centerline
3cables,—~|
spaced at
4 ft sach .
sign 3400 |bf
assume aft
pinned
and
elevation
7 2
i
wire, typical {horizonta)
8t
/
et e
4 f
8t
20 # :
plan

2.1, What is the lightest W8 beam that can be used
to support the sign?

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 A36 steel. Left-to-right sidesway is
uninhibited. Connections of columns to their supports
are rigid.
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275 kips 275 Kips 275 kips 275 kips 4.1. Use A325 bolts in a friction-type connection o
% % % % sign the bolted connections between the mounting st
and the column. Disregard prying action.
W1i2X98
21 ﬂl Jrﬂl 4.2. Design the weld connection for member B.
}’;;W//’f\ T b s sume E70 electrodes will be used.
C 40ft 40ft  40ft
7 column orientation PROBLEM 5
- A 22-fi-long W24 x 94 bearn crosses at right angles
G e X sits on an 18-ft-long W27 x 146 beam. The W27 x
/ -l beam is, in turn, supported on unstiffened L8x4x 1 ¢
- section A-A angles that are welded to the flanges of the columns
180-kip concentrated load is applied at midlength al
z the W24 x 94 beam. All beams are simply suppor
on seats that offer no moment resistance.
PROBLEM 4
i A framing bent consists of verfical steel W-shape i
columns with a truss girder constructed of double-angle W 24 % 94
tension and compression members. All steel is A36.
Truss members are welded to the mounting plate (WT column
shapes) that are, in turn, bolted to the columns. (The L
centerlines of the truss members intersect the centroids 29 §t H 180 Kips—4-@ |W 27146 H

of the bolt groups.) Bents are spaced every 22 ft and
carry a uniformly distributed roof load of 70 Ibf/ ft2,
which includes an allowance for the truss girder itself.

e

see connection detail I
§
E h 181t
5H

Y

plan view
r -«»j 5 |—q——
typical
= y:_ N 180 ki;)S . &
o7 kips 27 Kips 201t I
% Ly=12 Kips R,=12 kips %
A e (] ‘ ;wz4><94
ANNYZNNNNNS NN TN INS AN ANV T
o 351t '
not to scale \ W27 % 146 /
WT7 X 49.5 mounting stem ) an\%(leel!di%at'
h_me..._LJ Y Nt

elevation view

column -+

§.1. What fraction of the 180-kip load is carriec

each beam?
N 3
L3X2Xgin . . :
8 5.2. What are the maximum bending stresses in ¢
connection detail beamn?
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§,3. Two parallel vertical welds connect each seat to
the column. E70 electrodes are used. Evaluate the ad-
equacy of the seat angles that support the W27 x 146
beam and design the welds. (The 4-in leg is horizontal.)
Assume reasonable values for clearances and underruns.

A horizontal roof is constructed with 36-ft girders sup-
porting 32-f joists. The girders are supported by
439.ft-high columns. All members are A36 steel. All hor-
izontal members are continuous and 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
systern and should not be considered in this design.

gleder, 6 bays at 6 =36t

@A ]
comer column,
32 ft high ioists, 32 ft long
& &

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

An exterior two-story, 24-fi-high steel column supports
an exterior sign, a distributed roof load, and story loads.
(Refer to the diagram for more details.) Select a column
according to AISC procedures.

roof load, w

Y] Y r*

1

story loads Gt
" 3

1112211 sign F6ft

column * W=5000 Ibf
| L_ 128

4t {
7

5 ftla—

vertical reaction from roof loads: A=20,000 bf
vertical reaction from stoty loads: A= 30,000 Ibf

PROBLEM 8

A single plate bracket is welded to the face of a column
ag 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.

N
40 kips

column g

. 8in ¥
TH —m=- 10 kips

12in % 2inPL

il

) weld

PROBLEM 9

Design an A36 column to support the loads indicated.

P=50kps

M=18 fi-kips

beams provide fateral
support but add no loads aft

:7 ‘
L T
H
2 Kips/ft
12 ft
AR
¥ 24 ft
cantitever
load:
10 kips y
7 vz
3t
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sSteel Solutions

4.1, The shear of 70 kips is assumed to be carried en-
 tirely by the web plate. This problem is not concerned
" with the web plate, so the 70-kips shear is disregarded.
Only the 140 ft-kip moment is carried by the WT7 sec-

- tions.

'The depth of the W18 x 46 beam is 18 in. The hori-
gontal tensile (and compressive) forces resisted by all of
the bolts in the column-to-T-section connection is
o (140 ft-kips) (12 -}t"f

- = T = 83.33 kips

: From the AISC Manual, Table I-A, the tensiie capacity
of I-in A325 bolts is B = 26.5 kips/bolt. The number
of bolts required is

_ force  93.33 kips

B kips
26.5 —
> bolt
=] 3.52 [use four bolts per T section]

«2. The base of the T section is bolted to the flange
the column. Although the beam-column connection
& moment connection, the top T section is loaded in
uze tension. The procedure starting on p. 4-91 of the
15C Manual can be used.

ep 1: From Sol. 1.1, four bolts are needed. The ten-
sile force per bolt is
_ force  93.33 kips
no. of bolts = 4 bolts

= 23.33 kips/bolt

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 be-
tween the T section web and the bolt hole is
_88in—1in
- 2

b = 2,25 in

The flange width, b, of the W18 x 46 beam is 6.06 in.
Tke load per inch of flange width {i.e., per inch of tee
width) is
93.33 kips
6.06 in

This exceeds the values in the preliminary selection
table given in the AISC Manual. Two options are avail-
able. The table could be extrapolated, yielding a pre-
liminary value of approximately 1{% in. Alternatively,
& manual analysis can be performed as follows.

From the AISC Manual, for 36-ksi steel (with a 75%
allowable bending strength), the tensile capacity of the
T section per bolt is 18¢2/6. Therefore, the preliminary
thickness is

b x capacity
tprelim == ""““""“”’i"’é’_

\/(2.25 in)(23.33 kips)
18

= 15.4 kips/in

=171 in

Try WT7 x 116.5 with flange thickness of {7 = 1.72 in,
te = 1.07 in, and by = 15.89 in. Calculate b, a, V', @,
2, and §.

b o 5.5 m—zi.OT in — 9915 in
1589 in — 5.5 1
Quneut = M“‘""_‘——"—“""'“s il’l2 n =5.195 in

This is clearly more than 1.28b, so the T section will
have to be cut for use. The limiting value is

a = 1.25h = (1.25)(2.215 in) = 2.769 in
d 0.875 in

B =~ =2215in— —— = 1778 in
o =a+ g =2.215 §n+91§—7§—‘3 = 2,653 in
, .
b _ 1.778 in — 0.670

P= @ = 2653m

i 1
d’ = bolt diameter + clearance = — in-+ — In

8 16
= .9375 in
006 e hgin
d 0.9375 in
] = T ] 2P 601
f=1 p 1 3.03 in 0.69
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step §: Calculate 8.
IN (B
=(3) (71
m_( 1 26,5 1
B 67??6) Ké?ﬁ) B ]

= 0.203
Since § < 1, & is the lesser of 1.0 and

(%) ("ig?) - (0.391) (1 ??)0503)

= (.369

step 4: Calculate the required thickness.

&Iy
ply(1+daf)

_ \/ (8)(23.33 kips) (1778 in)
'

treq'd ==

3.03 1n)(36 ksi)[L + (0.691(0.369)]

= | 1.556 in

Since treqd < tprelim, the design is satisfactory.

1.3. From AISC, Table I-A, the capacity of 3-in A325
bolts in tension is

B = 13.5 kips/bolts

The total capacity of four bolts is

kips ,
(4 bolts) (33.50 m) = 54.0 kips
M
dmin = ‘F‘
(140 ft-kips) (12 ig)
- 54 kips
=31.1110n

A W33 beam size is required.

SOLUTION 2

12ft

iéﬁt

From Y M4 = 0, R, = 3P. From the slope of ]
rod, Ry = 2R, = 6P.

axial

R A
6 {compression}

shear 4

\ 77
N

moment

N\
N W ]

Point B is braced by the combined effect of the I
wires and the restoring twist provided by the ap
loads and the tie rod reaction.

b

2

= 1.13 kips

3.4 kips
P oo
3

Ineglecting self-welg

Segment AB will control the selection of the lig
W8 section. Find the self-weight contributions. @
bt/ ft.

To the moment:

w(4 fE)(2)

Ibf
1000 Kip

= 0.008w ft-kips
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the axi&l:

M=
= 4.677 ft-kips (56.13 in-kips)

= 7.25 kips
7.25 kips .
- = 1.378 kips/in
526 in? ps/
. 56,13 kips L
= = 3.693 kips/in?
LTI ps/

(16 £) (12 if%)
— o156

3.4 kips Ibf kip-ft?
(4ft)( . >+ (18 > ) (0.008 =5

| ._m (6) (3'4 ; ips) +(0.025) (18 %’g)

culate F, and Fy. From AISC,

From AISC, Sec. Ht {or from Table 8)

w(20)0R) | () _ 5025w kips g 12E
{1000 Y (16.41) - K\*
(100 iip (23) (;—)
: b
we x 18. in
W A = 5.26 in? ki, (6% (19 ﬁ) o8
= 1.391n Ty 343in
7y = 1.23 10 F!_ = 47.68 kips/in®
S, = 15.2in"
k2 = 4.701/in Take C,, = 1 as a conservative estimate. AISC Eq.
Af Hl-1 controls.
= 3.431
T; 18 ;blfr; " Stresses should satisfy

_f;é}_ + Gmfb <1
F PRELRY
FL) "
ki ki
1.378 o 3.693 o
k,’:n o in
6.14 o 1.378 % Kips
m 1- T (13.30 mz—)
4766~ »
1
== (3,51 fok]

Eq. E2-2 or Table

The next smallest W8 is 2 W8 x 15, which is likely to be

adequate for stress but should not be used because kl/ry
exceeds 200 (the AISC preferred maximum slenderness

Kl = . ratio listed in Sec. BT7).
Ty 1.23in
kips
2 nps
g L2rE (12)(=) (29’000 in? ) Use W8 x 18.
¢ 27 93)(156)2
o () (@B)(156)
,
= 6.14 kips/in*
21381 2 9. The vertical reaction in each wire is zero. The
T ' ratio of the resultant force in the tie rod to the vertical
om AISC, Eq. F1-8 component is
Cp=1 V(2)2~+(1)2=\/3
B = 12,000 o The beam is simply supported at the wall and tie rod.
= | e | L
1 (%) The reaction in the tie rod is
b f
- g
19,000 0.018 —%3?) (20 ££)(10 £e)V/3
= = ~ R =5 (3.4kps) +
(16f6) | 124 ) (470 16 ft
L ft in :
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W12X96
[, = 833 int

275 kips 275 kips 275 kips 275 Kips

R
X”I"X o1 ft
|
z 7 Vi Vi T
A0 1t a0f 40ft

Tn order to select a section from the AISC tables, it is
necessary to know the effective length. Since the effec-
tive length is a function of the relative rigidities, assume
a value of the effective length factor. Assume K = 1.5.

Kl = (1.5)(21 ft) = 3151t

From the AISC column tables, select W12 x 96.

I, = 270in*

Calculate the effective length.

( i ) 270 in*
L
Gt — column __ 21

B (“{ ) T (2)(833 1Y)
L girder 40 ft

= (.309

G, = 1 is recommended by AISC for rigid connections
to footing. From AISC, Fig. 1 {sidesway uninhibited),
K =~ 1.2 and Kl =25 ft.

Try W12 x T2
I, = 185 in*
( z ) 195 in*
Gy = L column .. 21 ft

({ ) T (2)(8331n")
L girder 40 ft

== (3,223
Gp=1
K ~1.19

Kl=251t  [okl]

Interpolating between 24 £ and 26 £, the capacity
the AISC tablie on p. 3-27 is i

288 kips -+ 267 kips

Pall e 5 - 2775 klps
The actual loading is
Ibf
(72 "{:E“) (21 ft)
P =275 kips + B TN
1000 —
liip

= 2765kips < Par [0l

Use W12 x 72.

208

H g 12 Kips

27 Kips

SR, = 27— By =0
B, = 27 kips
B = v/2(27 kips) = 38.18 kips
S Miop = ~(12 kips) (25 o) + C{58t) =0
C = 60 kips
S F,=A+ B, ~C+12kips =0
= —12 kips -+ 60 kips — 27 kips
= 21 kips ’

The centroids of members A and B intersect ab tl
terline of the bolted connections to the columns.
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e 21 Kips

/

centroid of
bolt group

- -hwi 27 Kips
L |

$mw_ !

27 kips

tension, T = 21 kips + 27 kips = 48 kips
shear, V' = 27 kips

the allowable bolt stresses for A325 (threads not
ed from shear plane), from AISC, Table J3.2.

T == 44 kips/in*
AISC, Teble J3.2 and Sec. J3.6,
3 FiAp

(17.0) (1 -

average tension stress

‘nominal bolt area

From AISC,
Table J3.7

_.peciﬁed pretension load
ng 2-in bolts.
Ajp = 0.306 in®

g the reduction factor for shear, the number
5 Tequired is determined from

in®
no. of bolts = 3.56

of bolts)(0.306 in?) (44 klps) — 48 kips

16)(0.308 2y — e fin2
')'(0306 inz) = 14,706 klpS/ln

)[ B (48 kips) (0.306 in®) }
{6)(0.306 in?)(19 kips)

[not acceptable]

Try eight 2-in bolts.

27 kips e
et = 11.03 k 2
(8)(0.306 in?) ips/in
E‘ﬂf_) [l _ (48kips){0.306 in?)
in? (8)(0.306 in?)(19 kips)

== 11.63 kips/in?  [ok]

Fy = (1’?.0

Use eight 2-in diameter A325 bolts.
8

218190% - 19.09 kips

From AISC, Tables J2.4 and J2.5,

minirmum weld size = -1% in
. " — g - . _J:_ N — _5— -
maximum weld size = § 1 = pin

Fo fittet ™= (0.30}(70 ksi) = 21 ksi

Select a %—in fillet.

i

capacity of fillet 21 -]ﬁB; (—:—3— in | (0.707)
in 16

= 2.78 kips/in

19.09 kips

.78 KPS
1mn

= 6.87 in

i

length of fillet required

Neglecting end returns, the centroid of the weld coin-
cides with the centroid of the member when

1.04%1 = (3 - 1.04)1‘2

Ty = 1.885$2
21+ 2 = 6.87in
xg = 2.381in
x1 = 4.4%in
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PROBLEMS

SOLUTION 5

%.4. For each of the beams, the loading is as a simple
beam.

L
The stiffness is
_ P _4EI
T AT I3
For the W27 x 146 beam,
I = 5630 in*
L=216in
(48E)(5630 in*)
i 22 (0,02
k E1610)? 0.0268E
For the W24 x 94 beam,
I =2700in?
L =264 in
 (48E)(2700in")
= e 0.00704E

The load on the W27 x 146 beam is

P 0.0268F
T\ 0.0268F - 0.00704E

) (180 kips)

= | 142.6 kips {79%]

The load on the W24 x 94 beam is

( 0.00704E

F =\ 50268 1 0.00704F

) (180 kips)

~|374kips  [21%)

8.2. For the W27 x 146 beam,

PL  wl?
M=-+-5
kips
(142.6 kips) (18 ft) (0‘146 "”fi“) (18
= +
4 8
= 647.6 ft-kips
. in
M {647.6 ft-kips) (12 vf{)

=" = 41110

=1 18.91 kips/in®

For the W24 x 94 beam,
Pr.  wk?

M= +7%"

kips
0.094 ——
09 B ) (22 f¢

(37.4 kips)(22 ft) n (

4 8
== 911.4 ft-kips
, in
{2114 ft-kips) (12 E) N
= =1 11.43 kips/i
fo P 3 kips/i
kips
_ 142.6 kips (0'146 ”"%t"") (18
B5.3. reaction = 5 + 5
= 72.61 kips
For the W27 x 146 beam,
by = 13.965in
t, = 0.605in
k = 1.6875in
Using AISC, Eq. K1-3, the required bearing len
R
N + 2.8k = e
* 0.66F,1,
N = 72.61 kips

(0.66) (36 I—?f;) (0.605 im)

—(2.5)(1.6875 in)
= (.83 in [easily obtained in typical d

A}
Eh |

P iui
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“2’""m clearance and a gwm underrun at each

he minimum length of the supporting side of the

efrmne the required thickness of the angle leg based
ﬁexure The force is assumed to be concentrated af

in - }. in— Z in
_;_M_Q_E_M-—m = 1.625 in [from end of beam]

= 1.625 in [from tip of bracket]

he eccentricity (measured from the exposed face of the
acket) is
e=din~—1in~1.625in = 1.3751in

1.626 in +

i 1.
éin+zm‘

T

1.625 in

Y
~

e

/

M = (72.61 kips){0.755 in)
= 54,82 in-kips

6M

trequired = W
' u

e Fy, = 36 kips/in® and (based on the flange width
he W27 x 146 beam) b = 14 in.

: (6)(54.82 in-kips)
required = klp
(0.75) ( ) (14 in)
= 0.931in

maximum weld size is

From AISC, Table 32.4, the minimum weld size is % in

The eccentricity, €;, is

083 in

5 4+ 0.751n

N
gy = *‘2" 4+ 0.75in =
=1.2in

The moment on one leg of the weld is
(1.21in)(72.61 kips)

M= 5 = 43.6 in-kips
The shear on one leg of the weld is
72.
Vo= f; w%—@ﬁ = 36.31 kips

Calculate the weld size. (Neglect returns for simplicity.)

weid shape
{one leg)

The nominal and shear stresses on the weld are

S = 10.67a
A=8a
; 43.6kips  4.09 kips
tress = -
nominal stress 5670 :
shear stress = SOoLKips _ 4.54kps
8a o
- P - 3
COmbined StrBSS = (4.09 kl;)s) .,!.., (454 kipS)
@ a

- 811 kips
- a

For E70 electrodes, the aliowable stress is 21.0 kips/ in?,

6.11 !EP—S
Urequired = MMW == (.29] in [effective]
21 —5
in
nominal weld size = v2a = v/2 (0.291 in)
= (.41 in [say T76 in]

Note: Assuming the bracket length is the same as the
W27 x 146 flange width, a selection based on AISC,
Table XIX (Sec. 4), would lead to a somewhat smaller
weld size (i.e., & or 2 in).

18 x 4 x 1 is adequate.
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The final bracket design is

N

8in

32 ft (384 in)
klpS
Waead = | 0.068 —5- | (6 ft) + self-weight

= 0.36 %’— + self-weight

Wiive = (O 02 gi"?ﬁ) (6 ft)

= 0.12 kips/ft
For uniform loading,

_ Swit
T 3R4ET

The deflection criterion is

The moment of inertia required to meet the deflection
criterion is
4.69wl®

>
I“E

Neglecting self-weight,

(4.69) (o 48 —]’5@) (384 in)3

k1ps
(29 000 - ) (12 ﬁ)

> 366 in*

I>

Try Wi6 x 31. (I =375in%) Adjust w to aecmm'
the self-weight.

Kips 031 K08 _

= 0.51 E(zps/ft :

= (.4
048 =~ ft ft
Checking the expression for the required I,
0.51 B
> (366 in%) kft
0.48 ===
ft

= 389 in* > 375int [not acceptable]
Try W18 x 35. (I = 510 in%; S = 57.6 in?)
deflection requirerzent is met with this section. ¢}
the capaciby.
kips kips
= — 35 ——
w=0.48 m + 0.0 e
= 0.515 kips/ft

M= (;) (0 515 5%3?) (32 f5)2

= 65,92 fi-kips
. in
. M (65.92 ft-kips) (12 ?t—)
T e T 57.6 in®

= 13.73 kips/in? < 0.6F,  [ok]

Use W18 x 35 for the joists.

6.2. Select & W shape for girders. Treat the reac
from the joists as an equivalent uniform load (whic
justifiable, given the total number of joists). Ass
bracing at each joist location.

The deflection criterion is
AL
I~ 360
The required moment of inertia is
3
S 4.6%w!
- K

Calculate w, neglecting self-weight for a fivst appr
mation.

kips kips
(0 06 —pr) (16 ££) + (o 02 -—p-) (16 t)
= 1.28 kips/ft

(4.69) (1 28 k;f ) (432 in)®

klpS in
(29 000 — ) (12 E)

= 1391 in*

I e

{required}
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W24 X 62 sechion.

1 = 1550 0"
§=131in°
b = 7.041in
_ﬂ_ = 5.72 i
Af
Ghécic the stresses.
kips

kips
w =128 T +0.062 i
— 1.34 kips/ft
M= éwzﬂ = (%) (1.34 %’5) (36 £t)?
(217.1 f-kips) (12 1;%)
fe=7g = 131in°
~19.9 kips/in®

ompute the allowable siress.
T6br (76)(7.04 in)

VTN Y.

in?

i

80.17in  [controls]
20,000 20,000

=071in
The unbraced length is

(6 56) (12 3%1% =72in

e

Since 72 in < §9.17 in,
¥ips
F, =066F, = (0.66) { 36 w7

— 24 kips/in® > f  [o¥]

Use W24 x 62 for the girders.

6.3. The load on the column is

(1.34 513%) (36 ft)
oo ft

2

d .1 kips
( Af) F, (572m7%) (36 in2>

= 24.12 kips

Because of the extreme height, the KI/r limit of 200 is

likely to control.

(32 ft) (12 1—;%)
e 200

Ty
r, > 1.92in

From AISC, Table C-36, at Kljr = 200, F, = 3.73
kips/in® W14 x 53 has ry = 1.92 and A = 15.6in%, s0

the allowable load is

Paltowable = (3.73 %‘3’;) (15.6 in*) = 58.19 kips

This is much larger than the design load.

Tse W14 x 53 for the columns.

Caleulate the horizontal reaction, H.

A

V7

woll et H

5 Kips

Taking clockwise moments as positive,

M4 = (—H)(6 ft) -+ (5 kips)(5 1t)
=10
H = 4.17 kips

The loads acting on the column are a3 iHustzated.
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138 101 SOLVED CIVIL ENGINEERING PROBLEMS

20 kips + 5 kips = 25 Kips W6 x 20:
S, = 13.4in®
A .
lateral ~== ey o 25 kips -flm =2.82in~!
support N Ay
from roof 6t r, = 1.64in
4.17 kips . a2
g My A=587in
ry = 1.50n
30kips |eft .
. by = 6in
ateral (P % B o M, rp = 2.661n
support ¥ -
from floor L == 641t
L, =1641%
122
Segment AB:
o . P = 25 kips
ground ] M = 1017 ft-kips
ievel 7 axial moment o =1
25 kips o
fo= el 4.26 kips/in®
Use AISC p. 2-306 or calculate the moments using mo- in
ment distribution. K (1)(12 ft) (12 E)
Ty 15in
= 06

&
R

1 1
[ 3 [ 3]
FEM —6.26 +6.26 0 0
BAL 1626 ~313 | -3.18
COM 7313 0
BAL ~156 | —156
) 7469 | —4.69 0

{all units in fi-kips}

FEM = Pl _ (417 kips}(12 ft)
8 8

My = 4.69 fi-kips

(4.17 kips)(121t)  4.69 B-kips

M= 4 )

= 10.17 ft-kips

= 6.26 ft-kips

Select a trial column based on the axial force only. From
the AISC column tables for F, == 36 kips/in® and K1 =
12 ft {assuming K = 1}, select W6 x 20, which has an
allowable load capacity of 79 kips.

Check the strength about the sﬁrong axis, including
bending.

From AISC, Table C-36,
F, = 13.48 kips/in®
) in
M {10.17 kip-ft) (12 ;E—t_)

Jou = g = 13.4in°
= 9.11 kips/in®

Clalculate the allowable stress in bending.
unbraced length = 12 ft (144 in)

l 144 in

— = §7.8
re 1684100 8
Cp=1

The largest value from AISC, Eqs. F1-6, Fi-7, an
can be used for the allowable corapressive stress.

Assume that the sign does not provide support.
AlISC, Eq. F1-6,

l 2
2o 5 ()
= 137 1530 x 10%C, | 7Y

i kips 5
2 (36 EF') (878 (36 @E)
37 (1530 % 10%)(1) 2

= 17.47 kips/in?
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AISC, BEq. F1-7,
170 x 10°Cy _ (170 % 10%){1)

By = (L)2 [®7.8)?
Tr

- 92.05 kips/in®

. AISC, Eq. F1-8,

12 x 103G, (12 % 10%)(1)
= Td =

. 1
i (144 in) (2.82 1-‘11)

~ 29.6 kips/in”

The largest: value i8 235 kips/in®.

ver, the compressive stress cannot exceed
0.6F, = (0.6) (36 %?;) = 21.6 kips/in®

m AISC, Sec. H1,

g 120 (29,000 %P;)

50.96 kips/in?

i

Cmfb <1
EE
e
kips
4251;1%’3 (1) (9.11 %)
i
kips kips
48 ——- 4£.26 —-
. 2 ]
o - (21 6 13%§>
50,96~ m
in
= 0776 [ok]
ent BC:
P == 55 kips
M = 4.69 ft-kips
_ 55kips . a
fo= oy 9.37 kips/in

F, = 13.48 kips/in?

(4.69 ft-kips) (12 E{fti)

foo = - =
“T s 13.4m°
= 4.2 kips/in®
Ch=1.75

¢k the combined stress criteria. From AISC, Eq.

From AISC, Eq. F1-6,

) [\
o),
=137 1530 x 103C, | 7
- kips 5
2 (36 — ) (87.8) (36%
T 137 (1530 x 10%){1.75) in?
= 20.27 kips/in?
kips
2 e ———
" B (12)(=?) (29,000 ing)

@

= 50.96 kips/in®

From AISC, Eq. F1-7,

. 170 x 103C, (170 x 10°)(1.75)
b N2 (87.8)2
(=)

- 38.59 kips/in®

From AISC, Eq. F1-8,

12x10%C, _ (12 x 10°)(1.75)
o 1 B 144 2.82 L
A; (144 in) { 2. o

= 51.7 kips/in2

The largest value is 51.7 kips/ in?, but the stress cannot
exceed 0.6F,. Use a value of 0.6Fy = 21.6 kips/in®.

From AISC, Sec. H1, since My =0,

Cp = 0.6

Check the combined stress criteria.

fa. + Cmfb <1
Fo o (y_fa\p
Fe
ldps
0.37 9B (0.6) (4.2 ‘"""”“é‘")
in
kips kips
1348 == 9.37 —5
S R = (21 6 1{53;’")
50.96 S "
= (.838  [ok]
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Check this value using AISC, Eq. HI1-2. Use the parallel axis theorem to calculate the centroi
polar moment of inertia. Disregard higher-order ten
Ja Jo $(12)3
0.6, * F <1 I, = (2)[(8 in)t(6in)?] + %«Q}— = 720t in*
) k' 1
9.37 1—?1—132‘? 1222 1, = (12¢)(2.286)° + (Tgt) (8)(2)
H;d + 112 S = 0.6258  [ok] )
(0.6) (36 —p,f) 21.6 —h—g— + (81)(2)(4 — 2.286)
" = 195¢ in*
WE x 20 is adequate. I = Ip+ Iy = T20t + 195t
= 915¢ in*
kips .
B08.56 - | {6
soLumions I f o Me_ (20250 52) ) 30m
M 915¢ t  in?
40 ki i i
ain ips fuz = v - 10 kips _ 0.387 5_1_1.)3

A~ Bin+8m+12in)t ¢
fur = _.I_C - (608.56 %p;) (i”"‘é"i"a’t"ﬁ)
_3.800 kips
Tt
v 40 kips 1429 kips
fog = = (8in+8in+12in)t ¢ in?
_ 3991 0357 4343

12in

Fy, =
gin ¢ ; ¢
f = effective weld size Fo= 3.800  1.429 = 5.229
{throat dimension) v t t t
4248 ipsin?
Determine the location of the centroid of the welds.
22 . 5.229 kingfin?
_ (8t in”){4 m}'(2) 998 22 kips/in
[(8 in)(2) + 12 inlt in
4348\  /5229\°
resultant = 4
T'he forces and moment on the weld group are £ t
6.80L .. .. o
i == kips/in
(10 kips){6 in) + (40 Kips)(16 in — 2.286 in) = 608.56 in-kips ) o
The allowable stress for ETO electrodes is 21 kips/i
10 ki . ki
e 6.801 im —1—;%-8- = 21 kips/in?
40 Kips {=0.324in
7 ’ nominal weld size = V2t = /2 (0.324 in)
Stresses in the weld are critical at point A. = 0.458in
Try 3-in fillets.
- o ;
*-—l ® f,,?’~ Check the minimum and maximum limits, using £

Table J2.4 and Sec. J2.2.b.
minimurm = 356 in [ek]

fua . .5 1 :
g maxirum = ¢ I = g 11
. 93
= 17 i [ok]
:,;252333772?” Z W/’;
Use a %win fillet.
due to torque due to thrust due to shear
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UTION B i % P
r vertical load is A
. ) -
1p8 | . 8 #t
10 kips + (2 —&&) (3 1%) = 16 kips . 24t ~
. %
. 7 C/' .
he lower moment s
I
! ] 1 kips . (__)
3 ) (10 kips} + (5) ( -“ﬁ_‘"”) (3 16)? = 39 ft-kips G = L) oromn
)
; (L girder
18 fi-kips |
. 8%
I
50 Kips
”"'””p‘”'_”f’_ % 24 ft
= 3
8t
B e 18 ft-kips From AISC, Fig. 1, k~ 3
Kl = (31t)(81ft) = 24 &
128
o frki Try a W8 x 48 beam.
89 fikdps 66 kips 17.44 ft-kips
b 21.56 ft-kips A = 14.1 in?
16kips {454 by =8.11in
d
yvie 1.53 in™*
13.88 ft-kips ry = 2.23 in
axial moment Sy == 43.3 in®
Ty = 2.08in
r, = 3.6l in
Obtain the bending moments.
in
18 ft-kips (39 ft-kips Kl . (24 ft) (12 "f{)
0.297 kips \xx. Z Ty 2.08in
= 138.46
0.297 kipsv
From AISC, Table C-36,
—-181 +9.75 +8.75
+8.25 +4.13 B s
1ps "
21,56 ft-kips Jo = ITRE 3.55 kips/in®
in
18 ft-kips) | 12
13.88 fi-kips 4= M _ { ps) ( f{;)
P8 433m°
= 4.99 kips/in®
17.44 ft-kips in
(8ft) [ 12 &
[ £ i
3 o e 22 43,05 in
he effective length for segment AB. Neglecting T 2.231n
d-order effects in segment BC. Cp =1
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PROBLEMS®

From AISC, Eq. F1-2,

76b;  (76)(8.11in)

= = 102.73in
VEy kips
6
Al
20,800 20,000

= = 363
d 1 kips
G (ow) (057)

Since the cantilever length is 96 in,

Fy, = 0.66F, = (0.66) (36 %1325)

= 23.76 kips/in?
1272 E

=
(23) (m}w)
1972 (29,000 —19%8)
. 1
- : 2
(24 £t) (12 ‘_f%)
3) 3.61lin
= 23.46 kips/in?
Cm = (.85

Check the combined stress criteria.

Jo  Onle 4
B (1 fp
Fr)o°
kips kips
3.55 w7 (0.85) | 4.99 o
3 e 3
kips kips
779 =y 3.55 —5 :
in? 1 — ——-mmﬁig (23.76 FE%E)
23.76 — m
in
=067 [ok]
Segment BC:
P = 66 kips
M = 21.56 ft-kips
K=1
in
K (1){24 ft) (12 E)
. 2.081n
= 138.46

From AISC, Table C-36,
F, = 7.79 kips/in*

66 kips . e
fo= i1 11;2 = 4.68 kips/in®
in
1. ki =
. M (21.56 ft-kips) (12 ft)
TG 43.31n°
= 5.98 kips/in®
| (2aft) (12 g)
t .
Cp =1

Use AISC Eq. F1-7.

_ 170 x 10°C, 170,000
b (; )2 T (129.15)2

T
= 10.19 kips/in®

From Eq. F1-8,

12,0000, 12,000
Fy=—pr— =

yy (24 £t) (12 fg) (1.53 %)

= 27.23 kips/in® < 0.6F, = 21.6 kips/in®

kips
2 rtnna
. 10E 127 (29,000 . )

e (23) (%ﬁ)z i - (24 %) (12%

3.61lin
= 23.46 kips/in?
Cm =1 {conservative value]
Check the combined stress criteria.
fo, Cmle 4
DA AR A
K
ki ki
46822 5.98 —°
in in
kips + kips
7.79 — 4.68 —F
in 1— —— | (21,6 f-kips)
23.46 —
in
= (1.947 [ok]
Tse W8 x 48.
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Timber

Lumber is used fo form and shore up a cast-in-place,
monolithic concrete slab during curing. The concrete
has a specific weight of 150 1bf/#*, and the form lumber
must also support a construction live load of 50 1bf/ £:2.
The forms will be removed after seven days.

The 6-in-thick slab is poured on a layer of I-in x 6-in
(nominal) lumber (shown end-on in the figure). The
lumber is, in turn, supported by joists. The joists sit

8t
face o face

on the ledger area of soffit beams with a minimal ac-
tual width of 151 in each. 4-in x &in (nominal) posts
support the entire assembly. The 9-in x 12-in con-
crete beams are precast, and no formwork is required
for them.

To prevent cross-grain bending of the soffit beam,
4-in X 4-in headers are placed on top of the posts to
extend the post support to the full width of the soffit
beam.

. soffit beam
Bin . {continuous

Tﬂominal} between posts)
(15%—in minimum

width)

8 it

shim
snug

r s

T

4-in X 4-in
header

T

-

et A-EN X BN
: {nominal)

shim post

shug \

] ! | |
S S e S s S ES SIS S

not o scale
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144 101 SOLVED

The concrete compressive strength is 3000 bf/in?; the tie backs:
reinforcing steel has a yield strength of 40,000 1bf/in?. "tﬁ;r';g;ae”;iﬂ
The following characteristics can be used for all lumber. m m [ﬂ s

£ = 1.6 x 10° 1bf/in® wales }

Fy, = 1200 lbf/in* l = | ==

/ P s Vs
F, = 125 Ibf/in? i P ;
F, = 1200 Ibf/in® 0 DD e () Ew—
. = 400 Ibf/in® g el
® @ ()

4.4, Find the maximum spacing between joists as lim-

ited by the 1-in x 6-in lumbez.

4.2. Given a 2-in (nominal) joist material and joist / . ,
gpacing of 2 ft 6 in, fnd the required joist size. (Joists = ?

can be doubled if additional joist capacity is requirved.) stud

shoe spacing studs
4.3. What is the maximum post spacing? elevation
-
{4.4. If the posts are spaced every % ft and joist spacing —[ ‘ l \
is 2 ft, what size soffit beam is required? =
spreader _
boards 8§ ~-s- tie rod —= ¢ 80
needed
PROBLEM 2 .o | i
0 . . r"ﬁ
A retaining wall is constructed by pouring concrete be-
tween temporary wood forms. The concrete is at T0°F, washer-nut )
assembly  planview

has & setting time of 13 hr, and is placed at the rate
of 2 £t {vertical) per hour. The wall sheathing is con-
structed of l-in x 6-in (nominal) boards, wales, and
studs. 3-in diameter threaded-steel (yield strength =
36 kips/in?) tie rods (tie backs) are used to connect the :
PRO&LEM 3 ......................... B TR T LA LA

wales between the two walls. The wales are spaced 2 £t FETRUEETELS
6 in apart vertically. The following characteristics can A 6% in % 24-in southern pine glulam beam

be used for all lumber: wniformly loaded with a load of 1000 lbf/
E = 1.6 x 10° 1bf/i 2 of curvature is 100 ft. ‘
= k. i
Fy = 1700 1bf/in?
F, =100 1bf/in?
F, = 1200 Ibf/in®

2.4, Determine the spacing of the studs.

251
not 1o scalé

2 2. Determine the size of the studs.

2.3, If the studs are spaced every 2 &, determine if one
sie rod between the studs is sufficient.
3.4. What is the difference hetwee

2.4, Determine the size of the wales. 99F_F3 heam?
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What is the volume factor for the beam described?
What is the curvature factor for the beam?
What ig the maximum shear stress in the beam?

What is the maximum bending stress in the

Given that the modulus of elasticity, £, is 1.6x10°
2 what is the deflection?

What moisture content would you expect the fin-
giulam beam to have?

‘a 25-ft-high solid square timber member fo serve
mpost that carries the sign and wind loads indi-
he column is set in a concrete pier at its base

E = 1.8 x 108 Ibf/in?
Fy = 1600 Ibf/in?
F, = 95 Ibf/in®
F, = 1200 Ibf/in®
F.1 = 600 Ibf/in?

P= 20,000 bf

w=80 Toffit o 25 ft
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Timber Solutions

SOLUTION 1

1.4. The uniform load acting on the boards is

ibf i
concrete slab (150 —%) 6 n
B/
ft
= 75 Ibf/f?
construction live load 50 Ibf/ft>
estimated weight of boards 4 Ibf/ft2
total 129 Ibf/ft?
The load per foot on a single board, g, is
L (129 E’é) = 59.1 It/
in £
12 —
it

Assuming planking is continuous, the approximate

maximum moment from the AITC Manual, Case 37,
is

M = 0.08¢1° = (0.08) (59.1 %f) I*

= 4.730% ft-1bf

(The same maximum moment is specified in AISC Man-
Ral, Case 36, and in ACT 318, Sec. 8.3.3 as 54¢0°.)

The section modulus of 1-in x 6-in lumber is

S = %bhz = (é) (5.5in)(0.75 in)*
=0.52n®

Fy = FCuCp
Cr = 0.85 for wet use
Cp = 1.25 for construction loads

F] = (1200 ll—rtz—zf) (0.85){1.25)
= 1275 Ibf/in®

The allowable moment in one board is

My = Fi8 = (12?5 l—b—i) (0.52 in®)
131
= 663 in-1bf (55.3 ft-Ibf}

N%Zk%w _
55.3 f5-1bf = 4.73(% ft-1bf

= 55.3 ft-1b{
- Ibf
4.73 ~f?
= 3.42 & hased on stress

Check the shear using ACI 318, Sec. 8.3.3. For first
interior support,

_ sl
V=115
(59.1 Lgf) (3.42 ft)
= (1.15)
= 116.2 Ibf

Check the maximum shear stress.
3V
fv - “2'";‘1“
_ (3)(116.2 1bf)
- (2){5.5 m}(0.75 in)
= 42.2 bf/in® [« Fy = 125 Ibf/in?, so OK]
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Check the bearing. The reaction over the first interior
joist is the largest.

_ya?
R=V+ 7%
(59.1 %;) (3.42 £t)
=116.2 Ibf + 5
= 217.3 Ibf

Assuming the nominal joist width is 2 in, the bearing
ares is

Ap = (5.5 in){1.5 in) = 8.25 in®
bearing _ R _ 217.3 Ibf

stress | Ay 8.25in°
=263 Ibf/in? [< F,| =400 Ibf/in®, so OK]

Check the deflection. For a continuous beam with uni-
form loading,
wl*

A= TET

Equate the deflection to the allowable value of 1/360.

wit l
A= TEEL 360
_ bh* _ (5.5 n)(0.75 in)® 4
I= = 5 =0.1% in

- Jf145ET
¥ 360w
ihi in
r 6 ol . 4 o)
3 (145) (1>< 10 in2)(o.19 in*) (12 ft>
Tbf
(360) (59.1 E)

= 24.95 in

Deflection controls.

The maximumn spacing between the joists as lirn-
ited by the 1-in x 6-in lumber is 25 in.

4.2, Calculate the load on the joists. Normally, the
joist dead load is disregarded. The load from the boards

15
(1.15) (%5) . %’5 ~ (2.15) ("—‘;5)

Ih
129 —= } {2.5 &%
( ft2)< )
2

(2.15) = 346.7 Ibf/ft

Find the maximum moment. (For a conservative e
mate, use the total span length.)

Lo [} Ibf 2
=Lt = (3) s 20) o
= 2773.6 f6-1bf

The required section modulus hased on & single jok

(2773.6 f-Tbf) (12 %)

S ired = &y —
R 1200 25 ) (1.25)
in?

=92.2 in®

For a 2-in x 8-in joist,
Sprovided = 18.14 in®  [NDS Table 1B}

Tor & 2-in % 10-in joist,

Sprovided = 21.39 in®
For & 9-in x 12-in joist,

Sorovided = 31.64.in®
Try double 2-in x 8-in joists.

Sprovidea = (2)(13.14 in®) = 26.28 in®

(Alternatively, try one 2-in x 12-in joist.)

Check the shear.
348.7 Ibift

HHTHIRHR
i

I I

H

I 1+
R I section

foaitm—

d=75in

V= (346.7 13)5) 45— 22} 41700 1
3§ in
122
&
3V
fo= 353

_ (3)(1170.1 Ivf)
(2)(2)(1.5n)(7.25 in)]
= 80.7 bf/in® [< Fy = 125 Ibf/in?, s0 OK]

[with two jois

Check the bearing.

R= (346.'? 1?5) (4 ) = 1386.8 1bf
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The bearing ares is

16.5In-12in __ f
5 =1.75in

-t

1.5in

t.51in

Ay = (2){1.75 in){1.5 in) = 5.25 in®

The bearing stress is
1386.8 Ihf
5.25in?
264.2 Ibf/in® [< F., = 400 Ibf/in®, so OK]

i

For the 2-ft 6-in prescribed spacing, use 2-in x &-in
double joists.

1.3. First determine post capacity, then calculate spac-
" ing.

" Check the limit imposed by the capacity of the post as
a column.

Given: 5 _ 1900 Ibf/in?

E = 1.6 x 10° Ibf/in?
Cp = 1.25 |7 days, construction load]

Calculate: e

) 29

in

F*=F.Cp= (1200
= 1500 Ibf/in®

Fl = F2C, = (1500 %’é) Cp

E' = E = 1.6 x 10° 1bf/in®

¥or a 4-in x 8-in nominal post,

b=7.25in
d=35n
[=8f
ssume pinned ends
Ke=1.0
lo = Kol = (1.0)(8 ft) (12 g)
= 96 in

heck the slenderness ratio.

le  96in

d 35in

=274 [< 50, so OK]

K.g=03 [for visnally graded lumber]
c== 0.8 [for sawn lumber]
K ’
Fop = Bepk

(5)

(0.3) (1.6 x 108 }%{) _
B @74z W/ 6394 Ibt/in?
639.4 %
Fop _ it o406
e bt
¢ 1500 5
17
FCE FcE FCE
1+ 1+
. = by L R
z 2c 2¢ C

_ 140426 [i +04261% 0426
T ()08 2)(08) | ~ 08

== ().380

Fl=F'C, = (1500 %f-) (0.380) = 570 1bf/in®
1

Calculate the post capacity based on column behavior.

1bf . .
P = Flbd = (570 ;Him) (3.5 in}(7.25 in}

= 14,464 1bf  [14.5 kips]

Calculate the post capacity as limited by the bearing of
the post on the 4-in x 4-in header.

bearing area, A = (3.5 in}(7.25 in) = 25.4 in®
Ibf
bearing capacity, P = F, A= (400 —-—2—) (25.4 %)
111

= 10,160 Ibf  [10.16 kips]

Post capacity is limited by bearing to 10.16 kips.
Calculate post spacing, Ip.

The reaction on the post from the precast beam self-
weight is

R= {9in+6 1.n)§12 in} (150 %) L
1L

144 HE

= 187.51,
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Ignoring the self-weight of the joists, the total load on

one post is

Ploaa = slab load + beam self — weight
1
(129 Eb—f) (8 ft)i, + 187.51p
a2 12200,

P capacity ™ Ploaq
10,160 Ibf = 12201, Ibf

L .—_i 8.3 ft

4,4, Calculate loads on soffit beams.

joist

#

[™ sofft beam |

2Ryt

Disregarding joist seif-weight,

Rioist = (129 1‘3{) (2.5 £6)(4 ££) = 1290 Ibf

Assuming the joists are placed over the posis and the

soffit beams are fixed at supports,

ZRioist 2R joist ZROIst

R

[ soffit beam

L .

post pést

1
M =Pl (from AISC 1980, Case 16}

= {0.125) (2Rjois: }(span)
— (0.125)(2)(1290 1bf)(5 ft)
= 1612.5 ft-1bf

(1612.5 ft-1bf) (12 E)
g = ft
required = &7 T
B os) (12@0 E)

=129 in®

Assuming the minimum width of 15.5 in,

bt 15.5t%
S =12.9 in® = =g

t=2.23 in
Try a 15.5-in x 2.5-in (actual dimensions) soffit bean

Check deflection.
_b* (155 in)(2.5 in)®

= o == 20. 4
15 B (.2 in
_ PR
T 192ET
in®
(2)(1290 16){5 ft)3 (1728 ?’F)
" (192) (16 X 10° ub—f) (202 i)
= (.09 in
, (1) (12 %)
Aa.ilnwable = "3—66 = mu_——gé“(*)""*““ = 0.17 in

Aactusl < Daliowable  [OKl

{se a 15.5-in ¥ 2.5-in soffit beam.

2.4. Calculate the maximum pressure exerted by 1
concrete. Use the ACI-recommended equation. (Rel
ence: ACI 347 and Hurd, M.K. Formwork for Conere
American Concrete Institute, 1979.)

For regular (type I) concrete with 4-in slump or k
ordinary workmanship, and internal vibration,

R =2 ft/hr
T =T0°F
R
p = 150 + (9000) 7 [R <7 ft/hr]
ft
= 150 + (9000) | = 13’? — 407.1 1bf/f?

There is no need to account for variations of the press
with height.

Assume flexure in sheathing controls the stud spac
Find the load on one board.

ar, = (407 1 33’5) 55101 _ 186.6 Ibf/ft
n 111
122
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The maximum moment for the confinuous span is

M = %qL(s’cud spacing)?

1 IbfY
(zo) (386 6 "f?)

= 18.74°

The section modulus of the 1-in x 6-in (nominal) sheath-
ing is

§=052in®  |[NDS Tzble 1B]

The sheathing is used wet; therefore, Cpr = 0.85.

The load duration is a construction load; therefore,
Cp = 1.25.

Calculate the allowable bending moment.
= Oy Cp S
Ibf
1700 —5 1 (0.85)(1. 25)(0.52 in®)

M allowable

=939.3 mwlbf (78.3 ft-Ibf)

Set the maximum moment equal to the allowable mo-
ment.

Mmax = 18.75% = 78.3 ft-1bf = Meanowable
52 =419
s=2.051% [use 2 ft]
Check the shear.
Ib
o 115gs (1.15) (1866 —-) (2 ft)
== 3
= 214.6 Ibf
3V {(3}(214.6 1bf)
fu = =

24 7 (2){0.75 m)(5.5 in)
= 78.0 Ibf/in?

For shear, the wet-use factor, Cy, is 0.97. The allow-

able shear stress is

= F,CpnCp = (100 E’E) (0.97)(1.25)

=121.3 Ibf/in® [fv < F%, 50 OK]

Use studs every 2 ft.

2.2, The studs act as continuous beams supported on
the wales. Studs are dry and are used edgewise.

gs = P§ = (407 1 Ibf) (2 ft)

= 814.2 1bf/ft

The maximum moment is

M

1
—g,{wale spacing)”

10
= ( 110) (814 2 @f) (2.5 ft)? = 508.9 ft-1bf
1
o (5089 firlbf) (12 %E) B
Srequired = 'f;,"f = bf = 2.87 in

b (1.25) (1700 —-)

A 2-in X 4-in stud has a section modulus, S, of 3.06 in®
(NDS Table 1B).

Try 2-in % 4-in studs.
Check the shear.

assumed double wale of
h{2 in) + spacing for tie

wale
il — 5.5 in
dy
ot | b e gritical
section
2851 A
S N . 8
d
wale B i
‘h |
! —1

“T'he eritical section occurs at a distance of d+(3.5 in)/2
from the center of the wale.

_ wale spacing Ibfy (2.5 ft
Vinax = ¢ ( 5 ) (814 2 B —5

=1017.8 1bf
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Shear at the critical section is

Vds = Vinax — @s (ds + 35 111) - 1“""”’”

2 n
12 2
10178 - (8142 2P (55 4 2200
% 5
1
L in
12
— 661.6 Ibf

3V (3)(661.6 Ibf)
fo=gg = (2){1.5 n)(3.5 in)

Increase F, by 1.25 for load duration and 1.5 for two-
beam action. (Reference: Formwork for Concrete.)

F = Fy(1.25)(15) = (100 %) (1.25)(L.5)

= 187.5 Ibf/in®

= 189.0 Ibf/in?

[no good]
Try 2-in x 6-in studs.

3V (3)(661.6 Ibf)
Fo= 53 T B8 m)(5.5 )

= 120.3 Ibf/in® [< F} = 187.5 Ibf/in®, so OK]

Use 2-in % 6-in studs.

2 3. Assume that the allowable tensile stress in the ties
is 0.6F,.

tie capacity = 0.6F Agie

Ibf 0.5 i\”
= (0.6) (36,000 W) - ( : )
= 4941.1 Ibf

The load per tie is

T = p(stud spacing)(wale spacing)

- (407.1 lbﬁ) (2£6)(2.5 t)

in?
= 2035.5bf [< 4241.11bf tie capacity, so OK]

One tie between studs is sufficient.

2,4, Wales are likely to be controlled by shear.

force in tie  2035.5 Ibf
5 =

== 1017.8 Ibf

Assuming a 2-in x 4-in double wale,

vV _ 1017.81bf

Vwale = '5 = 3 = 508.9 1bf
. 3V (8)(508.9 Ibf)
PT2A T (2)(15 in)(3.5 in)
= 145.4 Ibf/in® [< Fy = 187.5 Ibf/in®, s0 O
Use double 2-in ¥ 4-in wales.
PROBLEM 3

3.49. A 22F-V3 beam i3 a visually graded mem
while a 22F-E3 beam is a mechaznically graded mem
Typically, mechanically graded members have highe
lowable stresses for some properiies.

3.2. The volume factor is

21 : 12 x
o= (3) ()

1
* (5%-5") * < 1.0 [NDS Eq. 53-1]

=258
b=6.75in
d = 23.375 in

x = 20 for southern pine
Ky = 1.0 for uniform load

L

1 1

21 20 12\ 20 /5.125) 20
=0 = <1
Cv = (1.0) (25) (23.375) (6.7’5) =

ﬂ} 0.946

2.3. The curvature factor is

N
=1 (2 —
Co = 1 — (2000} (R)
t=151in
in'\ .
R = (100 ft) (12 f_t) = 1200 in

t  15in
B 1200 0-00125
Co =1 — (2000)(0.00125)*

=1 0.997
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3.,4, The maxiraum shear stress, fv, iz 3V/2bd (Eq.
total load = applied load + self-weight

1bf
== 1000 e
" (35 %‘%’) (6.75 1;1){23.;’)75 in}
144 2
f&

- 1038.35 Ibf/ft (use 1040 Ibf/ft)

(3) (1040 lbf) (i%ff)

(2)(6.75 in){23.375 in)

fo=

= | 124 1bf/in?

3,5. The maximum bending stress in the beam, simply
supported as shown, is

M
f=3
S =614.7 in*  [NDS Table 1D]
wl? (1040 %;—f) (25 ££)?
M= — = = 81,250 ft-1bf
8 8
in
M (81,250 Ibf-ft) (12 -&m>
S 614.7 in®

== { 1586 Ibf/in?

3.8. Deflection is given by

E = 1.6 x 10° Ibf/in*
I =7184 in* [NDS Table 1D]

= (5/384) (wl*/FI)

1bf in3
_ ( 5 ) (1040 )(25 £)4 (1?28 —fgg)
384 (1.6>< 10

b
6 in*
inz) (7184 in®)

=i 0.80 in

3.7. Moisture content depends on ambient conditions
and, for dry use, must be less than 16%. For a relative
~ humidity of 60% and a mean temperature of 70°F, the
moisture content would be approximately 11%. (Refer-
ence: Structural Design in Wood, Table 2-4.)

PROBLEM 4

The member ig a beam-column.

Calculate the effective length for slenderness.

I, = Kl = (2.1)(25 &) (12 in/ft) = 630 in

The cotumn slenderness ratio should be less than 50.

I, 630in
"E = a < 50
d>12.6in

Try a 14-in x 14-in beam-column. (A larger size could
also be selected.)

b=135in
d=135in
S = 410.1in®  [NDS Table 18]

Calculate the adjustment factors.

Cp = 1.6 for wind load
= 1.0 for long-term load
Cur = 1.0 for dry conditions
1/9 1/9
Cp = (%) / = (%3"2”5") / = 0.987 for bending, Fp
= 1.0 for compression, Fg
C, = N.A. (applies only to structural glulam members}

In compression, the column stability factor, Cp, is

K.z = 0.418 for properties based on testing
E' = ( 108 E) (1.0) =18 x 10% Ibf/in”
in?
¢ = 0.8 for sawn lumber

Kepl
I 2
()
(0.418) (1 8 x 108 ibf)
= 2/ = 345.5 Ibf/in?

630 in \ ?
(ws2)
F. = 1200 Ibf/in®
F* = 1.0F, = 1200 Ibf/in® for axial sign load

FcEm
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154 101 SOLYED CiVilL ENGINEERING
(Note: The IBC will only allow a 1.33 stress incresa:
- Fep L Feg\® Fep for wind. Cp = 1.33.}
o - Fr Fro|  Ex , X N
p 2C 2C e Fb :FbOL ﬂFb (}G)
= 2527 Ibf/in®  [for square members]
3455 . _ .
1 | Check the combined bending and axial compressic
1200 Ibf (NDS Sec. 3.9.2)
in?
(2)(0.8) 2
(&J bt <10 [Bq. 399
Ibf \ 2 Ibf £ w1 e
Lt —fpF ibf -
1200 g 1200 = £\ 2 1bf
_ in® | _ 0 e 109.7 i% 731.5 —
1
2(0.8) 038 el T
\ n (2527 :“"5) 1 i
" 345.5 —
= 0,268 w
= 0.54 [< 1.0, so OK]

In bending, the beam stability factor, Cp, is 1.0 when
b= d (NDS Sec. 3.3.3.1).
Calculate the stresses.
Ibf s
wi? (80 ”f“{) (25 ft)

Mo = = = =%

= 25,000 ft-ibf
(25,000 £t-Ibf) (12 %)
410.1 in®

M
fom g =

= 731.5 Ibf/in”
P 20,000 Ibf
fe=1g= (13.5 in)?
Ibf

e (3) (8{) E—) (25 ft)
Jo = 35g = (2)(13.5 in)?

= 109.7 1bf/in®

= 16.46 Ibf/in®

. Ibf
Fl=FC, = (1200 ;I?) (0.268)

= 322 1bf/in*
. 1bf
Fy = RCpCr = { 1600 — (1.6)(0.987)

= 2527 Ibf/in®

Check shear.

£, = 16.46 1bf/in® [F, = 95 Ibf/in?, so OK]

Use a 14-in x 14-in beam column.
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Masmzry

A short masonry column has a height of 10 ft and is

- constructed of concrete block with four #7 steel bars

* ag shown. The column is subjected to a moment of 100
in-kips. Sidesway is permitted. What is the maximum

“gxial load the column can support in addition to the

applied moment?

Solve using the 1999 MSJC, Ch. 2 (Allowable Stress

Design).

dolve using the IBC Strength Design provisions (special

inspection is required). Assume loads are factored for

Strength Design. Use a simplified approach and the
unity equation.

1500 Ibf/in?
60,000 1bf/in?

masonry compressive strength
steel yield stress

32 in, typical

L 3% in,

® & " pypical
? .
15 5 in

@ ® ——{— #7 bar, typical

¥

- — -
1585 in
PROBLEM 2

A square column has a nominal 12-in outside dimen-
sion. It is constructed of concrete block, mortar, and
four #8 bars. Solve using the 1999 MSJC Allowable
Stress Design and the IBC Strength Design provisions,
(Assume loads given are factored; special inspection is
required.)

_2.1. What is the maximum height this column can
have?

2.2, What is the maximum axial concentric load this
column can support if the effective height is 20 f7?

2.3, What is the maximum eccentricity that would be
permaitted in this column if the axial load is 40 kips?

masonry compressive strength 1500 Ibf/in®
60,000 1bf/in?

steel yield stress

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 the 1999 MSJC
Allowsable Stress Design and the IBC Strength Design
provisions (special inspection is required).

fL = 2000 Ibf/in®

Use 1-in diameter bolts and fy, = 60,000 Ibf/in®.

N
3in |
" 9 kips =
face of walt
N 4—“ 2006 loffin?
12 in

not to scale

PROBLEM 4

A two-story (20-ft-high) masonry wall is constructed of
8-in concrete masonry blocks with solid grouting. Rein-
forcing steel consists of #5 bars spaced every 36 in. The
wall is supported laterally by steel beams at the bottom,
top, and midpoint as illustrated. Is the wall adequate
with a 35 Ibf/ft? wind load? Solve using the 1999 MSJC
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PROBLEMS

Allowable Stress Design and the IBC Strength Design
provisions. State your assumptions.

masonry compressive strength 1500 1bf/in?
steel yield stress 40,000 1bf/in?

— 1 steel beam

Iy
10&
; I steel beam
101t
1
NN/ 2

PROBLEM 5

A 24-in square brick column 32 ft high is subjected
a uniformly distributed lateral load in addition to
axial force. The service moment from the uniform lo
is 45 ft-kips, and the axial force (unfactored} is 65 ki,
The column is supported laterally only at its top a
bottom, and the ends are free to rotate in the plane
bending. Reinforcing steel consists of four vertical ;
bars.

brick compressive strength 4200 Ibf/in?

5.4. What is the moment of inertia of the cracked s
tion?

5.2, What are the maximum moment and maxim
deflection in the column?

4.75 in, typical
w
‘ J 4.75 in, ypical
® ® -~
24 in
] @ —~}-- #8 bar, typical

24in
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Masonry Solutions

SOLUTION 1 ... R Assume an uncracked section.
MSJC Solution
Assume lateral reinforcing ties are provided as required A8
per MSJC (2.1.4). _ P
- —
Calculate h/r. 240 in .
(100 in-kips) (1000 Eu-)
h = {120 in)k = (120 in}(2) = 240 in + e P
6 in
155 in .
= 75 = 4.475 in ) . - %jz’n y
h_ 2800 o609 s+ 161 — = (—) (1500 .—2-) = 500 Ibf/in?
v 4.475in 240 in in 3 in
P= (338.9 93;) (240 in®)
Anes = (15.5 in)? = 240.25 in® w
Fi = 24,000 bt/ in’ Therefore, P = 76,880 Ibf controls.

D i ther th ion i ked: .
(Note: Sec. 2.3.3.2.2 has a misprint and should read etermine whethor the section fs uncracked: fo > fy

“The compressive stress ... does not exceed the allow-

able stress, Fy, in Sec. 2.2.3.1.”) fo= w = 320 Ibf/in?
240 in
f € 35m fo = -Mg = 161 1bf/in?
fa § FCL

Therefore, the section is uncracked,

Caleulate F, from Eq. 212 or Eq. 2-13.
N 4 4 Check the compressive force in the reinforced masonry

For h/r < 99, due to axial load only. For h/r < 99,
Fo=ip |1 AN Py = (0.25f, Aneq -+ 0.6545.F,) 1~ kY
G T o4dm 1407,, a T ' m<inet - std' s 1407_
1 Ibf 53.6’ - [(0.25) (1500 E?f) (240.25 in?)

= (Z) (1500 ;;2“) {1 - (m) } iIl2

= 320 Ibf/in? + (0.65)(2.40 in?) (24,(3(}0 %)}
P < FyAyes = (320 l—nb-ﬁ-) (240.25 in?) {1 (53.6)2}

1 X - ——
== 76,880 Ibf 140
= 108,840 Ibf

For combined axial and flexure loading,

Therefore, Prax = 76,888 IbL.

Fn S §m
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IBC—Strength Design Solution 2.%. Section 2.1.4.2 limits /% to 25 or less. Theref
] o ) R < (115 in)(25) = 287.5 in.
Solve using a simplified approach and the unity equa-
tion.
_P&+Mu i h< 239 ft
P ¢Mn T
¢Pn = ¢(0'80) [(0-85)}0:,1(!13 . As) + fyAS]
2 —m
X 1L+ ‘—‘h—‘ o
140r four #8 bars © ®
h 11.510n
— = 53.6 ® o
-
]
Ib t1.5in
¢P, = (0.60)(0.80) {(0.85) (1500 ;—2)
n
X (240.25 in? — 2.40 in?)
Ibf 5 53.6\°
+ (60?000 gp‘) (240 in )} [i - (‘ﬁa) } 2.2. Calculate h/r.
= 183,216 1bf
hoe= 20 ft
a :
oM, =T (d-7) (20 ) (12 2
ho TN B agco
o= Asly o 115in e
0.85f7.b J12
2 1bf
(1.20 in®) { 60,000 =
= i m From Eq. 2-17,
(0.85) (1500 _—-§> (15.5 in)
1
a6 By
=3.64 in P, = (0251 Anet + 0.65A,F;) [1 ~ ( - 407~) }
T = Agfy = (1.20 in®) (60,00(} ll?g)
n
= 72,000 Ibf
; - s N 2
M, = (72,000 Ibf) (11.75 in - 3‘6§ m) Apet = (11.5 In)* = 132.25 in
Age = (4)(0.79 in®) = 3.16 in®
P, M, ) 714,9150 i 100,000 in-1bf i = 1500 Ibf/ia”
w y (" in-1o1
i = : =1. = in?
3F. t GM. = 183,216 1o T 714,060 indbf Fy = 24,000 Ibf/in
P, = 157,590 Ibf
. Iof .2
= | 157.6 kips P, = |(0.25) [ 1500 — } (132.25 in”)
mn

1bf
+ (0.65)(3.16 in®) (24,000 11—1—5)}

|-

MSJIC Solution = 72,516 1bf

Assume the specified dimension of a 12-in nominal col-

umn is 11.5 in. == | 72.5 kips
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2.3, Given P = 40 kips, find the maximum eccentric-
ity.

F M
L e < 10
AT
40 kips
W
72.5 kips
{40 kips)
ATt = 1.0
+ W
bh?
m.=ms= 15 ()
Ibf
[ 1590 52 ravs m)®
3 6
= 126,740 in-Ibf (126.7 in-kips)
40 kips
72.5 kips
e(40 kips)

haSuabioc GCHNFRY |
126.7 in-kips 0

e=}142in

- IBC—Strength Design Solution

2.4. The IBC has no explicit limits on column height.
However, Sec. 2108.2.3.9 limits distance between lateral
supports to 30 times the nominal width of the column.

Therefore, the maximum height is

(30)(12 i) = 360 in

=30 ft

four #8 bars/m*° ¢
11.5in

11.5in

2.2. Trom Sec. 2108.2.3.6, Eq. 815,

O, = ¢(0.80)[0.85f7, (Ae — As) + fyAs]
Ae = (1L5 in)? = 132.25 in?

For four #8 bars,

A, = {4)(0.79 in?) = 3.16 in®
¢P, = (0.65)(0.80)

0.85 (1500 »1:;2) (132.25 in® — 3.16 in?)
H
* b
+ (60,000 W) (3.16 in)

in?

= 184,179 Tbf (184 kips)

Accounting for slenderness,

L, (208 (12 g)
VY12
h 2
Po=¢bn 1= (140?"
, 72.3\
= (184 kips) |1 — (m)
= | 134.9 kips

2.3, Given P = 40 kips, find the maximum eccentrie-
ity. Assume P is a factored load.

P M
<1
P + S 1.0
40 kips  e(40 kips) 10
135 kips M,
Mcz = ¢Mn
a
M, = Asefy (d - “2“)
o Pt Aafy
0.85f.b

40,000 Ibf + (1.58 in®)

(60,000 -1?—2)
m
f
(0.85) (1500 %)
I

x {11.5 in)

= 9.2 in
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M, = (1.58 in%) (60,000 9325)
m

) 9.21in
bt (Szn- 5 )

= 322,320 in-1bf
M, = ¢M,, = (0.80)(322,320 in-Ibf)
= 257,856 in-Ibf (257.8 in-kips)

40 kips e(40 kips) 10
135 kips 2581 in-kips
e=|454in
2,3,
3in 9 kips
b + db ’

J _
4d), ‘

dp h
comizined shear
and tension

gy it

shear only

\bent anchor
bolt

12in

Ted g

R S S—1 | .

shear on
holts h

o
g |

compression on masonry

tension on bolis ?__:j _

LY

Given the available room inside the masonry units,
choose Il = 8 in.

MSJIC Solution

Ap = 0.79 in?
Iy = 12d,

Estimate the number of bolts based on shear.

From Sec. 2.1.2,

B, = 3503/F1. A, = (350) {/ (2000 f?é) (0.79 in2)
1y

= 2207 Ihf

[controls)

or

B, = 0.124, f, = (0.12){0.79 in?) (60,000 1—]32{)
n

= 5688 Ibf
V' = 9000 Ibf

The number of bolts is greater than or equal to

9000 Ibf

W = 4.1 bolts

Try six bolts.

. { B, = 0.54,/F7
B, = 0.244f,

Ay = 7l?
min { i ge
Ay = mli [controls)

Ap =7l = 7(8 in)? = 201 in®

The projected areas of the bolts overlap; therefore, #
must be reduced (Sec. 2.1.2.2.2.1).

effective A, = A ~ () (34,) = 0.754,
= {0.75)(201 in?) = 150.75 in®

f 1
B, =05A4,+/f, = (0.5)(150.75 inﬂ}( 2000 -

min = 3371 Ibf  [controls] ot
B, = 0.24sf, = (0.2)(0.79 in®) (60,000 ?)
1
= 9480 Ibf

The allowable load in tension, B, is 3371 1bf.
The allowable load in shear, B,, is 2207 Ibf.
The top row of bolts is in shear and tension.

The bottom row of bolts is in shear.

From Eq. 2-7,
ba by
Ja 4 g
B, "B, =1

Calculate the tension in the bolts. Try a = 4 in an
g =25 in.
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Summing moments, Check the compression on the face of the masonry.

Ve+ Flg+ay=Fg
F == 1800 Ibf per bolt

Ve+ Fa=0 , ¢
(9 kips) (3 in) + F(4 in) = 0 fotal compression - éﬁ%ﬂl}l)bf }(8)  [three bolts]
F = 6.75 kips =
6.75 ki Ibf
Foos = (H) (1000 &)
olts 1p From Sec. 2.1.7.2, the bearing stress is
= 2250 Ibf per bolt
For the top row of bolts, f, <0257, = (0.28) (2000 -1-13%) — 500 1bf/in?
m
2250 Ibf b,
- 5400 1bf _
337Ti T T 3207 BE = 2 <500 Ibt/in”
b, = 733 Ibf per bolt A>108 in?

b, = 2250 1bf per bolt
For the bottom row of bolts, If the plate is 8 in wide based on 2-in bolt spacing, the
height of the bearing area, d, is 1.35 in.

b, = 2207 Ibf per bolt i
The total height of the plate is

by =0
The total shear capacity is h>a+g-+ Eii
(3)(733 Ibf) + (3)(2207 1bf) h>5in+25in+ 1.3;) oo

= 8820 Ibf {< 9000 1bf, so no good]

Try ¢ = 5 in.

Summing moments, Use a O-in x 9-in plate with six i-in diameter bolts
in two rows 5 in apart with 2-in bolt spacing.

Ve+ F(g+a)=Fg

Ve+ Fa=0
(9 kips)(3 ) + F(5 in) =0 IBC—Strength Design Solution
F == 5.4 kips
5.40 kips Ibf
T m | oo 2 et
belt ( 3 bolts ) (1000 kip)
= 1800 Ibf per bolt
3in | Skips

For the top row of bolts,

18001f b _ ‘I ‘L

3371 1of 2207 Ibf b

by = 1029 Ibf per bolt 4dbl l

by = 1800 1bf per bolf _ d, B
For the bottom row of bolts, combined shear

) and tension
b, = 2207 Ibf per bolt 1=
b, =0
h I
The total shear capacity is \bent anchor shearony
bolt

(3)(1029 Tbf) + (3)(2207 Ibf) —
= 9708 bf [< 9000 Ibf, so OK] | L—
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&

tension on boits r—— T
Ig
— F g
shear on

/ bolis h

]
~Jr_|

cornpression on masonty

Section 2106.2.14.4 requires a minimum spacing of 4dy
between anchor bolts.

Try 1-in bolts, spaced 4 in apart.

Ap =0.79 in?
Iy =8in
lbe > 12db

Estimate the number of bolts based on shear using Egs.
8-9 and 8-10.

in®

Bun = 9003/ 714, = (900) \/ (2000 ”’f) (079 )
= 5674 Ibf [for spacing of 8dp)

and

By = (0.75)(5674 Ibf) = 4255 Ibf [for spacing of 4dy)]

Ben = 0.254 f, = (0.253(0.79 in®) (60,000 51'%)
13L

= 11,850 Ibf

Therefore,
By, == 4255 1bf per bolt

$Bon = (0.80){4255 Ibf) = 3404 1bf

Assume 9 kips is the factored load. The number of bolts
is

9000 Ibf

3404 Tof per bolt — 20 Polts

Try four l-in-diameter bolts.
From Sec. 2108.1.5,

Bt'n = 10Ap f?{n
or

By = 0'4Abfy

With 4-in bolt spacing, 4, = wl? = (8 in)? = 201 in®.

The projected areas of bolts overlap; therefore, 4, must
be reduced (Sec. 2108.1.5.2). The effective A, is
Ap (%) (345) = 0.754,
= (0.75)(201 in*)
= 150.75 in®

The tension is

By = (1.0)(150.75 in®) (\/ 2000 %) = 6742 1bf
1

= (0.4){0.79 in®) (60,090 y?—ff) = 18,960 1bf
my
Use By, = 6742 1bf,
The design strength is

B = (0.80)(4255 1bf) = 3404 1bf
¢ By = (0.80)(6742 Ibf) = 5394 Ibf

The top row of bolts is in shear and tension.
The bottom row of bolts is in shear.

From Eq. 8-11,

btu bsu
+ < 1.0
¢’Btn ¢Bsn -

Calculate the tension in bolts. Try ¢ = 4 in and g =
2.5 in.

Summing moments gives

Ve+ F{g+a)=Fyg

Ve+ Fa=10
(9 kips)(3 in) = F(4in) =0
F = 6.75 kips
6.75 kips 1bf )
Foon = bro = ( 2 bolts ) (1000 kip

= 3375 Ibf per bolt

For the top row of bolts,

3375 Ibf bsu

5304 F T S04 ToF D

by, = 1274 1bf per bolt
by, = 3375 1bf per bolt

For the bottom row of bolts,

bgy, = 3404 Ibf per bolt
btu == O
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- The total shear capacity is

(2)(1274 1bf) -+ (2)(3404 1bf)
== 9356 1bf [> 9000 Ibf, so OK]

. Check the compression on the face of the masonry. No
prc}visions for bearing stress are given in the Strength
Design portion of the IBC. Use IBC Sec. 2107.2.10.

. = 3375 1bf per bolt
The total compression is
(2)(3375 1bf) = 6750 Ibf

The estimated unfactored load is

Cn 6750 1bf
From Sec. 2107.2.10, the bearing stress is
Ib
Fyr < 0.38f,, = {0.38) (2000 mg) = 760 Ibf/in*

B 11
4821 1bf Ibf
= < —
b TS 760 3

A>6.34in°

If the plate is 8 in wide based on 4-in bolt spacing, the
height of bearing ares, d, is 0.7% in.

The total height of the plate is

d
h2a+g+§

0.79 in

hz4in+25in+ = 6.90 in

Use an 8-in x 8-in plate with four 1-in-diameter bolés
in two rows spaced 4 in apart in each direction.

PROBLEM 4

1989 MSJC Solution

Assume that steel has been placed in the center of the
wail.

g="T8%1 381
2
0.31 in? .2
A, = o = (0,10 in* /Tt
Assume pinned supports.
From the AISC Manual,
2 Ibf 5
+M = 0.0Twl’ = (0.07) 35 _5 ) (10 )

= 245 ft-1bf per foot

—M = jul? = (%) (35 g) (10 ft)?

= 437.5 ft-1bf per foot

Check the steel.

A, 0.10 in?
P= 5 T B mGelm) o
29x106;1_]9§ 29><106E
o & — n® in?
7
En 9007 (900) (1500 }%f)
mn
= 21.5

pr = (0.0022)(21.5) = 0.047

k= —pn + /2pn + (pn)?

= —0.047 4+ /(2)(0.047) + (0.047)2

= ().263
k 0.263
7=1-3 3
= (.912
in
M (437.5 #-1bf per foot) (12 %{)

f+= 433 = (010 m? per foot)(0.012)(3.81 in)
= 15,100 Ibf/in® [< Fy = 20,000 1bf/in?, so OK]
(A Yz stress increase could also be taken for wind load.)

Check the masonry.
in
o (2)(487.5 ft-Ibf) (12 «g)
T objkd® (12 n)(0.912)(0.263)(3.81 in)?
= 251 Ibf/in®
1 1bf

JURE B ol

Fy=ift (3) (1500 1n2>

= 500 Ibf/in? [> 251 1bf/in?, so OK]

fm

The wall is adequate.

IBC—Strength Design Solution

Assume that steel has been placed in the center of the
wall.

d= 1051 st
2
0.31 in? .
As = — 5 = 00775 in? /8

Agsume pinned supports.

From the AISC Manual,
Ibf

+M = 0.0Twl? = (0.07) (35 f‘g) (10 ££)?
= 245 ft-1bf per foot
=M = %wl2 = (é) (35 ;—g) (10 ft)?

= 437.5 ft-1bf per foot
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The factored maximum is

M, = 1.3M = (1.3}(437.5 fi-Ibf)
= 568.8 f-1bf per foot

Caleulate the design strength. From Eq. &2,

0 + (0.10 in%) (49,000 P—“‘—i—)
in

e fy
- oJy

0.85 7,0 (0.85) (1500 %—i) {12 in)

1
== (.261 in
a

M, = Asefy (d — ,2_.)

= (0.10 in?) (40,000 1‘32-) (3.81 in — 0'2621 m)

I

= 14,718 in-Ibf (1226 ft-Ibf per foot)

&M, = (0.8)(1226 ft-1bf) = 981 ft-Ibf per foot
[> 568.8 ft-1bf per foot, so OK]

The wall is adequate.

Since defiection calculations are based on unfactored
(service) loads, the 1999 MSJC and the IBC-—Strength
Design solutions are the same for this problem.

8 1. First calculate the masonry compressive strength,
#1.. From Table 1 of the MSJC Specification assum-
ing Type N mortar, fr, is approximately equal to 1500
Ibf/in?.

b f
E 29,000,000 ——g 29,000,000 1%«
n= =% = in® _ in
!
B 700/ (700) | 1500 E?é
n
= 27.6
AL = A, = (2)(0.79 in®) = 1.58 in®
compression region
v /7 1 jarsi
c {7 A

18.251n

Sum moments about the neutral axis.
M = 0= (24 in)c (g) 4 (n— L)AL (c — 4.75 in)
- Agn(19.25 in -~ c)

24 i 2
(158 i0?)(27.6)(19.25 in — ¢) = (_%E)E,
4 (27.6 - 1)(1.58 in*
x (c— 4.75 in}
¢ = 6.40 in

Iy = tbe® + (n— 1) Ag(c - 4.75 in}?
+nAs(19.25 in - )
= (%) (24 1n)(6.40 in)®

+ (27,6 — 1)(1.58 in2)(6.40 in — 4.75 in)®
+ (27.6)(1.58 in?)(19.25 in — 6.40 in)®

=| 9412 in?

5.2, The MSJC does not, provide any equations for ca
culating M, or PA deflection for slender walls. Use tl
IBC, Sec. 2108.2.4.6.

Calculate h/r.

ho= (32 ft) (12 %ﬁ‘—) (1.0) = 384 in

24 in

= — = 693 in
Vi2

h 334 in

ST gaa o oA Y

The deflection calculation depends on whether or n
the section is cracked. Calculate the cracked mome
of inertia.

Mcr = Sf?"

£ = 4.0y/F, = (4.0) (\/1500 Lb—i) = 154.9 Ibf/i
F31%

S = (%) (24 in)® = 2304 in®

M., = (2304 in®) (154.9 E}—J—gf-)
m

— 356,890 in-Ibf  (20.7 ft-kips)
Msc-r = M -+ PAe

Take A = 0. Use BEq. 8-20.

Mor = 45 ft-kips > M-
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» calculation of deflection is iterative.

_ 5Mcrh2 5(Mse7‘ - Mcr)h2
Bs = BET, BEn I

(5)(29.7 ft-kips) (12 %}) (384 in)>

- kips [ 1 4
(48) (EGﬁO :{ém) (12) (24 in)
(5)(45 ft-kips — 29.7 ft-kips)
AW
% (12 ft) (384 in)
Kips
in?

+
(48) (1050 ) (9412 in%)
= 0.189 in + 0.285 in = 0.474 in

For the second iteration,

0.474 in
in
12 —
ft

M er = 45 ft-kips + (65 kips)

= 47.57 ft-kips

(5)(47.57 ft-kips — 29.7 ft-kips)

« (12 %) (384 in)?

A = 0.189 in +

(48) (1050 kips) (9412 in%)

in*

= (0.189 in 4+ 0.333 in = 0.522 in

For the third iteration,

0.522 in
in
12 —
ft

Mer == 45 fi-kips + (65 kips)

= 47.83 ft-kips
(5)(47.83 ft-kips — 29.7 ft-kips)
in A2
P (22 ft) (384 in)

kips

Ng =0.189 in +

(48) (1050 ) (9412 in*)

in?
= 0.189 in + 0.338 in = 0.527 in

Trials 2 and 3 are converging.

Moer = My = | 47.83 ft-kips

s =] 083 in
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Transportation

A suburban central business district has a maximum
daytime population of 120,000. Traffic passing through
o Jevel 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

]
vyl

no parking e no parking
o —
— g
— —F

The following data have been collected on the nature of
the traffic during a particular time of day.

north-to-south
and

west-to-east  south-to-north

lane width 11 ft 12 ft
peak hour factor 0.860 0.70
" percent right turns 0% 0%
* percent left turns 20% 0%
percent trucks and

local bus traffic 10% %%
ength of green

" and amber phases 32 sec 26 sec
ength of all red phases 1 sec 1 sec
approach grade 0% 0%

4.14. Find the maximum service volume for level of ser-
vice (LOS) C on the west-to-east approach to the inter-
section.

1.2, Find the maximum service volume for LOS E on
the west-to-east approach to the intersection.

4.2, Find the maximum service volume for LOS B on
the north-fo-south approach to the intersection.

4.4, Find the maximm service volume for LOS E on
the south-to-north approach to the intersection.

PROBLEM 2

List at least eight major factors that influence the ca-
pacity of a signalized intersection.

PROBLEM 3 :

The average daily traffic (ADT) patterns for four differ-
ent sets of traffic are shown. For each pattern, specify
a type of interchange (e.g., cloverleaf, loop-connector,
etc.) and briefly indicate your reason for choosing that

type.

3.4
N
10,0007 149 000
11,000
W
2000
16,000
10,000
s
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3.2. N
1500 2000
4000
2560 2060
W 21,000 21,000 g E
2000 1500
4000
1500 2000

ra

3.3.
1600 1000
1000
1500 1500 -
W 2000 2000 E
1500 2500
2600
2000 2000
s
3.4. N
15%2:00
22,000
14,000 8060
w 16,060 15,000 E
12,000 BOGO
22,000
11,000 8000
]
PROBLEM 4

The following questions are not necessarily related.

4.1. What is the passenger car equivalent (Er) for a
truck on a 2% multilane highway grade that is 0.6 mi
long?

4.2. What is the primary variable that determines leve]
of service?

4.3. List five guardrail warrants. What values must
these warrants achieve o justify the installation of
guardrails?

4.4. What is the primary variable used to rate the nead
for making future improvements to intersections?

4.5. What dimensions should be given to a single
vehicle parking slot in a municipal parking structure?

4.8, On the 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 a municipal
parking structure?

PROBLEM S

A rural two-lane highway was designed for 50-mph
travel. The following traffic counts were taken over a
one-vear period.

annualized volume

(millions of vehicles cumulative

per year) percentage
0 0%
0.11 10%
0.23 20%
0.39 30%
0.77 40%
0.99 50%
1.30 60%
1.96 70%
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%
21.55 99.66%
22.62 99.77%
23.98 99.89%
28.04 100.00%

B.1. What is the 30th hour volume?
$.2. What is the maximum hourly volume?

5.3. What is the approximate average annual daily
traffic (AADT)?

B.4. Given a vehicle speed of 42 mph, what is the 30th
hour density?
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8.5. What is the headway in each direction of flow un-
der the conditions given in part 5.4, assuming a 50-50
directional spht?

B.6. [stimate the density when the road is at capacity.
5,7. What is the space mean unit travel time?

B.8. If traffic is expected to grow at the rate of 2%
per year, what will be the percentage increase in traffic
after four years?

PROBLEM 6

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 ob-
served a stationary truck that had, apparently,
just skidded into a parked car. There were no
injuries. The road was dry. The truck left
180 £t of skidmarks up to the point of impact.
The skid was down (south) or 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.

6.1. Using the following coefficient of friction values,
determine the initial velocity of the truck just prior to
locking the brakes.

speed prior coefficient

to skidding of friction
20 mph 0.46
30 mph 0.38
40 mph 0.32
50 mph 0.30
60 mph 0.28

6.2. How would your answer to part 6.1 change if the
accident report stated that the road was wet?

PROBLEM 7

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 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. The 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 ar-
eas you would clear to provide sight distance. Label
and dimension the sight triangles. Use AASHTO spec-
ifications.

PROBLEWM 8

An airport ranway is being redesigned to current FAA
regulations.

8.4. What are the reasonable values of longitudinal
and transverse gradients?

8.2. Draw two intersecting runways. What are the
VFR and IFR maximum loads?

8.3. What other factors must be considered when de-
signing airport runway pavement sections?

The following questions are not necessarily related.

@.4. What arrival type represents highty favorable pro-
gression at a signalized intersection? How is arrival type
determined?

8.2. 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 critical gap, and
(2) trip distribution?

9.5. What are typical warrants and numerical criteria
for signalizing an intersection?

PROBLEM 10

A compacted asphalt pavement with 2 bulk specific
gravity contains the following components. (Percent-
ages are by weight of total mixture.)
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asphalt cement  specific gravity = 1.01
7% by weight
coarse aggregate  specific gravity = 2.61
52% by weight
specific gravity = 2.71
34% by weight
specific gravity = 2.70
7% by weight

fine aggregate

maineral filler

The maximum specific gravity of a paving mixture sam-
ple (as measured according to ASTM D 2041) was 2.455.

The bulk specific gravity of the compacted paving mix-
ture sample {as measured according to ASTM D 27286)
was 2.360.

40.4. What is the bulk specific gravity of the aggre-
gate?

§0.2. What is the effective specific gravity of the ag-
gregate?

40.3. What would the maximum (zero voids) specific
gravity of the paving mixture be if the asphalt mixture
is increased to 8%?7

40.4. What is the asphalt absorption (by weight)?

40.5. What is the effective asphalt content (by weight)
of the paving mixture?

40.6. What is the percent voids in the mineral aggre-
gate (VMA)?

40.7. What is the percent air voids in the compacted
mixture?

40.8. What is bleeding?

40.9. What is (are) the primary cause(s) of bleeding
in asphalt concrete?

40,10. What are typical air-void requirements for as-
phalt concrete?
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SOLUTION 1

(Reference: Transportation Research Board, Highway
Capacity Manual, 2000, Ch. 16.)

Geometry and timing are given. Find the saturation
flow rate and capacity.

On the north-to-south and south-to-north approaches
there are no left turns, so the two lanes in each direc-
tion constitute a single lane group. On the west-to-east
street there are no turning conflicts, so that street can
be treated as a single lane group.

Find the g/C ratio.
The cycle length, C, is 60 sec.
g = green time 4 amber time — lost time

Assume the lost time to be 3 sec. The green time +
amber time is given.

(%)NS - (g)sm = Ze(; se?:; — =0.383

Find the saturation flow rate.

8 = 8N fu Fuv [ Fo fou o Fuv Frx v Fops Frob

From west to east,

w12 11 - 12
Joo =1+ 3 wi+—-—§6~——m0.967
fro = 100 ~ 100
T 00 %HV(Er ~ 1) 100+ (10)(2 < 1)

= (.909
fg =1 [no grade]
fp =1 Ino parking]
Jos =1 [po buses]
fo =090 [CBD]
frr =1 [no right turns)
fuu =0.908 [Exh. 10-23]
fur =0.95  [exclusive)
8= SolV fufuv fo fofov fo fru frer fur fron Frps
= (1900 vph)(4){0.967)(0.909)(1)(1){1)(0.90)
% (0.908){0.95)(1)(1)(1)
= 3186 vphg

From north to south and south to north,

Jfw =1 [12 ft lanes]
1030 100
Sy =
100+ %HV (Br —1) 100+ (Z 1)
=0.935
fo =1 [no grade

fbb m ] [IIO buses]

frr=1
fir=1
fa =090

fru =0.952 [Exh. 10-23]

Pedestrians and bicycles are not mentioned, go

Jipb = frpp = 1.0
8 = 86N fu fuv fo fo fou fo frv far fur Fips Fros
= (1900 vph)(2)(1)(0.935)(1)(0.90)(1)
x (0.90)(0.952)(1)(1)(1)(1)
== 2739 vphg

Find capacity. From west to east,
_s(8
c=s(%)
= (5186 vphg)(0.483)
== 2504 vph

From north to south and south to north,
—s(4
c=g ( C’)
= (2739 vphg)(0.383)
= 1049 vph

Find the control delay. Use v/c = 1.0 for values greater
than 1.0.

ddePF+d2+d3
0.50( - £)2

=(5) (@)

do = 900T ({X — 1)+ \/ (X~ 132+ SMX) [Eq. 9-25]

dy = [Eq. 9-23]
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For isolated intersections use arrival type 3 {random ar-
rivals). Assume there is no residual demand. Therefore,

PFR=I= T-lO

_
T
k=05
ds=0

The largest permitted average delay for a given level of
service is found in the Highway Capacity Manual, Table
9-1. The volume-to-capacity ratio, X, is found by tzial
and error using Highway Capacity Manuel Eqgs. 9-23,
9-24, and 9-25.

case g/C ¢ LOS digpges X m% desie  vDh

(a) 0.483 2504
(b) 0.483 2504
(c) 0.383 1049
(d) 0.383 1049

35 0.967 30.3 2421
80  1.026 80.1 2566
20 071 19.9 744
80 1.01 84 1059

=HoEO

SOLUTION 2

According to Eq. 16-4 of the Highway Capaczty Mar-
ual, 2000, there are 10 primary factors that influence
capacity. They are

1. number of lanes
. lane width

2
3. percentage of heavy vehicles in the traffic stream
4. grade of the approach

b

. presence of a parking lane and number of parking
maneuvers per hour

=

blockage caused by local buses malking stops

7. ares type {capacity is less in central business dis-
tricts than elsewhere)

8. percentage of right-turning vehicles in the traffic
gtream

9. percentage of left-turning vehicles in the traffic
stream

10. percentages of pedestrians and buses turning left
and right

Key secondary factors that interact with items 8§ and 9
are

1. whether turns are made from an exclusive or
shared lane

2. whether turning movements are protected, per-
mitted (unprotected), or both

3. volume of pedestrians using the conflicting
crosswalk for right turns

4. opposing flow rate when the signal phasing in-
cludes permitted left turns

SOLUTION 3

3.1. The practical capacity of loop ramps (270° turns)
is 800-1200 vehicles/hr {Reference: AASHTO, 4 Policy
on Geometric Design of Highways and Streets, 2001),
regardless of widsh (loop ramps are not amenabile to
double lanes). Assuming a k-factor (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 vehicles/hr. A directional three-leg intexchange is
recommended,

3.2. The low Bows on all except the freeway mainline
dictate a simple diamond with stop- or signal-controlled
intersections on the north-to-scuth road. If the river
prevents ramps on the east, a half cloverleaf with di-
agonal and loop ramps in the two western quadrants is
recommended, with stop or signal control at the minor
gtreet terminals.

3.3. The relatively low flows suggest that no infer-
change will be needed. The high proportion of turn-
ing movements suggests a rotary intersection. If an
interchange is desired, a loop-connector type is recom-
mended, with the east-to-west street at a separate grade
from a loop that carries all other movements. This is
an inexpensive type of interchange that works well with
low flows. Because it treats the north-to-south fiows as
turning fows (they must 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.,
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 vehicles/hr, so it could possi-
bly be accommodated by a loop ramp; however, includ-
ing a single loop ramp in a directional interchange is
impractical, and the level of service on the loop would
be poor.

SOLUTION 4

4.1. (Reference: Highway Capacity Manual, 2000.)
Fxh. 21-9, Ep = 1.5 for all percentages of truck traffic.
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4.2. (Reference: Highway Cepacity Manual, 2000, Exh.

31.)

e On basic freeway segments and multilane
highways, density is the primary variable.

e On freeway weaving sections, speed for weaving
and nonwesving vehicles is the primary variable.

e On freeway ramp sections, density is the primary
variable.

e On two-lane rural highways, percent time delay is
the primery variable.

e At signalized intersections, average stopped delsy
is the primary variable.

o At unsignalized intersections, total delay is the
primary variable.

e On urban/suburban arterials, average through-
vehicle travel speed is the primary variable.

4.3. (Reference: AASHTO, Roadside Design Guide,
1996, Chaps. 5, 6, 10.) There are three sets of warrants
for roadside guardrails. (Guardrail warrants are not
given in the AASHTO Green Book or the HCM.)

1. Embankment slope and height: Various combi-
nations warrant a roadside barrier, as illustrated
(from AASHTO Roadside Design Guide, Fig. 5.1).
Modifications for traffic and embankment length
may also be included in the warrant.

embankment
slope
0.5 barfer
warranted
0.33 -
i i

8 15  embankment

height (ft)

2. Presence of roadside obstacles: A barrier is
warranted 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
ground

a

sign bridge supports

8

breakaway light poles, with breakaway linear im-
pulse greater than or equal to 110 lbf-sec

e trees with diameter greater than or equal to 6 in

3. Protection of bystanders, cyclists, and pedestri-
ans: No simple numerical value is given, but under
normal circumstances, a raised curb is a sufficient
barrier to protect pedestrians for speeds up to
40 mph. Special circumstances {e.g., accident ex-
perience and the presence of schoolchildren) may
apply.

4. Median barriers: These may be needed, based on
roadside warrants. In addition, there is a median
warrant to prevent head-on collisions, based on
various combinations of ADT and median width,

60

50

median
width (ft) 30

20

10

average daily traffic
(thousands)

5. Barriers in work areas: No numerical values are
given. Work-area barriers are warranted when
needed to

e protect traffic from ensering unsafe areas
e protect workers
¢ separate two-way traffic

o protect exposed construction works (e.g., false-
work)

4.4. The primary variable is the total number of acci-
dents. Other measures used are the accident rate (ac-
cidents per 100,000 vehicles) and a weighted sum of
personal injury accidents and property damage only
(PDO) accidents, 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 by 17.5 ft long. Recommended width varies
from 9 ft for high turnover uses to 8.25 £ for low turnover
uses. “Small car only” stalls can, of course, be smaller.
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4.8. A typical parking module is 8.5 ft wide by 61 ft
long, including two stalls and an aisle. Adding 10% for
losses at corners and such,

area per vehicle = {1.1)(8.5 ft) (-E}-};tw)

=| 285 ft?

SOLUTION S

&.1. There are (24 days)(365 hr) = 8760 hr in a year, so
the 30th busiest hour is the (1 —30/8760)(100) = 99.66
percentile value, which (from the problem statement)
is 21,550,000 vehicles/yr. Converting to an hourly vol-
ume, the 30th hour volume is

icl
21,550,000 LECtes
= =| 2460 vehicles/hr
8760 —
yr
98,040,000 vehicles
5.2, = YL = 3201 vehicles/hr
8760 —
yr

85.3. An approximate average is found using the 50th
percentile volume. Converting to average annual daily
traffic volume (AADT),

990,000 vehicles

AADT = W_El—a—}g—” = 2712 vehicles/day
365 i
¥r

B.4. Density = volume/speed. Using the volume from
Sol. 5.1,
vehicles

2460
density = —hr  _1586 vehicles/mi

mi
42 T

5.8, Assuming a 50-50 directional split, the volume in
each direction is

2460 veificles
volume = L
2
= 1230 vehicles/hr
1 1
headway = volume 1930 vehicles 1 E
hr 3600 sec
=| 2.93 sec/vehicle {2.93 sec]

5.8. Because the road is sometimes congested, its flow
reaches capacity. An estimate of the capacity is the
maximum houzly flow as determined in Sol. 5.2. At
capacity, the average speed is approximately 30 mph.

3901 vehicles
hr

density Az —————t— == | 107 vekicles/mi

mi
30 s

8.7. Space mean speed differs little from time mean
speed, so the given speed can be equated to a space
mean speed.

i
mean speed

1 min
=\ T (60 ""E"?“)

=| 1.43 min/mi

mean unit travel time =

8.8. (1.02)% == 1.0824. The increase will be | 8.24%.

SOLUTION &

81 Fowiy = | 500

0.05 ]
myg

1.0
Friction = — 1t [mj} mg

tt
.2 g’é"‘cwé“
Fret = | ——==e § (0.05 —~ p)m
¢ VIt (0.05) ( #)
Fnet it
= = 2.2 ——s 05 -
" (3 secz) (© 2
i {5280 -
Viinal = (2(} ——) —-———g—%% = 20.3 ft/sec
r
3600 W
vg = /Ui, — 2as

£ :
* [(32.2 m) (005 - ,LL}:| (180 ft)
= /280 + 11,5784
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Since p must be considered with o, solve by trial and
error.

assumed p resulting v

0.30 61 ft/sec = 42 mph
0.32 63 ft/sec = | 43 mph

finconsistent with ]

[consistent with u]

6.2. The answer to Sol. 6.1 would not change appre-
ciably because the given coefficients of friction are valid
for most wet pavements.

(Reference: AASHTO, A Policy on Gleometric Design
of Highways and Streets, 2001. Figures mentioned be-
jow are from this reference.}

o Stop control exists on the minor street, making
this Case B (acceleration from stop).

e AASHTO assumed values are used for variables
D, L, and J.

Sight distance requirements apply for stopped minor
street, vehicles crossing the major street, turning left on
the major street, and turning right on the major streeb.

(a) Crossing maneuver:

On the right, all four lanes of traffic must be cleared, so
the distance to clear the intersection is

§ = D + N(lane width) + L
=10 ft + (4)(12 ft} + 19 ft
=77 ft

From Fig. IX-33, ¢, = 5.6 sec.
The sight distance required is

d=147V(J +1,)

ft

= | 1.47 8¢ (60 —n—li) (2.0 sec + 5.6 sec)
i hr
hr

= 670 ft on the right

This value could also be read from Fig. IX-39.
Solving for the left (only two lanes need to be cleared),
S = D -+ N(lane width) + L

=10 f& + (2)(12 ft) + 19 ft
= 53 ft

From Fig. TX-33, t, = 4.8 sec.

d =147V (J +to)
ft
_ sec i )
= | 1.47 i (60 hr) (2.0 sec + 4.8 sec)
hr
= 600 f on the left

(b) Left-turning maneuver:

The distance the left-turning car must cover to clear
trafic on the left is approximately

S =10 ft + ((2)(12 ft) -+ 19 ft)(L.5)
=75 ft

From Fig. IX-33, t, = 5.5 sec on the left. The required
sight distance is

d = 14TV (J +ts)

ft

- sec mi

= | 1.47 2= (60 hr) (2.0 sec + 5.5 sec)
hr

662 ft on the left

Assuming that traffic approaching from the right will
slow to 85% of the design speed and that the left-turning
vehicle must accelerate to 85% of the design speed, de-
termine the sight distance to the right.

Vg (60 reph) = 51 mph

From Table IX-7, the distance covered to reach 51 raph
is P = 808 ft, and t, = 19.2 sec.

Q) = Vggu(tq + 2 sEC)
= (0.85)(1.47)(60 mph)(19.2 sec + 2 sec)
= 1589 it
n=P—16 ft =808 & — 16 &
=792 ft
h = P — 18 ft — second lane width
— {1.47) 5602 s8C) ~ L
=808 f — 16 £ — 12 &%
~ (1.47 x 51 mph x 2 sec) — 19 £t
= 611 ft
Sy =Q — h = 1589 ft — 611 ft
= 978 ft
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{c) Right-turning maneuver:

According to AASHTO, the required sight distance on
the left while making a right turn from the minor road
is from one to three feet less than the sight distance
required for a left turn. This would make the required
sight distance 975 ft to the left, but it could be 978 ft
as well for simplicity.

Combining all three cases, the controlling distences,
measured from the center of the minor street approach
lanes, are 978 ft to the left and 978 ft to the right.

The short dimension of the sight triangle for the minor

" street traffic is 20 ft from the edge of the major roadway

to the driver’s eye.

P s I
- 20 it
-~ ~ e .
f— - g
e P
. P -
-A—%- P -
== -
’20f1 S N t
978 it - 978 #t
not to scale
SOLUTION 8

8.4. 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 oud two inter-
secting ranways. One way is

BESSS

[

PHOCAP (practical hourly capacity) under VFR (vi-
sual flight rules) is between 72 and 98 operations/hr,
depending on the mix of aircraft. For IFR (instru-
ment flight rules), PHOCAP is about 60 operations/hr.
(Reference: FAA Advisory Circular 150/6060-5, “Air-
port Capacity and Delay,” cited in Haefner, L.E., Intro-
duction to Tronsportation Systems, Holt, Rinehart and
Winston, 1986.)

8.3. Other factors to consider are the weight of the
largest expected aircraft, the strength of the base and
subbase, drainage, and frost interaction.

SOLUTIONS
@.1. (Reference: Highway Copacity Maonual, 2000, Exh.
16-4.) A very good (i.e., “highly favorable”} progression
is arrival type 5 or 6.

9.2, The ITE Transportation Planning Handbook, 2nd
edition, Table 4-5, provides the value of 42.92 daily
trips/1000 ft* for & shopping center and 3.74 afternoon
peak trips/1000 ft?. Therefore, the solution is 100 %
42.92 = 4292 daily trip ends and 100 x 3.74 = 374 trips
ending during the afternoon peak.

@.3. The peak hour factor is

traffic volume in the peak hour
trafic volume in the peak 15-min period

9.4. A gap is the time until the next vehicle on the
major street reaches the intersection, or the time be-
tween vehicles on the major street. The critical gap is
the minimum length gap that the driver of a stopped
vehicle on the minor street finds acceptable to enter the
intersection.

Trip distribution is the result of matching productions
to attractions. Given estimates of the mumber of trips
beginning at each origin, i, and the awmber of trips
ending at each destination, §, trip distribution is the
art of estimating the number of trips that go from i
to j.

8.5, (Reference: U.S. Department of Transportation,
Federal Highway Administration, Manual on Uniform
Traffic Control Devices.) This book lists many warrants
for signalizing an intersection. They include

e 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 vehicles/hr and the minor street volume
at least 150 vehicles/hr. These volumes should
hold for 8 hours.

e Interruption of continuous traffic: This applies
when the delay on the minor street would be ex-
cessive without a signal due to high volume on
the major street. For example, at an intersec-
tion of two two-lane roads, the major street vol-
ume (total for both approaches) should be at least
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750 vehicles/hr and the minor street volume at 10.2. Go = 1—-xp
least 75 vehicles/hr. These volumes should hold Lo m
for 8 hours. Gum Gy
1-0.07
o Minimum pedestrian volume: In the simplest case, = {007
estimate at least 600 wvehicles/hr on the major 5AEE T 1ol
street and 150 pedestrians/hr at the busiest cross- : |
walk, for 8 hours a day. ==| 2.751
e School crossing
e Progressive movement (to keep platoons from dis- 10.3. Grom = .i__mlmwm——
persing) ol )
Gse Gb
e Accident experience: Signalizing may be required i
if there are at least 5 accidents in 12 months, if =T608 008
less-restrictive remedies have failed to reduce ac- T2751 * 1.01
cident frequency, and if there are traffic volumes
that meet 80% of the first three given warrants. =| 2.418
o System warrant: Signaling may be needed to en-
courage concentrations and organization of trafiic 10.4 e Goe — Geb
flow. However, the entering weekday peak hour o Tba = M5 A, Gee

volume at the intersection must be greater than 9 7E1 — 2.653

800 vehicles. = (1.01) [(2_751)(2.653)]

o Combination of warrants: This cccurs where no
single warrant is satisfied, but two or more of War-
rants 1, 2, and 3 are satisfied to the extent of 80%
of more of the stated values.

= 0.0136 (1.36%)

10-551 Lo == Lp xba(}. - sz)
e Four-hour volume: Reference Figs. 4-7 and 4-8 in = 0,07 — {0.0136)(1 — 0.07)
the Manual of Uniform Traffic Control Devices.
. = | 0,0574 (5.74%)
o Peak-hour delay: Conditions are such that for one
hour of the day, minor street traffic suffers undue
delay. Total delay on minor streets must exceed Gl — )

. 10.6. VMA = 1 — —mmmnts
four vehicle-hours on one-lane approaches and five Gap
vehicle-hours for two-lane approaches and street (2.360)(1 — 0.07)
vehicle volume must be greater than 100 vehicles =1- 3 653

for single lanes and 150 vehicles for two lanes. The
total volume at the intersection must be greater =1 0.1727 (17.27%)
than 800 vshicles per hour.

10.7. T, = gﬂ%;m%k
mimn
SOLUTION 1O . .. . B 24552300
(Reference: Asphalt Institute, The Asphalt Handbook, - 2.455.

M -4 i Y .
(Manual MS-4), Lexington, KY, 1989.) ~| 0.0387 (3.87%)

10.1. The bulk specific gravity is a weighted average
of the aggregate and mineral specific gravities.

E x;G
Gep = =
2 10.9. Bleeding typically occurs under loading on hot
- (0.52)(2.61) + (0.34)(2.71) + {0.07)(2.70) days in mixtures that have too few air voids.
- 0.52 + 0.34 + 0.07

40.8. Bleeding is the migration of free asphalt to the
pavement surface, resulting in a loss of skid resistance.

10.10. Air voids are generally 3-5% of the mixture by

= 2.653 volume.
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Surveying

PROBLEM 1

Two highwsy tangents intersect at station 6050 as
shown. The roadway follows a horizontal circular curve
constructed between the two tangents, and it passes
through point A. Other data are given in the drawing.

Pl sta (60+50)

A=76°40"

not to scale

{.1. What is the radius of the horizontal circular curve
that passes through the PC, PT, and point A7

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 ft and the design
speed is 40 mph. Use the current AASHTO standards
to determine if the radius is acceptable.

The PI of two tangents of a highway is located in a lake.
Stations A and B are selected to replace the inaccessible
PL

\\25“ 21°7

sta 120+10
distance BA=627.13 ft

A
& _sta 135+00

PC

PT
& sta 115+83

2.4. What is the radius of the circular curve between
the PC and PT?

2.2, What is the degree of the curve?
2.%. What is the length of the curve?
2.4. What is the station of the PT?

2.5, If the imstrument is at the PC, what deflection
angle should be used to locate staking station 116-+00
on the curve?

2.6, If the instrument is at the PC, what deflection
angle should be used to locate staking station 117400
on the curve?

2.7. If the instrument is at station 116400, what de-
flection angle should be used to locate staking station
118-+-00 on the curve?

The bearings of two tangents connected by a horizontal
circular curve are N50°E and S35°E, respectively. The
tangents intersect at station 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?
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3.3, What is the station of the PT?

%3.4. What is the interior angle at the PI?

3.8. What is the tangent distance from the PI to the
PC?

3.6. What is the long chord distance?

2.7, What is the external distance?

3.8. What is the degree of the curve (arc basis)?

4.9, What is the degree of the curve (chord basis)?

3.40. What is the chord length of a 100-ft arc (arc
basis)?

Numerous accidents have been occurring at several hor-
izontal highway curves in your county. Tt is suspected
that the geometries of the curves are contributing to
the accidents.

4.4. 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 trigonometric rela-
tionships that need to be considered when replacing a
simple circular curve with & 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?

A road contains a vertical curve starting at station
60--00 and ending at station 68+00. The elevation ab
the beginning of the curve (BVC) is 562 ft. The grade
prior to the BVC is ~1.5%. Just after the end of the
curve (EVC), the grade is +2.5%.

5.4. What are the centerlice elevations of the road
every 50 £t from the BVC to the BVC?

5.2, The road is constructed on marshy ground sub-
ject to flooding. At station $3-4-00, the road becomes
elevated and is supported by five-pile bents every 50 ft.
The piles are separated from each other by 10 ft (per-
pendicular to the road centerline) and are cut 3 it below
the finished road grade. A 4° borizontal circular curve
to the right starts at station 64+50 and finishes at sta-
tion 66+00. Superelevation on the curve is 12% and is
fully developed around the curve. What are the cutoff
elevations for each of the five piles in the four bents in
the horizontal curve?

The grade 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 intersection are
296.88 ft and T7+20, respectively. The curve goes
through a flood plain where the 50-year fiood elevation
is 240 ft.

2% +4%
BVC

EVC

elev 240 ft

sta 7420
elev 226.88 ft

Pl

1400 #

not to scale

6.1. Find the stations where the curve drops below and
emerges from the 50-year flood plain.

6.2, What length of curve will be submerged in a 50-
year flood?

6.3. How will increasing the length of curve change the
Jength of the curve that will be submerged?

6.4. How will decreasing the length of curve change
the length of the curve that will be submerged?

6.5. What can be done to the pavement so that flood-
ing will not degrade it7
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PROBLEM 7

A vertical curve connects a —1.3% tangent and a +1.8%
tangent. The tangents intersect at station 74400 and
elevation 310 ft. A railroad line at grade crosses the
curve at station 75420 and elevation 314 f5.

7.4. What is the length of the vertical curve?

7.2. If the curve length is changed to exactly 1300 ft,
what will be the difference in elevation between the rail-
road 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 single grate inlet be placed on the curve?

PROBLEM 8

During a survey, lengths and bearings are collected for
legs of a traverse.

leg bearing distance
AB N35.15°W 905.21 ft
BC N81.28°E 1135.76 ft
CDh S7T.19°E 1207.92 &
DE §15.25°W 800.25 ft
EF N48.17°W 1100.85 ft
FA N40.73°E 429.53 ft

net to scale

8.1. What is the precision of the survey?
8.2. Adjust the traverse by the compass rule.

8.3. Using the adjusted fraverse, what is the area of
the fgure ABCDEF?

8.4. What is the area of the circular segment bounded
by the chord BC?

8.5. What is the length of the arc BC?

PROBLEM 9

The partial results of a survey of a traverse are shown
in the following figure.

NET'E

©.4. What is the bearing of line BC?
8.2. What is the bearing of line CD?
9.3, What is the bearing of line DE?
8.4, What is the bearing of line EA?

9.5, What is the interior angle at A?
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Surveying Solutions

SOLUTION 1 s e From the law of sines,
sin ¢ é
1.1, sinf sin ¢ _ oS 3
- A
m B sec (—2~) R
PC . Pi sta (60+50) e
(227.01 ft){sin 135.864°) (cos ?6'26 )
k= sin 11.027°
= | 648.30 ft
A N g0l
1.2. T = Rtan (5) = {648.30 ft} (tan 7 267 )
= 512.61
. fotto scale PC = Pl — T = (60-+50) — 512.61 ft
center &
= | 55+37.39 sta
& = arctan - arctan w i
= P SF a1 e The length of curve, LC, is
= 18.558° o BA . ) o
= RA == (648.3 76.667°) § —
= TP eas30m) [(r00) ()|
= /(215.21 Ft)2 + (72.25 ft)2 = 227.01 ft = 86748 ft
A = 760401 = T6.667T° sta PT = sta PC + LC = (55"?‘3739) + 867.48 f
= 90° — % —a = | 64-+4.87 sta
Q
= 907 - ?6—2617~ — 18.558°
~ 33.109° 1.3. Calculate the minimum radius length. e is the
i superelevation, and f is the side-friction factor.
§ = 180° — arcsin | 1 2
= Ry = e
cos ™ 5 (e + f)
sin 33.100° The minimum value of e is 0.04, and for a speed of
= 180° ~ arcsin BTN 40 mph, f = 0.15. (Reference: AASHTQ, 4 Policy on
( : ) Geometric Design of Highways and Streets, 1990. Note
. 2 that the 1994 edition is all S units.)
== 135.864°
8= 180° — ¢p -y B - (40 mph)?
= 180° ~ 135.864° — 33.109° TR (15)(0.04 + 0.15)
= 11.027° = 561 ft < 660 £t [ok]
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The deflection angle per foot of curve is

z)_ (3

The radius ig acceptable.

= = (.016445°
SOLUTION 2 ' LC 1398.60 1t 0 5
For station 116+00,
! 2.1 LBVA =180° — /VBA ~ [VAD deflection angle = [{116-+00) ~ (115+83)](0.016445°)
= 180° — 25° — 21° = 134° N
A =180° ~ BVA = 0-2796
= 180° — 134° = 46°
From the law of sines, 2.6. deflection angle = {(117+00) — (115+83)]
o
BV BA x (0.016445°)
sin21°  sin134° =1 1.9241°
sin 21°

BV = (627.13 ft) ( ) = 312,43 ft

sin 134°

The distance between the PC and point B is

2.7
(120+10) - (115+83) = 427 & sta (120+10)

T =427 8+ BV =4271 + 312,43 ft Tstrument

= T39.43 f K _
T = Rtan (é) " (tangent at K}
2 sta (118-+00)
R= Wm‘ﬁf‘* =| 17420 £
tan ( 5 ) With the instrument at K (sta 116400), locate direc-
tion KL (along line PC-L). The total deflection angle,
(LKM, will be (LKT 4 ZTKM. (M is at sta 118+-00
_ 57296 _ 5729.6 o and TT" is tangent to the curve at point K.
2.2. D= B S TBE 3.289
LLKT = (T'KPC
= deflection of sta 116+0{)
2.3. LC = (100) (%) = (100) (5%9—0) = 0.2796°
' _ deflection angle
= | 1398.60 ft LTEM = [(118-+00) -~ (§E6+00)]< per ft of curve )
L = (200 ££)(0.016445)
= 3.289%°
2.4, sta PT = sta PC 4+ LC The deflection angle for M (sta 118+00) as measured
o (115+83) + 1398.60 ft from i)earmg PC-Lis
=| 129--81.60 sta LLKT + /TKM = 0.2796° + 3.289° = 3.5686°
The deflection angle for M as measured from the tan-
. , gent to the curve at K is the angle between the tangent
2.8, The deflection angle for the whole curve is and the chord.
A 460
CE 23 LTKM == 3.2890°  [generally not used in practice]
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SOLUTION 3

P{ sta {37+00)
N A

not io scale

3.8. The long chord distance, C, is

e
= 2Rsin (5)

= (2)(800 ft) (sin 920 )

=|1179.64 ft

I I
a.7. E = Eian (5) tan (Z)
== (800 ft) (tan %w) (i;an 92 )

= | 384.15 ft

3.1, I = 180° — 50° — 35° = 05° 57906 5720.6
9 N 6 .
LC = RI = (800 f£)(95°) (357{;0) 3.8. arc basis: D = R = ROR
=17.162°
=1 1326.45 ft 6
o .. D50 50
3.2, T =Rtan (é) — (800 ft) (tan ?_Z__) 3.8. chord basis: sin 5 == Wk
= (1.0625
== 873.05 ft {8+73.05 sta) D = 2aresin(0.0625)
PC =PI ~ T = (37+00) — (8+73.05 sta)
={7.167°
=| 28+426.95 sta

3.3,

sta PT =sta PC + LC
(28+26.95) -+ (13+26.45)

i

3.10. chord length: 2R sin —Jg

7.162°

= (2)(800 f£) (sin

2

)

=| 41+53.40 sta

= 99.935 ft

3.4, The interior angle at PI is

I ==y 95° SOLUTION 4

4.1. Compound curves fit the topography much bet-
ter than simple curves due to the inequality of their
tangent lengths. This flexibility sometimes creates op-
erating disadvantages. Where possible, a compound
curve should be replaced by a simple curve.

3.8. T was calculated in Sol. 3.2.

T = 873.05 ft
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The objective as shown in the figure is to fit a simple
circular curve between two tangents: AV and CV. These
are the relationships governing circular curves.

I=1Ip+Ig

r e i (1)
el (1) -1
L =100 (%)

5729.6

R

T )
LC = 2R sin (é—)

4.2. Using spirals instead of simple circular curves in-
creases opersting safety and performance. The most
common way is to replace a sirmple circle with two spi-
rals and one circle. The original circle has radius R and
angle I. The replacement circle with equal spirals has
two symmetrical spirals with angles Is and lengths L,.

1.6v°
Ls == -—"Rm

LD
I = 200 .

5729.6
D=—7—

I 21
Lc—-EOO( ) )

Le is the length of the circular curve with the degree
of curve, D,

4.3. Elimination of the tangent befween curves is a
common practice. If topography and clearances allow,
one simple curve can be inserted between the two outer
tangents. One possible solution is given in the following
figure.

The new curve starts at point A (the starting point of
the original shorter-radius curve) and finishes at point
X on the existing tangent. The radius of the new single
curve, R, and the distance BX (B is the ending point
of the original longer-radius curve) is given by the fol-
lowing equatioz.

_ Ry(cosIp ~cosl)+CDsinIp+ Re(l — cos IR)
- 1~—cosl
BX = (Rg~ Rp)sinlp~ (R~ Rp)sinl + CDcoslg

R

The offset, BX, between the original and proposed lay-
outs may be so large that it prohibits the replacerment.

SOLUTIONS
~ 7,50 _5°fo
o 2
elev 562 ft sta (68-+00)
sta (604+00) PVl

sta (64+00)

B.4. LC = (68+00)— (60-+00) = 800 ft

g2 G1y 2
ym(MQLG )-’E + 1% -+ yve

= {W{Q) D) } z? -~ 1.5z + 562 &
= 0.252% — 1.5 + 562 f

Elevations of the road at 50-ft intervals can be cal-
culated by inserting values of « = 0.5, 1.0, 1.5,..., 8.0
stations in the preceding equation.
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Ysaeso = (0.25)(4.5 sta)* — (1.5)(4.5 sta) + 562 ft

=1 560.31 ft

Yesso0 = (0.25)(5 sta)? — (1.5)(5.0 sba) -+ 562 ft

=| 560.75 ft

Yes50 = (0.25)(5.5 sta)® — (1.5)(5.5 sta) + 562 &

=| 561.31 ft

yes=00 = (0.25)(6 sta)? — (1.5)(6 sta) -+ 562 ft

=1 562.0 ft

5.2,
sta (64+50)

sta (66+00)

SFSS
EDCBA
The elevation of the centerline pile (pile C) is found

from Sol. 5.1, less 3 ft. There is a 12% superelevation,
so for each 10-ft run, the rise is 1.2 ft.

For the first bent at 64-4-50,
pile C top == 560.31 ft — 3.0 ft = 557.31 ft
pile B top == 557.31 ft — 1.2 ft = 556.11 £
pile A top = 557.31 ft — (2)(1.2 ft) = 554.91 ft
pile D top = 557.31 ft -+ 1.2 ft = 558.51 ft
pile E top = 557.31 ft -+ (2}(1.2 ft) = 559.71 #

bent at A B C D E
station  (ft} {ft) (1) (ft) (£t}

64--50 554.91 55611 557.31 55851 559.71
65+00 B55.35 B56.55 55775 558.95 560.15
65--50 555.91 BET.L1 558.31 559.51 560.71
6600 556.6 5578 559.0 560.2 5614

SOLUTION 6

6.1. stagve = stav — :g—

14l
= (7+20) — ?20 f_ 0-+20 sta
stagye = (0+20) + L = (0-+20) + 1400 £
= 144-20 sta

elevationpy o = elevationy + g1 (%)

- 226.88 ft -+ (0.02) (14020 ft)

= 24088 f

y = (%) 2% + gyo + elevationpye

4-{-2) ] »

==} et o 2 240.

{(2)(14sta)jim z + 240.88 ft
= (0.214292° — 2z + 240.88 %

At y = 240 ft, calculate z.

0.214292 — 2 -+ 240.88 = 240
zy = 8.871 sta (887.1ft)
7o = 0.462 sta {46.2 ft)
stay = (0-+20) + 46.2 ft

== §-+66.2 sta

stag = (0+20) -+ 887.1 ft

=| 94+07.1 sta

Between stations 0--66.2 and 9+07.1, the curve drops
below the fiood plain. The stations dropping below this
50-vear flood plain are

1+00, 2400, 3+4-00, 4400, 5400, 600, 7400, 8+00
and 9-+00

6.2. 907.1 1t — 66.2 ft =| $40.9 ft

6.3. Increasing the length of curve will decrease the
length of the portion that will be submerged because
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. De-
pending on its importance, the highway may have to be
rerouted. In addifion, providing an adequate drainage
systern, paving the shoulders, and using high-quality,
plant-mixed hot bituminous pavement material can help.
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7.4. The curve passes through point E at sta 75420
and elevation 314 &.

sta (75+20)

sta (74+00) 3
elev 310 ft

not to scaie

EG = elevationp — elevationy + |dga|
= 314 ft — 310 £t + | (7520 f& — 7400 ft)(~0.013)]
== 5.56 f
EF = elevationg ~ elevationy — dga
= 314 ft — 310 ft — [(7520 — 7400)(0.018)}
= 1.84 ft

The length of curve is

LC =24

= (2)(120 ft)

=1 890.13 ft

7.2, LC = 1300 ft.

L
stagye = stay -+ 5

1300 ft
2

= {74+00) ~
= 674350 sta

. LC
elevationgye = stay + 5 7

1300 ft
2

=310 + ( ) (0.013)

= 318.45 &

y = (%%) z? + g12 + elevationgvo
18~ (-13)
T (2)(13 sta)
=0.11922% ~ 1.3z + 318.45 f%

} 7% — 1.3z 318.45 ft

At point I,

zg = (75+20) — (67+50) = 7.70 sta
ye = (0.1192)(7.7 sta)? — (L.3)(7.7 sta) + 318.45 ft
= 315.51 ft

The difference in elevation is

315.51 ft —~ 314 ft =| 1.51 f%

7.3. The grate inlet should be placed at the low point
on the curve.

y = 0.1192x% ~ 1.3z + 318.45 ft
At the low point, dy/dz = 0.

@— = (.2384x - 1.3 =90
dx

z = 5.453 sta (543.3 ft)
Stagrote inlet == StapVc + & = (67+50) -+ (5+45.3)

=| 72-+93.3 sta

elevationgrase intes = (0.1192)(5.453 sta)®
—~{1.3)(5.453 sta) + 318.45 ft

=1314.91 ft

8.1.
AB: departure = {—905.21 ft){sin 35.15°) = ~521.15 &
latitude = (905.21 ft)(cos 35.15°) = 740.14 ft

BC: departure = (1135.76 ft)(sin 81.28°) = 1122.63 ft
latitude = (1135.76 t){cos 81.28°) = 17219 ft

CD: departure = (1207.92 t)(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 ft

EF: departure = (—1100.85 ft)(sin 48.17°) = —820.2T ft
latitude = (1100.85 ft)(cos 48.17°) = 734.18 {t

FA: departure = (429.53 ft)(sin 40.73°) = 280.27 ¢
latitude = (429.53 ft)(c0s 40.73°) == 325.49 It
S departure = ~-521.15 ft + 1122.63 ft + 151.18 f¢

— 210.49 ft - 820.27 ft + 280.27 ft
=217
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> latitude = 740.14 ft + 172.19 ft — 1198.42 ¢
= T72.07 ft + 734.18 ft + 325.49 ft

= 1.51 {1

The length of the traverse closure is

+(2.17 ft)2

+ (151 ft)% =

2.64 ft

8.2. The total traverse length is

905.21 ft 4+ 1135.76 ft + 1207.92 &%
+ 800.25 ft + 1100.85 ft + 429.53 ft = 5579.52 ft

Use the compass rule.

leg departure correction

leg length

closure in departure

leg latitude correction

" total traverse length

{Eq. 1]

leg length

closure in latitude

" total traverse length

[Eq. 2]

Using Eqs. 1 and 2 for each leg,

AB departure correction

905.21 ft

217 &

AB departure correction =

AB latitude correction =

BC departure correction =

BC latitude correction =

CD departure correction ==

CD latitude correction =

T E579.52 £

905.21 ft
h (5579 52 ft (217£)

= —0.35ft

905.21 ft
(5579 5o ) (1oL )

= —0.24 ft
1135.76 ft
(5579 52 ft) (2175)
= 0.4 ft
1135.76 ft
5579.52 ft
= —0.31f

(1.51 &)

B (120?92& (2178)

5379.52 ft
= 047 £

1207.92 £t .
(5579.52 ft) (L51%)

= —0.33 f¢

800.25 £

DE i tion = -
departure correction (55?9 SR

(217 8)

= —0.31 £

800.25 £

DE latitude correction = (5579 50t

(151 #)

= (.22 ft

1100.85 ft

s5roso ) TR

EF departure correction = (

= —0.43ft

)
)
)
)
)

EF latitude correction = — ( (1.51 #)

5579, 52 ft
= —0.30 1t

429.53 ft
5579.52 ft

= ~0.17ft

FA. departure correction = ( (2.17 1)

420,53 ft
5579.52 ft

= —0.121

FA latitude correction = ( (1.51 ft)

Find the adjusted lengths.

AB: departure = ~521.15ft — 0.35 ft = —b21.60
latitude = 740.14 ft — 0.24 ft = 739.90 ft

BC: departure = 1122.63 ft — 0.44ft = 1122.19 &t
latitude = 172.19 ft — 0.31 ft = 171.88 f%

CD: departure == 151.18 ft — 0.47 £ = 150.71 ft
latitude = —1198.42 ft — 0.33 ft = ~1198.75 ft

DE: departure = ~210.49 ft — 0.31 ft = —210.80 ft
latitude = —772.07 ft — 0.22ft = --772.29 {t

EF: departure = —820.27 ft — 0.43 ft = ~820.70 ft
latitude = 734.18 ft — 0.30 ft == 733.88 f

FA: departure = 280.27 1t — 0,17 ft = 280.10 &%
latitude = 325.49 ft — 0.12 ft = 325.37 ft

8.3. Use the double meridian distance {DMD} method
(see the following table).

A= (é) (2,890,823.64 ft7)

=11,445,411.82 ft?
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Table for Solution 8.3

latitude  departure DMD latitude x DMD
leg (ft) (£) (fe) (%)
AB 739.90 —521.50 -521.50 -385,857.85
BC 171.88 1122.19 —521.50 — 521.50 + 1122.19 == 79.19 13,611.18
CD —1198.75 150.71 70.19 + 1192.19 + 150.71 == 1352.09 —1,620,817.89
DE ~772.29 —210.80 1352.09 + 150.71 — 210.80 = 1292.00 -B97,798.68
EF 733.88 -820.70 1292.00 — 210.80 — 820.70 = 260.50 191,175.74
FA 325.37 230.10 --280.19 —91,136.14

total = —2,890,823.64

The area of the circular segment bounded by the chord
and arc BC is

8.4. BC = /(L7188 )2 + (122,10 8)? = 1135.28 s

504,870.1 £ — 319,991.3 f = | 184,878.8 7

=) C
R =800 ft 8.5, The length of curve BC is
[+3
BC = Ros = (800 £)(90.307°) { ar
e ‘ 360°
y =| 126218 £t

BC 113528 it

feN_ 2 __ 2
s ( 2 ) R 800 ft
= ().70955
o = (2)(aresin 0.70955) = 90.397°

The area of circular region BC is

90.397°Y o [90.397° 2
( —_ )(ﬂ'R)»—( e )w(soo&}

= 504,872.1 ft*

The area of triangle OBC is

(1135.28 £)(800 ft) cos (9-)

5 A LABY =57°
90.397° LYBC = 124° — 57° = 87°
(1135.28 {t) (800 ft) cos ( '2 )
= 319,991.3 £t bearingge = | S67°E
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8.2,
L(BCY = 67°
/DCY' = 180° ~ 82° — 67° = 31°
besringap =| S31°W
9.3. {TDC = (DCY’ = 31°

bearingpg = 110° ~ 31° = 79°

= | NT9W

8.4.

LTDE = 110° — 31° = 79°
(NED = 180° — 79° == 101°
LAEN == 115° — /NED

= 115° — 101° = 14°

bearingg, = | N14°W

9.5. The sum of the internal angles is

(n — 2)(180°) = (5 — 2)(180°)
= 540°
[EAB = 540° — (124° + 82° + 110° + 115°)

= 109°
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Engineering Economic A

nalysis

PROBLERM 1

The grass in a public golf course turns brown each sum-
mer because the irrigation system has deferiorated to
the point where it must be replaced. Three alternatives
are available to replace the existing irrigation system.
The chosen alternative will be funded by tax-free bonds
that pay 8% to the bearer.

Each alternative requires the installation of a pump and
piping. The pump is expected to last 10 years and have
no salvage value after that time. Replacement 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 salvage value after that period of time.

alternative A B C

initial pump cost $7500  $15,000 $30,000

initial piping cost $15,000 $15,000 $22,500
annual maintenance $6000 $4500 $3000
pumping cost

per 100 gal $4.50 $3.75 $3.00

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

A small partnership spent three years developing a
product. ‘The company spent $55,000 in the first year of
development, 375,000 in the second year, and $85,000
in the third year. At the end of the three years, the
product was immediately placed info 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 all development costs
are depreciable.

The company expects to produce and sell 4000 units
each vear 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 to recover ali development
costs over the 10-year period?

PROBLEM 3

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 traf-
fic, and neglect maintenance (vehicle and pavement)
and all other factors. The average speed is unchanged.
Assume an infinite life and zero salvage value. Use the
incremental benefit/cost ratio method with an interest
rate of 10%. Which route is superior?

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 Ibm per person. This gquantity is
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expected to increase 5% annually. The composition of
the MSW and the fraction of each component recovered
for recycling are

fraction fraction
in MSW  recoverable
combustible materials
(includes plastics) 50% 60%
ferrous materials 3% 90%
glass 15% 80%
aluminum 5% 70%

other (mineral matter,
vard waste, other
metals, etc.) 22% 0%

The disposal site sells its recoverables at the following
prices,

e combustibles: 50% of the price of coal. Coal is
selling at $45/ton. This price is expected to in-
crease at the rate of 4% per year.

e ferrous: 50% of the price of steel. Steel is selling
at $80/ton. This price is expected to increase at
the rate of 8% per year.

o glass: $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?

&.2. What is the annual revenue from recoverables in
the fifth year of operation?

4.3, What is the annual revenue from recoverables in
the tenth year of operation?

PROBLEM &

A municipality intends to purchase new pickup trucks
for its public works department and drive them 17,000
miles each year. A bid has been received from a fleet
dealer of $10,000 per truck, with the following guaran-
teed salvage values.
end salvage
of year  value

$8000
$6500
$5000
$3000
$2500
$2000
$1500
$1000

Q0 —3 O U s L0 DD

Annual 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.

B.4. What is the total equivalent uniform annual cost
of ownership if a vehicle is kept for 8 years?

5.2, What is the total present worth if a vehicle is kept
for 8 years?

5.3. What is the total equivalent uniform annual cost
of ownership if a vehicle is kept for 4 years?

B.4. What is the total present worth if a vehicle is kept
for 2 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 garage has agreed to perform ali
maintenance during the next 8 yeazs if the municipality
pays it $3500 per vehicle now. This will eliminate the
annual maintenance performed by the municipality.

5.8. What is the total equivalent uniform annual cost
of ownership if a vehicle is kept for 8 years?

8.7. What is the total present worth if a vehicle is kept
for 8 years?

§.8. What is the most economical length of time to
keep a vehicle?

PROBLEM &

A contractor submitted a bid to an owner-developer to
construct a new office building for $2,400,000, to be paid
in a single payment at the completion of construction.
As an alternative, the coniractor agreed to give the de-
veloper three years (starting from the time of comple-
tion) to make payments of 50%, 256%, and 25% of the
bid amount, with adjustments for interest (figured at
10% per 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 subcontrac-
tors, employees, and suppliers at the completion of the
project. The contractor’s income tax rate is 46%. Al
other accounting conventions are to be neglected.

@.4. If the construction bid price is paid off at the time
of completion, what is the contractor’s after-tax rate of
return (ROR)?
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1S ruction bid price is paid off over three

6.2. If the (‘:fig completion, what is the contractor’s
llowl

years fO .
before-tax R/

- r-developer depreciates the building
6.3, If the Ou . gtraight-line depreciation and zero
over 25 years hat 18 the before-tax present worth of
salvage valu® st be generated to recover the build-
the revenu® t - ner_éeveloper is accustomed to receiv-
ing cost? THO 5% return on his investments. Assume
ing an after"’ﬂa"; e of 45% for the owner-developer, and
an income b > Jeveloper pay’s the contractor in a single
that the ownel”
payment.
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Engineering Econo:

alysis Solutions

4.4, Alternative A:
P = $7500 + $15,000 + ($6000)(P/4, 8%, 30)
+ ($7500)(P/F, 8%, 10) + ($7500)( P/ F, 8%, 20)
= $7500 -+ $15,000 + {$6000)(11.2578}
+ ($7500)(0.4632 + 0.2145)
= $95, 130

Alternative B:
P = 815,000 + $15,000 + (34500){ P/ A, 8%, 30)
+ ($15,000)[{ 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 + ($3000)(11.2578)
+ ($30,000)(0.4632 + 0.2145)
= $106,604

Choose Alternative B.

1.2, Water pumped per year = V gal.
Alternative A:
4,
P = $95,130 + (ﬁ%v) (P/A, 8%, 30)
= $95,130 + iLEV (11.2578)
S 100 '
= $95,130 -+ 0.5066V

Alternative B:

P = $90,826 + (%1(;%51/’) (P/A, 8%, 30)

3.75
= $00,826 -+ (Tdﬁv) (11.2578)

= $90,826 4 0.4222V

Alternative C:

P = $106,604 = (%Jg-v) (P/A,8%, 30)
3.00
= $106,604 + (»m—v) (11.2578)

= $106,604 + 0.3377V

The selection is sensitive to the volume of water pumped.
B is always superior to A, but C will become superior
to B if V > 186,722 gal/yr. At V = 186,722 gal/yr,

Py = P = $169,660

If V < 186,722 gal/yr, choose B. If V' > 186,722
gal/yr, choose C.

SQLUTION 2

I == tax rate = 46%
total investment = $55,000 -+ $75,000 + $85,000
= $215,000
D, = {$215,000)(0.25) = $53,750
Dy = ($215,000){0.38) = §81,700
Dy = ($215,000)(0.37) = §79,550
Production cost per year:
(4000){860) = $240,000
z = price per item
revenue per item = 4000z

(4000X){1—f}  (4000X)(1—1) (4000x3(1 ~1)

4‘\

A A
0 1 2 3 4 5 6 7 8 13

L i T N

b
$55,000

$75,000L

$85,000

Y
($240,000)(1 1)

Y Y Y

($240,000)(1—1)  ($240,000)(1-1}
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P =0 = ~($55,000)(P/F,18%,1)
~ (§75,000)(P/F, 18%, 2)
— ($85,000)(P/F, 18%, 3)
— ($240,000)(1 — 0.46)
x (P/A,18%, 10)(P/F, 18%, 3)
+ (853,750)(0.46) P/ F, 18%, 4)
+ ($81,700)(0.46)( P/ F, 18%, 5)
+ ($79,550)(0.46)(P/F, 18%, 6)

+ (4000z)(1 — 0.46)(P/A, 18%, 10)(P/F, 18%,3)

P = 0 = —($55,000)(0.8475) — ($75,000)(0.7182)
— ($85,000)(0.6086)
— ($240,000)(1 - 0.46)(4.4941}(0.6086)
+ (853,750)(0.46)(0.5158)
+ ($81,700)(0.46)(0.4371)
+ ($79,550)(0.46){0.3704)
+ (4000)(1 — 0.46)(4.4941)(0.6086)
5007.84% — 463,944.4 = 0

z = $78.53

The amount t0 be added to the cost of each unit is

$78.53 - 860 =| §18.53

Route 420

annual operating costs =

iel .22
vehic es) (% ; ) (9.2 mi) = $886,512
day mi

(365) (1200

Route 422:

annual operating costs =

vehicles / $0.22
day

(365) (1200 ) {6.5 mi) = $626,340

mi

Use capitalized cost because the project has an infinite
life.

B P{AB)
¢~ B(AD + P(AM)
== benefit-cost ratio
A = Route 422 — Route 420
P{AB) = P of increased user benefits
P(AI} = P of increased investment costs

P{AM) = P of increased maintenance costs

Calculate users’ benefits derived from using Route 422
instead of Route 420.

value of time saved =
vehicles 9.2 mi 60 min
2
(365 days) (1 00 8 ) [( 3 mph) ( L )

_{ 6.5 mi 60 min ($(}.30>
50 mph hr min

= $425,736 per vear

operating costs saved =
$886,512 — $626,340 = $260,172 per year

$425,736 + $260,172

P(AB) = 0.10
= $6,859,080

P(AI) = $1,200,000 ~ 0
= $1,200,000

AM is the decrease in the cost of resurfacing. It is
$260,000 — $300,000 = —840,000, and it occurs once
every 15 years,

$40,000 $40,000 $40,000 $40,000

P(AM) = —($40,000)(P/F, 10%, 15)
— {$40,000)( P/ F, 10%, 30)
— ($40,000)(P/F, 10%, 45) — - - -
= —{$40,000)(0.2394 + 0.0573 + 0.0137 + - )

= -$12,416

B $6,859,080

¢ 7 $1,200,000 — $12,416
=5.78 > 1.0

Choose Route 422.

SOLUTION 4

4.4. Daily MSW volume (first year):

= (5 1bm )(100,000 persons)
person

= 500,000 Ibm/day
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Fotal MSW volume (first year):

I
500,000 =—
(365 days) ——-Ib—liy— = 91,250 tons
2000 —
ton
MSW fraction
composition recaverable price/ton
combustibles (3.50)(0.60) = 0.30  (0.5)(345) == $22.50
ferrous materials (0.08){0.90) = 0.072 (0.5)(380) = $40
glass (0.15){0.80) = 0.12 $20
aluminum (0.05){0.70) = 0.035 $200

Because the MSW volume increases 5% annually and
prices increase in varying degrees, effective growth rates,
i, must be calculated for each type of recoverable.

combustibles: ig = (14 0.05)(1 + 0.04) — 1
: = (.092
ferrous materials: 4p = (1 +0.05)(1 - 0.08) ~ 1
0.134
(1+0.05)(1+0.02) — 1
0.071
(1+0.05){1+0.12) —
0.176

glass: i@

ool

aluminum: 74

il

(a) First year’s revenues:

combustibles: {91,250)(0.30)($22.5) =  $615,937
ferrous materials: (91,250}(0.072)(840) = $262,800
glass:  (91,250)(0.12)($20) =  $219,000

aluminum:(91,2560)(0.035)($200) $638,750
$1,736,487
Total revenues = | 1,736,487
4.2. Fifth year’s revenues:
($615,937)(1 + ic)?* + ($262,800)(1 + ir)
+ ($219,000}(¢ + ig)* + ($638,750)(1 + i4)?
== ($615,937) (1 + 0.092)* + ($262,800)(1 -+ 0.134)*
+ ($219,000) (4 + 0.071)* + ($638,750)(1 + 0.176)*
=] $2,820,259

4.3. Tenth year’s revenues:

($615,9837)(1 +1ic)? + ($262,800)(1 + ix)®
+ ($219,000) (¢ + ig)® + ($638,750){1 +i4)®

= ($615,937)(1 -+ 0.092)° + (3262,800}(1 + 0.134)°
+ ($219,000)(i + 0.071)° + ($638,750)(1 -+ 0.176)°

= | §5,328,872

S@LUﬂ@N 5

salvage =$1000

1 2 3 8

$1256 [$1250 ‘L$1250 $1250
@500 ¢$6{JO $700
$1750  s1850  g1950

$500+ (7)($100) = $1200

Y
$10,000

5.1. Ag = (810,000)(A/ P, 10%, 8) + $1250 + $500
1+ ($100)(4/G, 10%, 8)
— (81000)(A/ F, 10%, 8)

= ($10,000)(0.1874) + $1250 -+ $500

+ ($100)(3.0045) — ($1000)(0.0874)

=| $3837.05

512& P o= (AS)(P/A,@%, n)
— —($3837.05)(P/A, 10%, 8)
~ —($3837.05)(5.3349)

=] —$20,470.28

5.3. Ay = ($10,000)(A/P,10%,4) + $1750
+ ($100)(A/G, 10%, 4)
~ ($3000)( A/ F, 10%, 4)
= ($10,000)(0.3155) + $1750
+ ($100)(1.3812) — ($3000)(0.2155)

=| $4396.62

$1750  $1850  $63500

5.4. P =-$10000 - == ~ 0o +

= ~$7747.93

5.5. Calculate EUAC for 7 years.
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Ay = ($10,000)(A/ P, 10%,7) + ($100)(A/G, 10%, 7} SOLUTION &
+ 1750 — ($1500)(A/F, 10%, 7)
= %i’?gg) w;?iéz} +0(§22) (2.6216) 6.1. profit = $2,400,000 — $2,000,000
- ~ (81500)(0.1054) == $400,000

= $3908.06

tax = ($400,000)(0.45) = $180,000
Ay was calculated in Sol. 5.1 as $3837.05.

after-tax profit = $400,000 — $180,000

Because Ag < Ay, the most economical life is 8 = $220,000
years. $220,000
frex- OR, = s
after-tox R $2,000,000
=1 11%
5.6. $1000
1 2 3 8 6.2. Py P2 Py
lsmso ‘L$1250 l&amso $1250 project T T T
complation
1 2 3
$10,000 $2,000,000
¥
l$3500 ) The effective rate, i/, considering interest, ¢, and infla-
tion, e, is
0o -
Ag = ($13,500)( A/ P, 10%, 8) + $1250 v=thetie
 (S1000)(A/F, 10%,5) = 0.10 + 0.05 + (0.10)(0.05)
— ($13,500)(0.1874) + $1250 — ($1000)(0.0874) =0.155
=1 $3692.50 Py = first payment
= {0.50)(82,400,000)(1.155)
= $1,386,000
B.F. P = Ag(P/A,i%,n) P, = second payment
= (0.25)($2,400,000){1.155)?
From Sol. 5.6, Ag = $3692.50. = $800,415
P = —($3692.50)(P/A, 10%, 8) Py == third payment
= —($3692.50)(5.3349) = (0.25)($2,400,000)(1.155)®
—| ~$10,699.12 = $924,479
The ROR is the rate that resulis in a zero present worth.
8.8. Calculate Ay and compare with Ag as calculated P = —$2.000.000 1 2
in Sol. 5.6. ;000,000 + 14+ ROR + (1 +ROR}?
Ar = ($13,500)(A/ P, 10%, 7) + $1250 PR
(1+ROR})®
— ($1500){A/F, 10%,7)
= ($13,500)(0.2054) + $1250 — ($1500)(0.1054) =0
Try ROR = 25%.
=| 3386450 $1,386 $ $924,479
—$2,000,000 + 22 ,000 800,415 )

To5 T s T (1957
~ $94,390

Since A7 > As, keep the vehicle for 8 years.

PROFESSIONAL PUBLICATIONS, iNC.

www.EngineeringBooksPDF.com



ENGINEERING ECONOMIC ANALYSIS SoLUTIONS 205

Try ROR = 30%.
$1,386,000  $800,415  $924,479
— 2 O N T H 1 l 3
§2,000,000 + —35 (1.30)2  (1.30)3
= —~$39,436

The before-tax rate of return is between 25% and
30%; by further trial and error, before-tax rate of
return = 28.5%.

6.3.
A ($96,000)(0.45) = $43,200
1 2 3 ' 25
¥
$2,400,000
S0

(& — $2,400,000) + (896,000)(0.45)(P/A, 15%, 25) = 0
(z — $2,400,000) + ($96,000)(0.45)(6.4641) = 0

z = $2,120,750 (after tax)

The before-tax present worth of revenues is

$2,120,750 _
5 =| 88,855,900
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