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Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation conventions
that you may not be familiar with if you are not a Mathcad user. Most of these notation
conventions are self-explanatory or easily understood. The most common Mathcad specific
notations in these solutions relate to the equals sign. You will notice the equals sign being used in
three different contexts, and Mathcad uses three different notations to distinguish between each of
these contexts. The differences between these equals sign notations are explained as follows.

e The “:=’" (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set equal
to) the value of 1234. Another example is x :=y + z. In this case, x is assigned the value
ofy +z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the value
of a variable in the equation. For example, in the equation

5.2t - 0.005-1" = 18.588 + 10-{t - 12.792) the = is used to tell Mathcad that the value of the
expression on the left side needs to equal the value of the expression on the right side.
Thus, the Mathcad solver can be employed to find a value for the variable ‘t’ that satisfies
this relationship. This particular example is from a problem where the function for arrivals
at some time ‘t’ is set equal to the function for departures at some time ‘t’ to find the time
to queue clearance.

e The ‘=’ (standard equals) is used for a simple numeric evaluation. For example, referring
to the x := y + z assignment used previously, if the value of y was 10 [either by assignment
(with :=), or the result of an equation solution (through the use of =) and the value of z was
15, then the expression ‘x =” would yield 25. Another example would be as follows: s :=
1800/3600, with s = 0.5. That is, ‘s’ was assigned the value of 1800 divided by 3600
(using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is ‘—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, {1} = Arrivals(t) - Departures(t) — 2.200-t - 1000t Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in the
problem statement, yellow highlighting has been used (which will print as light gray).

1 www.mathcad.com
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Problem 2.1

Determine the power required to overcome aerodynamic drag.

p=0002378 Cp=029 Ap=20 f2 (given)
5260
W= 100 ——  fiis W = 146.7
3600

salve for horsepower

3
p-CpArY
hp = — Eg. 2.4
P 1100 (Eq )
hp=39.6
Problem 2.2
Determine the final weight of the car.
p=0002378 Cp =030 Af=21 W, = 2100 (given)
5280
W =100 ——
max 3600

At IF'Dwer=F{‘u’ + R\

max 8 " max rl ¥ max

Add one horsepower per 2 Ibs. additional vehicle weight
additional power = W_ x 550/2

Solve for additional weight added to the vehicle, set resistance forces equal to additional hp

v max“'-

550 W 4
— (W g+ W )V
147 ) |

2

P - 3 (
=E'C D ARV max) +0.01{1+ IV max

Wa = 10548
Total = WD + Wa

Total = 220948 b
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Problem 2.3
Determine the distance from the vehicle's center of gravity
to the front axle.

W=2500 p=06 L=120 h=22 fy= 001 (given)

FWDF, .. =RWDF__

W le=Ty-h) W | +f-h)
L L
—= - (Eq. 2.14)
g A 1+ 20
L L

solve for |, in terms of L and I; left with one unknown (1)

lp=L-1y
wW (I =fpeh) WLl ]
L _ L
h h
1- 22 1+ 22
L L

If= 5362 inches
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Problem 2.4

Determine the minimum coefficient of road adhesion.

We=3000 g=322 L=200

(given)
a=15 h =20 fy=001  lp=140
F=ma+R,=rearF__ = pW(lAfh)L (Eq. 2.14)
1-zh/L

substitute for m. B,

W

m=— Ry = fy-W (Eq. 2.6)
g
- W =F b}
L
—-d+ fr|-W=
9 g kb
L

u= 0637
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Problem 2.5
Determine the distance from the vehicle's center of gravity
to the rear axle.

We=3000 g=322 L=200

(given)
a=322 h=36 f =001 p=10
F=ma+R,=rearF__ = pW(lAfh)L (Eq. 2.14)
1-pth/L
substitute for m. B,
W
m=— Ry = fy-W (Eq. 2.6)
g
W T_frl'h.:'
L
—-d+ fr|-W=
9 g kb
L
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Problem 2.6

Determine the lowest gear reduction ratio.

14
W=2700 r= ' L=128212
(given)
p=10 h=18 fy=001 lf=3312
F=rearF__. = pW(fh)L
T (Eq. 2.14)
"highest possible acceleration” means F_ is equal to F__,
W =Ty hi
L
Frnax = u-h
1-
L
Fnax = 1323.806
salve for 2
M.-2--1 F i
e =0 "d max’
F = — egn = (Eg. 2.17)
max ; 0 Mgng
2g=3n
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Problem 2.7

Determine the maximum acceleration from rest.

14
gg =19 r= 2 g=1322 p=10 f =001
(given)
18
h = - =43 L=92 W = 2450
Rr| = W-fﬂ Rr| =245 (Eq. 25}
Mapgse = 185 Marmad = 215 ng =090
solve for mass factor
2
T = 1.04 + 0.0025-2) Tm =124 (Eq. 2.20)
M -E[)-
ebase =0 "Md
Febase = — Fehase = 1264 .43 (Eq. 2.17)
w-W{ l=f-h)
E_ L (Eq. 2.14)
max T T Fray = 136341 A&
L
since Fpa.e < Fooay Use F ... for calculating acceleration with original engine
Febase = Rl f (Egq. 2.19)
fbase = T 7w 3page = 13.33 -
w— 1 5
Mig)
Memod-20m4d (Eq. 2.17)
Femod = ————— Femog = 1492.71

r

since F_ .4 = F o use F_ . for calculating acceleration with modified engine

-R
max rl
fmod = W 3mod = 14.16 -
w— 1 5

g

(Eq. 2.19)
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Problem 2.8

Determine the maximum acceleration rate.

3000 rew/min = 50 revisec

15 .
=003 ng=50 g =35 r= ' g=2322 (given)
salve for velocity

2ez-rng-(1-1i)
Ve=——  V=1083 (Eg. 2.18)
p
p=0002378 Cp=035 Ar=21
calculate aerodynamic resistance
_F 2 (Eg. 2.3)
Ry = E-CD-AF-"J Ry=10245
calculate rolling resistance
Vo
f=0011+—1| W = 3000 (Eg. 2.5)
Lo4T)
Ry = f-W Ry =521
calculate mass factor
2
Tm = 1.04 + 0.0025 -2 Tm = 1.07 (Eg. 2.20)
M = 250 ng =030
calculate engine-generated tractive effort
M.-z--n
F, = e=o’'d F, = 630 (Eq. 2.17)
r
Fret=F - Z R=7,,-m-a
n
Fa—Ry-Ry ft
S0 a= efawr a=47y7 — (Eq.2.19)
.'m ﬂ | sec
g
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Problem 2.9

Determine the drag coefficient.

15
M,=150 2gp=30 mng=090 r=—
12 (given)
4500
i=0.02 W= 2150 Ng = ——
60
2ez-rng-(1-1i)

Ve=———— V=1924 (Eq. 2.18)

20

Mg-2p-ng

Fo= ——— Fo=324 (Eq. 2.17)

r

v
fi=00111+ v | (Eq. 2.5)

)
Ry = fy-W Ry = 49.643 (Eq. 2.6)
p = 0002378 Ap=194

2|F, - Ry)
P 2 e T Tl
FE= Rr|+E-CD-J‘5\f-V CD = 5
AV p

Cp=10321a
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Problem 2.10

Determine the drag coefficient.

14
Mg=200 =,=30 ny=090 r= ' (given)
M_-2.-n
Fo=— 20 F 4629 (Eq.217)
r
i v
Vo= 150-1.467 W= 2500 fy=00111+—| (Eqg. 2.5)
L 147
Ry = fq-W R = 62.423 (Eq. 2.6)

p = 0002378 A =125

set F_ equal to the sum of the resistance forces and solve for C

2Fa-Ry)"
FE=F{F|+%CD-AF-‘-J2 Cp=—— "

2
ApV-p

Cp=0278a
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Determine the maximum grade. Problem 2.11

P 39500 . _14 . (given)
i:=0.035 ng:= 50 £g:=32 r.:E W,:=2500 Ib g

assume F=F,
calculate velocity

) 2:mrng-(1-1i) (Eq. 2.18)

Vi=—-— Vv =1289 ft/s
N
€g

calculate aerodynamic resistance

p:=0.002378 Cp:=0.35 A;:=25
0 (Eq. 2.3)
Ra:=73Cp-ArY R,=17299 b

calculate rolling resistance

\

f:=0.01 1+ — (Eq. 2.5)
147

RI" = fr|W RI" =46.93 Ib

calculate engine-generated tractive effort
Mg =200 ng:=0.90

Mgz ng (Eq. 2.17)

Fo: r Fo=493.71 Ib

calculate grade resistance
Rg=Fe ~Ra—Ry (Eq. 2.2)

Rg =273.79

solve for G

Ry
G.=_9 (Eq. 2.9)
W

NW

G =0.1095 therefore G = 11.0%
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Alternative calculation for grade, using trig relationships

R
— acin| 9
Bg = asm[ W j

Bg =0.1097 radians
180 .

degeg = eg._ convert from radians to degrees
Y

degeg =6.287

tan deg = opposite side/adjacent side

G,=tan(0g)-100 G=11.02 %

g

Thus, error is minimal when assuming G = sin 0y for small to medium grades
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Problem 2.12

Determine the torque the engine is producing and the engine speed.

Fe-XR =y -ma

at top speed, acceleration = 0; thus, Fe-ZR=0

5280 .
V :=124.—— V =181.867 ft/s (given)
3600

MW

calculate aerodynamic resistance

p:=0.00206 Cp:=028 A;:=19.4
R.=2.chAv?2 R. = 185.056 (Eq. 2.3)
=2cpar = 185. 2.

calculate rolling resistance

Vv
f:=0.01:| 1+ — fy=0.022 (Eq. 2.5)

147
WV := 2700 (given)
MW

(Eq. 2.6)

Ry :="f'W R, = 60.404
Rg =0

sum of resistances is equal to engine-generated tractive effort, solve for M,

(Eq. 2.2)
Fe=Rg+ Ry + Ry Fe = 245.46
i 12.6
i:=0.03 Ng:=0.90 &on=125 r=——
12
]
Me-ep Mg Fer (Eq. 2.17)
Fo=——— Mg =
r €0Nd
Mg = 114.548 ft-Ib
Knowing velocity, solve for n,
5 . |
‘T rNg-(1 1) Vi-eq (Eq. 2.18)
Ve —— Nei=———"—
€0 2-w-r-(1-1i)
’ rev rev
ng = 71.048 — Ng 60 = 4263 —
s min
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Problem 2.13

Determine the maximum acceleration from rest.

W=2500 L=80 h:=20 I=30 (given)
w=_074 f =001 g=1322
u-W-{le=T-h)
L
Frnax = o Frnax = 859.62 (Eq. 2.14)
1- 2
L

For maximum torque, derivative of torque equation equals zero

dM, 6
— =6-009n,=0 Ng=—— ng= 6667
ng 0.09

plug this value into torque equation to get value of maximum torque

Mg = 6-ny— 0.045.n,2 M, =200

14

2= 11 Ny = 0.75 r= E

find engine-generated tractive effort from maximum torque

M.z -nd
Fom —— Fo= 141429 (Eq. 2.17)
r
M. -2 -nd
Fom — Fo=1414.29 (Eq. 2.17)
r
calculate rolling resistance and mass factor
Ry = fy-W Ry = 25 (Eq-2.6)
2
Tmo=104+000252, 7y,,=134 (Eg. 2.20)
Frax < Fg 50 Frnax 15 Used
calculate acceleration from maximum available tractive effort
F - f-W ft
a:=% a=801 — (Eq. 2.19)
.'m E | SEC
g/
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Problem 2.14

Determine speed of car.

2 3 2
Fower = (EnME-nE) = E.EB-(EHE - 0.045n, ) = 37.68n," - 0.286n, (Eq. 2.18)

P[ng) = 37.88n," - 0.2828n,,”
Ta find maximum power take derivative of power equation

L _Flng) 75360, - 84780, =0
dng

75.36
= = 88.89
e " 08478 e

14

i=0.035 gy =2 r= -

Calculate maximum velocity at maximum engine power

Vo 2-:-r-|'|e-[1—i] |E|:| 218]

2g

WV=314.39 f —— =2143
5 1.467
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Problem 2.15

Determine the acceleration for front- and rear-wheel-drive options.

13
M,=95 e;,=45 nyq=0380 r= 2 (given)
R.. R,. and g, are as before
calculate engine-generated tractive effort
M, -z -nd
Fo= ———  F,=315692 (Eq.2.17)
r
Tm = 1.091 W= 3000 R;=132 .
(given)
Ry =132.99 g=2322
calculate maximum acceleration
F.-R;,-R
g a rl
Emax = I__—.-]uﬂlﬂ Emax=2.TEB |:E|.'.|. 2.19}
Mg
Rear - wheel drive
p=02 f;:=0011 h:=20 L:=120 I¢:=60
u-We{ L= -h)
- L (Eq. 2.14)
Frngy = ——————— Frnax = 309.207
o ph
L
F -R,-R
max a rl ft
Amax = T Bmax = 2704 — 2704 < 2,768 (Eq. 2.19)
-I.-m.; — 1 s5ec
g
Frant - wheel drive
w-W{Iptfp-h)
L
Frax = # Finax = 291.387 (Eqg. 2.15)
1+ —
L
F -R,-R
max a rl
Bax m (Eq. 2.19)
Mgl
fi
Bax = 2-529 — 2529« 2765
sec
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Problem 2.16

Determine weight and torque.

pn=08 W,=2000 g,=10 ny=038 .
14 (given)
=55 r1r=— fy=001 h=22 L=100
12
Mg-z5-ng (Eq. 2.17)
Fo= ———
]
bWy { =Ty h)
L
Friaxs ——————— (Eg. 2.14)
p-h
1- =
L
31

lfnem.r:lf__n'me WEI= 1l.|"'l.|"|:|+3-|"|.|"|E

setting F_ = F___, and solving for M_ gives
: J0 3 ]
AW 3N o T=——M _ =T -h
W (W ”ELT_ED”EJ rIJ
Mezgng L

r w-h

Mg = 122152 ft-lb

W, =W, +3-M,  W,=23665 Ib
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Problem 2.17
Determine the difference in minimum theoretical stopping distances
with and without aesrodynamic resistance considered.

p = 0.0024 Cp=045 Af=25 Vo= 890-1.467

g=322 4, =104 W=250 =10

(given)
fp=0013 u=07 &=571
a)

K, = E-CD-AF K,=0014 (Eq. 2.37)
3
W | KoV -

S= Ani 1+ . 5=423027 (Eq. 2.42)
2gky | nh-p-W+fr|-W—W-5|n|:E&-deg}j

compared to 5 =444 07 and 5 = 457 .53
444 07 - 424 64 = 1943

45753 - 42464 = 3289 #f

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 2.18

Determine the initial speed with and without aerodynamic resistance.

Cp=040 Ar=28 p = 0002378 W= 3500

w=05 f;=0015 np =078

(given)
S5 =250 g=1322 7 =104
N (Eq. 2.37)
Ky -=§'CD"E"f Ky=0.013
with aerodynamic resistance considered
{ 2 h
'I.lb.W : koA 1
S= Ani 1+ 2 | (Eq. 2.43)
EQKE ;1 p-ﬂb-w+fr|-wj
v
W = 80.362 —— =5478
1.467
with aerodynamic resistance ignored
2 . |
oV v S-2-g{npw+ (Eq. 2.42)
2-g-(np-u+fy) o

V=79182 —Y_ _5393 ™
1467 h
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Problem 2.19

Determine the unloaded braking efficiency, ignoring
aerodynamic resistance.

w=075 f;=0018 y,=104

(given)
g=1322 S5=200 W =8601467
solve Eq. 2.43 for braking efficiency
]
-I,b_"lufg -|'Il;]'1|"'|r2
= Np = =Ty (Eq. 2.43)
2.g{npn+fy S-2-g-u
np = 0.8101
np-100 = 81.01 Ya
Problem 2.20
Determine the braking efficiency.
w = 060 7p =104 g=1322 S5 =590 G=1003 (given)
5280
Vy=10-— Vy=161333
3600
5280
= hh.—— Vg = B0.66T
2 3600 2
2
fy=00111+ | f=0018 (Eqg. 2.5)
- 147 )

salve for braking efficiency using theoretical stopping distance equation

Iy 3 i ™ | ]
1 V4° - ‘""223 S ‘"’22;
= Np= — > — 1+ G (Eq. 2.43)
2-g-(np-u + fy - Gj 2-5-g-p
np, = 0.9102 np-100=9102 %
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Problem 2.21

Determine the mazimum amount of cargo that can be carried.

W =781 467 Wy=110025 ft/'s Yo =0 (vehicle is assumed to stop)
po=0.95 G =-0.04 g=322 (given)

vpo=1.04 1}, = 0.80 = =300

"'-.-"'1 + "'-.-"'2
Vag = — Vg = 55.013
¥
£ = III.EI1-[1 + 13;9] £ =0.0137 (Eq. 2.5)

salve for additional vehicle weight using theoretical stopping distance equation,
ignoring aerodynamic resistance

TV

W Eq 2.43
Jy. - ot fr o+ (Eq. 2.43)
g[(”h mu-mn]“ i }

W= 864.2 Ik

o=

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 2.22

Determine the speed of the car when it strikes the object.

Cp=05 Ar=25 W=3500 p:=0002378
S=150 p=085 g=322 Tp =104

(given)
fy=0018 mp=080

Vq=1080-1467 Vq=11736

a)
Ka=5CpAr  Ka=0015 (Eq. 2.37)

How fast will the car be travelling when it strikes the object on a level surface?

2
. rpW . Mp W Kg- Vg™ + fy-W (Eq. 2.39)
S oK. T
20K Mp-H-WW+ Ka'if"';zi”n-w
- Vo -
Vg = 82 967 _ EEEE mi
1.467 h
How fast will the car be travelling when it strikes the object on a 5% grade?
G =005
2
I-'bW | T]bl..lw+ Kall'u'r‘] + fr|‘u"u'+ G-W (Eq. 2_39}
] -1n —
.. T
20K Mp-u-W+ HE-;~V22j+fr|-W+ G-W
Vo -
V5 = 80.176 5465 m
1.467 h
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Problem 2.23

Determine the speed of the car just before it impacted the object.

5280 .
WVy=T8——  Wy=110 = 1.04 =322 iven
1 ag00 U1 ‘b g (given})
Ny = 0.90 f = 0015
b =06 e =103 (Table 2.4)
SE| = 200 Sﬁkld =100 I:gi'l.-'Eﬂ}
Find velocity of the car when it starts to skid
2 2
Yb'(Vl - V2 )
Sal= (Eqg. 2.43)
2~g-(nb-p.m +fy - 0.03)
x
5 259 (NpHm + - 0.03)
Vo= [ V7 -
b
3600 [
Vo=T482  Vpo— =51014 —
5280 h
Vehicle's velocity at start of skidis V4 = 74.82
Find velocity when the vehicle strikes the object
- 21
(V47 - Vo7 (Eq. 243)

Selid = _
K™ 2.9 (np-g + fy - 0.03)

: "
Vy - /1'“"12 _ 2-Sgkid 9 {nprs + fy - 0.03)

-
V= 63.396
3600 |
- = 4322 m
5280 h
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Problem 2.24

Determine if the driver should appeal the ticket.

p:=0.6 (for good, wet pavement, and slide value because of skidding)

Yp=1.04  g:=32.2

Vo :=40-—— V, =58.667 (given)
Np:=095  $:=200 f,:=0.015

Solve for the initial velocity of the car using theoretical stopping distance

V2o v,° 2:S fy) - 0.04 ’
Yh\V1 ~V2 ‘S-g-(np-k + iy~ 0.04) 2
S= Vq = + Vo (Eq. 2.43)
2-g-(np-1 + fy - 0.04) b
s
V1 =100.952
3600
1 ——=6883 —
280

No, the driver should not appeal the ticket as the initial velocity was higher than the speed limit,
in addition to the road being wet.
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Problem 2.25

Determine the shortest distance from the stalled car that the
driver could apply the brakes and stop before hitting it.

np=090 y,=104 f;:=0013 (given)

Vo= TU-@ WV =102.667 fis
3600

S=150 g=322

Mdry = 1.0 Myet = 0.9 (Table 2.4)

V- - "
_ V1 -0 [ 259y tiyer + fy - 0.03) (Eq. 2.43)
2-g-(Mp-pyet + f1 - 0.03) - h
3600

Vy = 85.824 Vi-gogg = 58516 fUs

Using this as final velocity, solve for distance to slow to this velocity

)

- S
29|”b“dr‘_-,.r+ fr| - [][]3?

{2
V- Vs

(Eq. 2.43)

5= 58.062

Add this distance to the 150 ft of wet pavement, 160 + 5 = 208.06 ft
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Problem 2.26

Determine the braking efficiency of car 1.

N = = = - = "I H
ip=104 g=322 V=60-1467 V=28802 ft/s (given)

t4=25 to=20 mnpp=075 po= 080

(Eg. 2.5)
Total stopping distance is perception/reaction distance plus braking distance

Set stopping distance of two cars equal to each other and solve for %,

2 Y-

V1 Vo 1)
1 =Vt 1 |

29 | Mpru+ig) 29 (np2e+ig)

Wt 1 +

Npq = Find[npq)  npq-100=96.06 %

Determine the student's associated perception reaction time. Problem 2.27
‘u’1 = 65.1.467 ‘u’1 = 80.685 ftis

Vg = 35-1.467 Vp=51345  fifs (given)

g=1322 G=10 a=112 ft/is?

Solve for distance to slow from 55 mifh to 35 mith
P B
N (V4) = {Va)
=T 2a (Eq. 2.45)
d="172.94 ft

Subtract this distance from total distance to sign (600 ft) to find perception/reaction time

d = 600 (given)
d =dg;-d d, =600 -d d, = 427.06
dr
t = . t, =529 sec (Eg. 2.49)
1
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Problem 2.28

Comment on the student's claim.

Method 1:
— 7. - I

Vy=T0-1467 Vq=10269 fts (given)
g=1322 a=12
Find practical stopping distance

2

Vi

d=——  d=47077 (Eq. 2.46)

-a

Subtract this distance from the total sight distance and solve for perception/reaction time
dg =590
d=dg—d d,=119.23

dr

This reaction time is well below the design value;
therefore, the student’s claim is unlikely.

Method 2:

Vg = T0-1467

g=322 a=12 G=10 t. =248

r

Stopping sight distance = practical stopping distance plus perception/reaction distance

2
V4
SSD = ————— + Vg4, SSD = 72749 (Eq. 2.47)

g
2-g-|:; 2 |+ G:|
Las

590 ft = 730 ft (required from Tahle 3.1) therefore 590 ft is not enough for 70 mi‘h design speed.
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Determine the grade of the road. Problem 2.29

— EF. = i
Vy=55-1467 Vq=8069 fts (qiven)

t, =25 dg =450

Solve for distance travelled during braking (total distance minus perception/reaction)

d. = Vqt; d. = 201.71 (Eg. 2.49)
d=d;-d; d= 24829 (Eg. 2.50)
a=112 g=2322 (given)

Using practical stopping distance formula and solve for grade

| ]
; 2 2
|1'“'r1,:' V4 a
d= — G=— -2 (Eq. 2.47)
29 —+G}|
w4 A
G =0.059 G-100=5.93 %
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Determine the driver's perception/reaction time hefore and Problem 2.30
after drinking.

Sec

Yy =551 467 ft/s g=322 a=112 (given)
while sober,  d_ =520
salve for perception/reaction time using total stopping distance formula
vy (Eq. 2.45)
d=—
2.3
n n
dg=d, +d do=dg - d (Eg. 250
[ | dr )
1
substituting Eqs. 2.46 and 2.50 into Eq. 2.49 gives
ds Wy
tr = v—1 - E tr =284 SecC |E|:| 250]
after drinking, driver strikes the object at Vo, = 35-1.467 fi/s
solve for perception/reaction time using total stopping distance formula
ds V47 - V57
tp=—-— t=43 (Eqg. 2.50)
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Multiple Choice Problems

Determine the minimum tractive effort. Problem 2.31
Ch=035  Ap=20 f2 pi=0002045 U9
D f 3
ft (given)
V:=70 @ E W :=2000 Ib
i 3600 s MW
G:=0.05
MV
grade resistance
Ry :=2000G Ry =100 Ib (Eg. 2.9)
aerodynamic resistance
_P _
Ra=7 CpApV R,=7544 b (Eq. 2.3)
rolling resistance
Vv
fr=0.0L 1+ — f;=0.02 (Eqg. 2.5)
147

Ry="f W Ry =3397 1Ib (Eq. 2.6)
summation of resistances

(Eq. 2.2)
F:=R, +Ry+R F=209.41 Ib
M g
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Alternative Answers:
1) Using mi/h instead of ft/s for velocity

y.=70 X
h

\%
f:=0.01 1+ — f,=0.01

M:Z frIW er =29.52 |b
P _
Rai= CApV R, =35.07 b

F=R,+R 4 +R F=1646 1Ib
o rl

g

2) not including aerodynamic resistance

V= 7022
v 3600

Fi=Ry+ Ry F=12952 Ib

3) not including rolling resistance

F=Ry+ Rg F=135.07 Ib
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Determine the acceleration.

Problem 2.32
Vo 20,5280 Cq:=03 h:=20 i
M 3600 N ﬁz W :=2500 b
f= — i .
V =29.33 it slugs A=110 in (given)
s p:=0002045 3 lg:=50 in
U= 1 Me — 95 ft-lb So =45
14 ng :=0.90
r=— ft
12
aerodynamic resistnace
_P _
R, = E.cd.Af.v2 R,=528 b (Eq. 2.3)
rolling resistance
Y (Eq. 2.5)
f:=001 1+ —
147
Vv
Ry :=0.01{ 1+ — |-2500 R =2999 Ib (Eq. 2.6)
rl 147 rl
engine-generated tractive effort
Mg-€gm Eq. 2.17
Fpm—e o 4 Fo=329.79 Ib (Fa.2.17)
r
mass factor
Eq. 2.20
¥ = 1.04+ 0.0025: ,° ¥ =109 (Fa. 2.20)
I =120 I
acceleration
W (L+fp-h)
L (Eq. 2.15)
Frmax:= —h Frmax=1350.77  Ib
1+—
L
Fe—Ry;—R Eq. 2.19
_ e Ma” M — (Eq )
2500 s2
m{ 322

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Alternative Answers:

Fe —Ra — Ry il
1) Use a mass factor of 1.04 Y =104 a=———— a=23.65 2
o 2500 S
M\ 322
. _R — ft
2) Use F ., instead of F Fmax~Ra = Ryl —
o= 1.091 A= W a=15.53 52
! m'( 32.2)
3) Rear wheel instead of front wheel drive
e W-(1g=f,-h)
Fray— Ry — R
L max~— "a "~ "l ft
Frpy=—"—"— Fray = 1382.22 gi=—" a=159 —
L M\ 322
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Determine the percentage of braking force. Problem 2.33

5280 ft
V.=656—— — u:=0.90
MYTT3600 s
L:=120 in lg:=50 in (given)
h:=20 in lp:=L—1l¢ in

determine the coefficient of rolling resistance

Vv Eqg. 2.5
f1:=00L 1+ — fi)=0.02 (Ea )
147
determine the brake force ratio
I+ h(p+f
r rl
BFRmax= —( ) BFRfrmax= 2-79 (Eq. 2.30)
I — h-(u + Ty
calculate percentage of braking force allocated to rear axle
100
BF = ——— PBF, =26.39 % (Eq. 2.32)
1+ BFRfrmax
___________________________________________________________ '
Alternative Answers:
1) Use front axle equation
100
PBF; :=100- ———— PBFf = 73.61 % (Eq2.31)

1+ BFRfrmax

2) Use incorrect brake force ratio equation

BF et BF -076
B Revmax= m Rermax=0-
100

PBF,

——— PBF, = 56.94 %
AMAWARA r
1+ BFRfrmax

3) Switch I; and |, in brake force ratio equation

BF et BF —132
B Revmax= m Rermax= 1
100

PBF, :

=— PBF, =43.06 %
AMAWARA r
1+ BFRfrmax

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Determine the theoretical stopping distance on level grade. Problem 2.34

5280 ft
Cp=0.59 V=80— —
Af =26 ft2 pn:=0.7
Yp :=1.04 Np :=0.75 (assumed values)

Coefficient of Rolling Resistance

v
2 Eq. 2.5
f:=0.01 1+ — f,=0.014 (Fa.2:9)
147
[
Theoretical Stopping Distance
2 2
Y -(V -V, ) 2 Eq. 2.43
SRR S = 412.8> (54255

AT ZQ(nb“ + frl)

Alternative Answers:

1) Not dividing the velocity by 2 for the coeffeicent of rolling resistance

Y,
f:=001 1+ ——
A ( 147)

2 2
Y -(V - V. ) 2
/\%\:: b1—2 S= 40985_
Zg(“r]bp. + fr|> ft

2) Using mi/h instead of ft/s for the velocity

Vi=80 V=0 V=80
v
f0= 001 1+ ——
R 147
2 2
Yb‘(Vl —V2> 2
gm——— 7 S = 192.4%-
2.9 (- + ) ft
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3) Using y = 1.0 value

[}
A= 1.0
2 2
v b'(vl - V2 ) 2
Sim———— =2 S = 397.9°-
2.g-(np + ) ft
Determine the stopping sight distance. Problem 2.35
452280 s .
MW 3600 (given)
ft ft
a:=112 — t:=25 s Q=322 — (assumed)
52 52
Braking Distance
Eq. 2.47
d:=L d=194.46 ft (Eq )
a
=5
g
Perception/Reaction Distance
Eq. 2.49
dp=Vit, d,=165.00 ft (Fa. 2.49)
Total Stopping Distance
(Eq. 2.50)
dg:=d+d, dg =359.46 ft

Alternative Answers:

1) just the braking distance value

d=194.46 ft

2) just the perception/reaction distance value

d = 16500 ft
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3) use the yellow signal interval deceleration rate

a:=10.0
NN\
di=— d=21780 ft
A a
0
g
de,=d +d, dg =38280  ft
Determine the vehicle speed. Problem 2.36
Cp:=0.35 G;=0.04 Yy, = 1.04
Ap=16 T =150 ft np =1 (given)
slugs
A= 2500 I p:=0002378 3 W:=08
5280 ft
V, = gg - =
1 fit f.,:=0.017
3600 s _ ft 1:=0.
=322 r
A 2
S
K,=L.CnA K., = 0.007
a, D' f a :
Given
V2 I=0
2
yb-W nb-p-W + Ka-Vl + fr|-W + WG (Eq. 2.39)
= -1N
20K | ew + Ka-(vzz) + fW + WG
Ya,:= Find(V,)
V .
2
V, =916 = _e243
1.467
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Alternative Answers:

1) Use 0% grade

G;=0.0
MWV
Given
Na:=0
2
~ Yb'W n T|b~|,l'W + Ka'Vl + fr|W + W-G
29K, Ny W + Ka-(vzz) + W+ W-G
Vo= Find(V,)
V .
2 m
V, = 936 —°_ _6378 =
1.467 h

2) Ignoring aerodynamic resistance

G:=0.04
MWV
2 S-2.g-(np-p + fry + G) B (Eq 2.43) rearranged to
Nai= V1 - - Vp =933 solve for V,
V .
1.467

3) Ignoring aerodynamic resistance and using G =0

G:=0
MWV
S~2'g~(n o+ fy+ G)
2 b rl
Vo= jvl - V, = 95.2
b
V .
1.467 h

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Solutions Manual
to accompany
Principles of Highway Engineering and Traffic Analysis, 4e

By
Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski

Chapter 3
Geometric Design of Highways

U.S. Customary Units

Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.




Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation conventions
that you may not be familiar with if you are not a Mathcad user. Most of these notation
conventions are self-explanatory or easily understood. The most common Mathcad specific
notations in these solutions relate to the equals sign. You will notice the equals sign being used in
three different contexts, and Mathcad uses three different notations to distinguish between each of
these contexts. The differences between these equals sign notations are explained as follows.

e The “:=’" (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set equal
to) the value of 1234. Another example is x :=y + z. In this case, x is assigned the value
ofy +z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the value
of a variable in the equation. For example, in the equation

5.2t - 0.005-1" = 18.588 + 10-{t - 12.792) the = is used to tell Mathcad that the value of the
expression on the left side needs to equal the value of the expression on the right side.
Thus, the Mathcad solver can be employed to find a value for the variable ‘t’ that satisfies
this relationship. This particular example is from a problem where the function for arrivals
at some time ‘t’ is set equal to the function for departures at some time ‘t’ to find the time
to queue clearance.

e The ‘=’ (standard equals) is used for a simple numeric evaluation. For example, referring
to the x := y + z assignment used previously, if the value of y was 10 [either by assignment
(with :=), or the result of an equation solution (through the use of =) and the value of z was
15, then the expression ‘x =” would yield 25. Another example would be as follows: s :=
1800/3600, with s = 0.5. That is, ‘s’ was assigned the value of 1800 divided by 3600
(using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is ‘—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, {1} = Arrivals(t) - Departures(t) — 2.200-t - 1000t Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in the
problem statement, yellow highlighting has been used (which will print as light gray).

1 www.mathcad.com
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Problem 3.1

Determine the elevation and stationing of the low point, PVI and PVT.

L=1600 f

PVC is at 120 + 00 stapysp = 12000 elevpyc = 1500 (given)

Gy=-35% Gy =65%

A=|-35-65  A=10
1600
stapy = 12000 + T stapy = 12800  stagy, = 128 + 00
LY
elevpy) = eleveye + | Gyl 3 | elevpy = 1472 ft
L2

stapyT = 12000 + 1600 stapyT = 13600 Stag,; = 136 + 00

A-L
elevpyT = 1500 + (Gq-L) + ¢ elevpyT = 1524
low point when dy/dx =2ax+b=10 (Eq. 3.2)
Gg - Gy
a= a=0.000031 (Eq. 3.6)
2-L
b = Gy b=-0035 (Egq. 3.3)

b
distiqy = 5—  distjgy = 560

Stayg, = 12000 + 560  sta,, = 125+60

offset to low point

A . . (Eq. 3.7)
YIDW = m 'dlﬁtlnw YIDW =93 ft

elevigy, = 1500 + [ Gq-dist)gyy) + Y)qu elevig,y = 14302
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Problem 3.2

Determine the elevation and stationing of the high point, PVYC and PVT.

L = 500

PVIis at 340 + 00 stapyy = 34000

elevpyy = 1322 (given)
Gy=40% Gp=-25%

A=1]40+25 A=65

500
Etﬂp\u,rc = Etﬂp\uﬂ - T Etﬂp\u,rc = 33750 stagye = 337 + 50

LY
E|E".|'|:|1.u,r|: = E|E".|'|:|1.u,r| - GTE | E|E".|'|:|1.u,r|: =132 ft
|~‘- J‘I

high point when 2ax + b =0

Go - G4
T 2L

a: a = —0.000065 (Eq. 3.6)

b=Gy b=004 (Eq. 3.3)

b
diﬁthigh = E diﬁthigh = 307.692

Etﬂhigh = Etap\u,rc + diﬁthigh Etﬂhigh = 34057 69 Stahigh = 340 + 58

A 2 (Eq. 3.7)
Yhigh = m-dlﬁthigh
E|E'-.-'high = E|E'l.-'|:|1.u,r|: + |G1d|5th|gh:| - thgh E|E'l.-'high =131815 +f

L
stapyT = stapy + > stapy = 34250 stap,+ = 342 + 50
A-L

Yinal = 595 (Eq. 3.9)
E|E'-.-'|:|1.JT = E|E'l.-'|:|1.u,r|: + |G1 L:I - Yﬁﬂﬂ| E|E'l.-'|:|1.u,lT =1315.75 ft
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Problem 3.3

Determine the depth of the top of the pipe and the station
of the highest point on the curve.

Stﬂp\uﬂ = 11000 E|E'u'|:|1.u,r| = 10954

L = 600 stapipe = 11085 eleupipe = 10916
(given)
(elevation is to center of pipe, 4 ft diameter)
Gq=12% Ggp =-1.08%
L

stapyp = 11000 - E stapyp = 10700

Ly
E|E'u'|:|1.u,r|: = E|E'l.|'|:|1.u,r| | G1-§ | E|E'u'|:|1.u,r|: = 1094 8

|~‘ -}II
using the parabolic equation, y = ax? + bx + ¢

G2-64 _
a-= a=-19x10 " (Eq. 3.6)
2.L

b =G4 b=0.01 (Eg. 3.3)
c = elevpy e c=10948

elevation of surface over pipe is y(11085-10700), w(385)
y=al385% +b-385+¢c  y= 10966

remember pipe elevation is to center, 4 foot diameter
depth = 10966 — (10916 + 2) depth=3 ft

location of high point is when dy/dx=0 dy/dx =2ax + b

X o= il x= 31579
2.3

station of high point = 110 + 15.8
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Problem 3.4

Determine if the curve provides sufficient stopping sight distance.

Hy=35 Hy =20 (assumed)
A=]120+108 A=228
S=SSD (60mih) S =570 (Table 3.1)
calculate required curve length for design speed, compare to actual length
Assume S = L

2
L=25- Eml"'/H_r Vel L=193377 Foa

Actual L is greater than calculated minimum L, curve is adequately designed

problem can be done using K-values:

SSD = 570 (Table 3.1)
A =]1.20 + 1.08] A=228
L = 600

solve for K of actual curve, compare to design K for 60 mifh

K=— K=263.158 f (Eq. 3.17)

from table 3.2, K-value based on S50 for 60 mi‘h is 151 ft

since 263 ft = 151 ft, curve is adequately designed
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Determine the design speed of the curve. Problem 3.5

Etﬂp\uﬂ = 11077 E|E'u'|:|1.u,r| = 947 34 EtEPUC = 10900 E|E'l.|'|:|1.u,r|: = 950 (given)
Stalnwpt = 11050

salve for initial grade

|elevpy — elevpyc)
|stapyy — stapyc)

Gy : Gy=-0015 G;=-15%

saolve for location of low point

o= Etﬂmwm - EtEF"'u'rC ¥ o= 150 ¥ = |G1| K
i
K= — K = 100 (Eq. 3.11)

Checking table 3.2, K = 96 is nearest value without going over K. = 100;
thus, design speed is 50 mi‘h.
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Problem 3.6

Compute the difference in design curve lengths for 2005 and 2025 designs.

Gp=1 Gp:=-2 As=|G2 -Gy A=3 (given)
find required L for 70 mi/h design speed

K := 247 (Table 3.2)
MV

SSDyq5 = 730 (Table 3.1)

5280

V =70-—— V =102.667

o 3600

Hy:=3 Hy:=1 9:=322  G:=0 (given)
For 2025 values, a increases by 25% and t, increases by 20%

Calculate required stopping sight distance in 2025

v 2
So025 = +V to0o5 Sopo5 = 684.444 (Eq.3.12)
K azozs} }
g
Using this distance, calculate required minimum curve length in 2025
A-S 2
52025 (Eq. 3.13)

L2025 = >

Logos = 941.435 Diff := Logos — Logos Diff = 200.43  ft
Alternative Solution

2
L = A55P2005 L =741
2002 = 2158 2005~

Logos — Logos = 200.435
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Problem 3.7

Determine the height of the driver's eye.

L = 1200 Ho =2 (given)
K = 84 (Tahle 3.2)
calculate A of curve
L
A=— A = 14.286 (Eq-3-10)
K
solve for H,. using design SSD for 60 mith
S =470
S=L
2
L= AS > (Eq. 3.13)
200(,/Hy +, [Ho)
Hy=83 ft
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Problem 3.8

Assess the adequacy of this existing curve.

=352 ¥, ,=3 L =800 (given)

salve for A using known offset

200Y,-L"
A
Y, = e A=— (Eq. 3.7)
200-L 2
®
A =3.874
Solve for K of existing curve
L
K= E K= 206507 (Eq. 3.10)

From Table 3.2, K for 60 is 151, Since 207 = 151, curve is adequate for 60 mi'h.
problem can also be done using Equation 3.15 for 35D

solve for A using known offset

Y, = i-xE
*200-L (Eq. 3.7)
A =3874
S8 < 570 (Table 3.1)
Solve for required minimum L, assuming SS0 < L
A-8SD?
Ly = 2153 L, = 58325 ft (Eqg. 3.15)

Since 800 ft » 583 ft, curve is adequate for 60 mi‘h
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Problem 3.9

Determine the stationing and elevation of the PVCs and PVTs.

B0 mifh design speed

(given)
K= 131 Table 3.2)
Kg:= 138 Table 3.3)
A=lo-2] A=2
Ay
calculate lengths of crest and sag curves
L = KA L, =272
Calculate station and elevation of PYT for crest curee,
stapy, = 1+51
AL
elevpn e = elevpy o - 0 elevpnqo =96.98  ft
PYT. =0+ 302 PYT. =302 stapy, =3 + 02
Calculate station and elevation of PYT and PYC for sag curve,
elevpn g = elevpy oo — (0.02-4000) elevpn o =20 ft
Lo L
PVT, = ) + 4000 + = PWT, = 4287 stapyr. = 42 + 867
Al
elevpn g = Blevpy g + 0 Blevpyog = 2272 ft
PVC, = PYVT, - L PYVC, = 4015 stapyp. = 40 + 15
Ly
PV, = PV, - = Pl = 4157 stapy. = 41 +51
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Problem 3.10

Determine the elevation and stationing of the PVCs and PVTs.

Kg = 136 (Table 3.3)
K, = 151 (Table 3.2)

Calculate change in elevation between beginning and end of alignment

Aglgy = 0.02-4000 80

Aglay =

Solve for A of both curves

2 2 y
ATK, ATKg A[{4000-K A-K A
+ + - - =_"LE|E.|‘.
200 200 100

A =216

Calculate lengths of crest and sag curves using common A

Lo=K.-A L. = 327479 (Eq. 3.10)
Ly =Kg-A L = 294948 (Eq. 3.10)
stapyc =0+ 00 elevpyp, = 100 f (given)

Calculate station and elevation of PVT of sag and crest curves and PVC of sag curve
Stapyﬂ'c = Stﬂp\u,rcc + LI: Stapyﬂ'c = 327479 stapy . = 3+27.48

|-_‘E'"|-c:__:'
elewpwc = eleupycc - 200 eleupw—c =9645 ft

A-(4000 - L - Lg)

Ele""F"‘u’Cs = eleupwc - 100 Ele""F“u’Cs =232 ft
StEp\u,rCS = StEPVTE + |4UUU - LI: - LS:' EtEp\u,rCS = 37060562 StaF‘VE&- = 37+05.05
AL
5
elevpy s = elevpyeg — 200 elevpy =20 f stap, 1, = 40+00
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Problem 3.11
Determine the elevation difference between the PVC and the high
point of the curve.

Gq=40% (given)
K = 151 (Tahle 3.2)
salve for location of high point on curve

®, = K-[4.0]  x, =604 (Eq. 3.11)

substituting for L, solve for the offset of the high point

A 2 (Eq. 3.7)
Y, = — .
x = ZooL
L kA (Eqg. 3.10)
1 2
Yo = —— - Yo =12.08 Eq. 37
xh = Z0i *h %h (Eq. 3.7)
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Problem 3.12

Determine the elevation difference hetween the high point

and the PVT.
Gy=30 % (given)
1< = 54 (Table 3.2
calculate location of high point

K = +<-|r31| xp =262 f (Eq. 3.11)
knowing the station of the high point, calculate the station of the PYC

PWC =3337 43 - x, PV = 308543
knowing the station of the PYVC, calculate the curve length

L=3718.26 - PVC L=63283 f

At A=T7.534 (Eq. 3.10)

K
calculate the offset of the high point
A 2
W, = ¥ ¥, =378 Eg 3.7
“T oo h " (4. 37)

calculate elevation difference between initial tangent point above high point
to initial tangent point above end of curve

Gy
.|':‘|.'_'|"tan = I[L - }{h]ﬁ .|':‘|.'_'|"tan = 11425 ﬁ
calculate final offset
AL
=— Y= 23838 Eg. 3.9
f 500 f (= )

elevation difference

Y- by - ¥y =8633
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Problem 3.13

Determine the stationing and elevation of the high point on the curve.

K=114  Gy=25  Gp=-10
A=|Gy-Gy A=35

(given)
PVT = 11425

point = 11275 Ele*"puint =240

calculate curve length
L=K-A L=399 (Eg. 3.10)

calculate location of PVC
PVC =PVT - L PVC = 11026 stapy,. = 110 + 26
¥ = point - PVC  x=249

calculate offset of point above curve

A9

anint = m'x = 2.?19 |:EE|. S-T}

anint

Gy

X— Y
100

point = 3.506

from offset of point, calculate elevation of PVC

E|E".-'|:|1.“,r|: = Ele""pnint - 3.506 E|E".-'|:|1.“,r|: = 236.494

calculate location of high point

xy =K-Gq  x,=285 (Eq. 3.11)

A 2

Yy = ——— 2 Y = 3.562 Eq. 3.7
h = 5pp.L h h (Eq-3.7)

calculate station and elevation of high point
eleuhp = elevpye + Y eleuhp = 240.06 fi

PVC + x, = 11311 sta,, =113 + 11
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Problem 3.14

Determine if the curve is long enough to provide passing
sight distance?

G1 =1 GE =-05
A:Fﬁ—%|ﬂ=15 (given)

Stﬂp\u,rc = 5484 Stﬂp\uﬂ = 5744

L= |'STE|:|1.u,r| - Stﬂp\u,rcl:l-z L =520
is this curve long enough? calculate actual K-value and compare to required

L
K= E K = 346667 (Eg. 3.10)
kK from Table 3.4 for 55 mi/h is 1407, this curve is not long enough.

problem can also be done using PSD equation (3.25):
(assuming PSD = L)

L =520 (see abowve)

A=1-(-5 A=15

2800
L=2PSD- —— (Eq. 3.25)
A
2800
L+ ——
PSD = ——— PSD=1193333 #

From Table 3.2, for 55 mith, 1985 ft of passing sight distance is required

Therefare, curve is not adequate for 55 mith
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Problem 3.15

Determine what length of existing highway must be reconstructed.

Kg =36 (Table 3.3)
K =84 (Table 3.2)
Aglgy =24 (given)

Set total of final offsets equal to change in elevation

LA LA
° c =24 (Eq. 3.9)

+ =
200 200

substitute in for L_ and L, and solve for A

. . (Eq. 3.10)
Lg = Kg-A L =K. A

KoAZ KoAZ
+ = 74
200 200

A =5164 4
Total length of the alignment is the length of both curves plus 100 fi for half of the overpass

L= Kg-A+ KA+ 100 L= 1029516

this length must be cleared on either side of the centerline, so

Liotal = 2Lt Liotal = 2059.03 ft
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Problem 3.16

Provide the lengths of the curves and constant-grade section.

50 mi/h design speed

K, = 84 (Table 3.2)

C

K. = 96 (Table 3.3)

5

station of PVC_ =127 + 00 stapysp = 12700
station of PVT, = 162 + 00 stapyg = 16200

calculate change in elevation between ramp sections

=138 - 97 41

Aaley Agley =

calculate total length of alignment

Ltotal = StapyTs — stapyce Ltotal = 3500

set change in elevation equal to sum of offsets and change in elevation of constant grade section
(Yi- AY ) + AY o + Y =41

substitute in for final offsets using Equation 3.9

[ AL 4-“"—::‘\'- Geonleon  Asls

|+ + =A
\ 200 100 100 200 elev

substitute for L__ L. and L
L= KA (Eg. 3.10)

Lu: + Lu::}n + Ls = Lt:}tal Lc}n = 3500 - Kc*"&‘c' Ks*‘&‘s

o , / ¢ 2
Ke Ac |40-KeAg) Gcnn'['-mtal —{KeAc) - |K5"'5‘5,[| Ks Ag
L ! . R d = Agjay
200 100 100 200

substitute for A_ and A,

Aczld"u'Gc}nl ﬁ"szlen -0 "&'“szch}nl

solve for G,
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Kc'(4 + Gcon)2 [4'O'Kc'(4 + Gcon)] Gcon'['-total - [Kc'(4 + Gcon)] - Ks'Gcon] Ks'Gcon2 _
200 - 100 " 100 T 00  Celev

Gegn = 1.579
A.=[4.0--1579] A_=5579

Ag = [Geon| Ag=15T79

Lo =KoA, L.=46864 f (Eq. 3.10)
L = Kg-Ag L = 151.6 fi (Eq. 3.10)

Leon = Ltotal — Le — Ls
Leon = 287977 f
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Problem 3.17

Determine the lowest grade possible for the constant-grade
section that will still complete this alignment.

PVC, =475  elevpypng = 82

PVT, = 4412 elevpyq = 1312 (gnen)
calculate total length and change in elevation

Ligtal = PVTe — PVCg  Ligtg = 3337

eleudiﬁ = eleupwc - eleupycs eleudiﬁ =492
Kg =96 (Tahble 3.3)
Ko = 84 (Tahle 3.2)

set total elevation change equal to sum of offsets and changes in elevation from constant grade

Ls(|G1s|) Lo |Gel)
00 100

st + MYeon + Yﬁ: = eleudiﬁ +

Gqg =1 Go. =1 (given)
Geon= Gog= Gy,

substitue values for final offsets using equation 3.9

Agls . Geon | L L\ Acle  levin - LE'|I_|G15|_.:' . |"3'|..|GE'3|.-:I
substitute in for A, and A_
Ag= |chn_G1s| Ac= |Geon — Bzc

solve for G, |

(1© con-C15])*Ks G con
— 00 +W‘(Ltotal‘ ‘Gcon‘Gls"Ks‘ ‘GCOH_GZC"KC)+

(‘Gcon’GZC‘)z'Kc [‘Gcon’els“Ks'(‘Gls‘) ‘Gcon’GZC"Kc‘(‘GZC‘)}
—————— =elevg + +
200 100 100

Gegn = 1379 %

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Z 2
G+1)2K. (G+12K e
° . © L 492=3937 — |
200 200 100,

G=138 %
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Problem 3.18

Determine the elevation difference.

Gig =3 Geogn =5 Gog =2

K. = 84 (Table 3.2)
K = 96 (Table 3.3)
Ac = |G1|:_G|:|:|n| A =8

Ag = |G|:Dn_GEs| Ag=T

calculate lengths of crest and sag curve, subtract from total length to find length of constant grade
Lo =K.-A, L.=672 (Eg. 3.10)

Lo =Kg-A; Lg=672 (Eg. 3.10)
Legn =3000- L, - L, Leon = 1656
Using final offset equation 3.9, calculate the total elevation difference

|'ch - _‘-LYE} + AY g + |"‘ffS - _‘-L"r’S} = glevation difference

Yp. = Acte Yg. = 26.88 AY, = Pte L. AY.=2016
fC = EUU fC - - c— 1[][] C c~ -
AL G
55 25
Y = Ye. = 2352 AY . =——-L AY . =13.44
fS EUU fS 5 1[][] 5 5
|Geon|
con
AYeon = 100 con AYpgn = 62.8
AY = Yio = AY, + AY g + Yig - AY,
Acle [ Gy N |G|:|:|r1| \ Asls | GES| \
- L+ Lean | + = L)
200 100 ¢ 100 7T 200 1100 3

AY =996 ft
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Alternative Solution using parabolic equation directly

2]
I

100 arhitrary

Gegn — Gq
8. = il c a. =-0595
L
c
100
bc = G1E
Le
W o= —
€ 100
s )
Ve=\8c¥ |+ L Vo =9328
|Gcon|
con
Yeon = VYe ~ 100 : con Vegn = 1048
Gog - G
85 = 2 con a; = 0521
L
5
100
bg = Geon
57100
2
Vg =8g%s +Dbg¥g+ Vegn yg=04
AY =c. -V AY =996 ft
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Problem 3.19

Determine the common grade between the sag and crest curves and
determine the elevation difference between the PVCs and PVTc.

Gyg=-30 Gpo =20 Gpo=Gy,

C (given)
Ligtal = 1275
K, = 84 (Table 3.2)
K = 96 (Table 3.3)
Ligtal= Ls + L¢

substitute for L, and L_

L=KA Liotal = Kg-Ag + Ke-Ac
substitute for A_ and A_

A;=G-Gyy  A.=G-Gy,

solve far G
| |

. . Ligtal + K-Gqg + K-Gye
Ltotal = Kg (G - Gqg) + K| G - Gy G= Ko+ Ko
E=6417 %
calculate A walues, then lengths of crest and sag cunves
Ag=G-Gyg A =0.417
A= G- Gop Ao=4.417
Ly =Ko Ay L, =504 (Eg. 3.100
Lo= KA L. =371 (Eg. 3.100

using final offset equation 3.9, calculate total elevation difference owver alignment

AL = = AL

5 s 15 2C (s

alev ya = + Lo+ L.+ elev e =31.06
dif = o0 T oo T o0 ¢ 2mo diff
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Problem 3.20

Determine the minimum necessary clearance height of the overpass
and the resultant elevation of the bottom of the overpass over the PVI.

For 70 mifh design speed, K= 181 (Table 3.3}

A=li--8)  A=9 (iven)
L= KA L= 1629 (Eg. 3.100
A

For 70 mifh design speed,
S50=730 (Table 3.1}

Using equation for 350 < L, solve for minimum clearance height

2 2 "
A-SSD L ASSDT o
= — = +
B00-(H, - 5| © oL (Eq. 3.29)
H. =868 f

This clearance is not enough, use the desirable 16.5 ft of clearance

He=165 f

AL (Eg. 3.8)
¥,o= —— ¥ = 18326 ft
M a00 m

clearance at the P! is the sum of the middle offset and the clearance height provided

clearanceljw = Ym + HE clearanceljw =34 83 ft
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Problem 3.21
Determine the highest possible value of the final gqrade in daytime
and nighttime conditions.

Pvl=1000  PYC =400

. i (given)
eleva =138 Ele“werpass =162

S50 =730 (Table 3.1}
L= (P - PWwiy-2 L=1200

Il

for daytime conditions, overpass clearance governs

since L > 550

800.-L

aol= | ——{H. - 5j (Eg. 3.25)

substitute in equation for H, = height of overpass minus height of Pl plus middle offset

AL
H. = Ele"werpass - | elevpyg + —

s00
solve for A
B00-L AL
SE0= | —— | 1B2 - [ 138+ — | -5
Fi8 200
A =0 245
calculate 55
G1 =4 Gz = G1 + A Gz = 5245

For nighttime conditions, headlights gavern

at 70 mi‘h K, = 181 (Table 3.3)

check far sufficient length

L=Kg A  L=1673.395 which is greater than 1200 (Eg. 3.100
Salve for A
1200
Bo=—— A=6E3 (Eg. 3.10
Aoy KS
Gn = A+ 5y Go=2E3 %
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Problem 3.22

Determine how many feet below the railway the curve
PVl should be located.

First find clearance based on S3D
K=T79 (Table 3.3)
G1 =2 GE =2

(given)

A=|G1—G2| A=4

L=K-A L= 316 (Eq. 3.10)
S50 = 360 (Tahle 3.1)
Since 350 =L, use Eq. 3.30 to get H_

800-(H, - 5) A-(2s8sD-1) "
l=2.580- — = H, = 2SS0 (Eq. 3.30)
A 800
H. = T7.02 ft

7.02 ftis less than the AASHTO desirable clearance height of 16.5 ft, so 16.5 ft will be provided
H. =165
now find necessary elevation of the PVI

eleupw = —HE - Ym

_ AL

=—— Y. =158 Eq. 3.8
m = 300 m (Eqg. 3.8)

ElE".I'FI'I.ufl = _HE - Ym ElE".I'FI'I.ufl =-158.08 ft
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Problem 3.23

Determine the highest possible design speed for the curve.

necessary middle ordinate distance is the distance from the centerline minus 1/2 the inside lane
Mg =34-6 Mg = 28 (given)

First try 50 mi/h

e= 08 g=2322 W= 50 (given)

fy= 14 (Table 3.5)

calculate radius to vehicle travel path

2
V-1.467
R, = ﬁ R, = 759.489 (Eq. 3.34)
{e+ 1)
SSDgg = 425 (Table 3.1)

calculate necessary middle ordinate for 50 mi‘h

(90-SSDgq |
MSED =R, | 1-cos —Ru |-deg MSEEI =29583 ft (Eq. 3.42)

-

Lo )
this is larger than 28 ft, so design speed is too high

try 45 milh V= 45

fy= 145 (Table 3.5)

calculate radius to vehicle travel path

2
V-1.467
R, = ﬁ R, = 601.516 (Eg. 3.34)
. N E
S50y = 360 (Table 3.1)

calculate necessary middle ordinate for 45 mifh

(90-SSDy5 |
MEd-S =R, |1-cos T |-deg M545 =2673 f (Eg. 3.42)

L ).

this is less than 28 ft, so 45 mi‘h is the maximum design speed
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Problem 3.24

Determine the station of the PT.

Stapc :=12410 Stapl :=13140

(given)
8= 0.06 /yw\:: 70 Q= 32.2
fg:=0.10 (Table 3.5)
calculate radius
(V-1.467)2
vi=—7— R,=2046.8 (Eq. 3.34)
g-(e + fs)
since road is single-lane, R:=R
MW \'
R =2046.8
/IA:: Stapl - StaPC T=730
knowing tangent length and radius, solve for central angle
A T
T= R~tan(;j A ::2-atan(Ej A =39.258deg A, =39 (Eg. 3.36)
calculate length
T
L:=—"R-(A L=1393.2 (Eq. 3.39)
180 (&)
stapt:=stapc + L stapT = 13803.229 stapy =138 + 03.23
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Determine the stationing of the PC and PT and determine the Problem 3.25
safe vehicle speed.

stapp:= 270000 T =510 A= 40 (given)
stapp = stap| - T stapp = 2R9430 stape = 26594 +30
A
T= R-tan[aj (Eg. 3.36)
T
R — R=1401.213
i iy
tan[— -degj
2
L=~ R4A L=978232 (Eq. 3.39)
e 18l

stapT = stapp- + L stapt = 270468.232 stap; = 270446523

Since the road is 4 lanes with 10-ft lanes, the distance from the centerline to R, is 10 ft +5 1

R,=R-10-45 R, = 1386.213
g=009 f=008 pg=322 (given)
2

K

R, = - (Eg. 3.34)
1f + —
: [5 mn]
K . .

Vo= fRogf + el W= 8711 b o= —— Y =69 38 % is BO mi‘h
e e ART

Problem 3.26

Determine the rate of superelevation required for this curve.

design speed is 70 mith

R, = 900 W= 70 g =322 (given)
fo=010  for 70 mith (Table 3.5)
2
L (vaen”
TR, 5 (Eq. 3.34)

e=0264 % or 26.4%
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Problem 3.27

Determine the superelevation required at the design speed. Also.
compute the degree of curve, length of curve, and stationing of
the PC annd PT.

Wo=100 R = 1000 A =30 (given)

stap) = 112510 ;=020  g=322

Since the racetrack is single-lane, R,=R R,=1000

Solve for required superelevation

(V-1.467)°

e+ f.= 1-f.-e (Eg. 3.34)
5 |1-1gg

e=0413

solve for degree of curve

18000
D= R D=573 degrees (Eg. 3.35)

use this and Equation 3.39 to solve for length of curve

18000 x

Re — — L= — R-A (Eq. 3.39)
z-D 180

L= mg-j L=5236 ft

calculate tangent length

g;.g;'l H'IH'I

T=Rtan|| —-deg || T=267.949 (Eq. 3.36)
W2 2

Stﬂpc = StEp| -T Stﬂpc = 112242 051 EtaF"E = 1122442 05

stapT = stapp + L stapT = 11276565 stap; = 1127+65. 65
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Problem 3.28

Determine the radius and stationing of the PC and PT.

stap|:=25050 g :=32.2 V=65 (given)
e :=0.08 A =35

NN

fs =0.11 (Table 3.5)

calculate radius

2
V -1.467
o . (V14677

: R, = 1486.2 ft (Eq. 3.34)
v g-(fS n e) v

since the road is two-lane with 12-ft lanes

R:=R,+ 6 R =1492.2 ft
MWV \'

calculate length and tangent length of curve

s

Li=—RA L=911.534 (Eq. 3.39)
M180
~ = (Eq. 3.36)
Jo=R-tan E -deg T=470.489 g. o.
Stapc = Stapl -T Stapc = 24579511 Stapc =245+79.51
stapt:=stapc + L stapt = 25491.044 stapy = 254+91.04
Problem 3.29

Give the radius, degree of curvature, and length of curve that you
would recommend.

A =40 2 10-ft lanes (given)
for a 70 mph design speed with e restricted to 0.06, R, := 2050 ft (Table 3.5)
5
R:=R,+ — R =20525 ft
MW \' 2
L=—.R-A L=1432.92 ft (Eq. 3.39)
M 180
18000
D:= - D=279 degrees (Eg. 3.35)
Tc .

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 3.30
Determine the station of the Pl and how much distance must
be cleared from the center of the lane to give adeguate S5D.

L =400 g=010 stap = 1735 (rgiven)
R, =555 (Tahle 3.5)
since the ramp is single-lane, R =R

W

salve for & using length and radius

L-180
L=~ RA& 4= & = 41.294 (Eq. 3.36)
180 n-F
Fil
T= R-tan(a-deg] T=209132 (Eg. 3.39
stap = stapp + T stap) = 1944.132 stap, = 189 + 44.13
S50 =360 (Table 3.1)
90-55D0
M = Hu'(1 - cna( R, -dEgD M, =28593 f (Eq. 3.42)
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Problem 3.31

Determine the design speed used.

Since the ramp is a single 12-foot lane, center of roadway is center of traveled path

A=30 L=628 Mg:=134 (given)

using L and &, solve for R

L= " Ra R= 80
180 =4

R,=R  R,=3998

since Ms and Rv are known, we can use Equation 3.43 to find SSD

R=239948 (Eq. 3.39)

=R, [ (R, =My

S50 = 2501 ft

(1 Eq 3.43
) (Eq )

from Table 3.1, S5D for 35 mith is 250 ft - curve is designed for 35 mi‘h

Alternative Solution

since Ms and Rv are known, we can solve Equation 3.42 to find SSD

:’ f9p-85D M
M= FEu 1- cns; -deg | | (Eg. 3.42)

oy

S50 =2501 f

from Tahble 3.1, S50 for 35 mith is 250 ft - curve is designed for 35 mi‘h

Cornering Check

Vo= 35-1.4667 V=513

” _
for 35 mith, fo = 0155 (Table 3.5)

g =322

,U,E

e=— _f

gR, °

So this combination of speed, radius, and superelevation is OK

e=1004
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Problem 3.32

Determine a maximum safe speed to the nearest 5 mi/h.

A:=34 e:=0.08 (given)

PT:=12934  PC:=12350

L=PT-PC  L=584

since this is a two-lane road with 12-ft lanes, Mg :=20.3 + 1_2 Mg = 26.3

2
L-180
L= — RA R:= R = 984.139 (Eq. 3.39)
180 w-A

R,=R-6 R,=978.139

First, try 50 mi‘h

550 = 425 (Tahle 3.1)
i fg90-88D

Mg =R, 1-cos -deg || Mg=2299 (Eq. 3.42)
;'\-,\_ :-\.‘_ [ _;'I_;'I

23 ftis less than 26.3 ft so 50 mi'h is acceptable, but can speed be higher?

try 55 mi‘h

S50 = 495 (Tahle 3.1)
i fg90-88D

Mg =R, 1-cos -deg | | Mg=3115 (Eq. 3.42)
;'\-,\_ :-\.‘_ - _;'I_;'I

this value is greater than 26.3 ft, therefore 50 mi‘h is the design speed

Check values vs. Table 3.5 - Minimum radius for e=008 is 760, R exceeds this value.
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Problem 3.33

Determine the distance that must be cleared from the inside edge
of the inside lane to provide adeguate SSD.

V is 70 mi/h
SSD =730 (Table 3.1)
R, = 2050 (Prob. 3.29)
90-SSD
Mg = RV-[l - cos( -degjj (Eg. 3.42)
e -RV
Mg = 32.41

To inside edge of inside lane (subtracting 1/2 of lane width)

Mg —5=27.41 ft
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Problem 3.34

Determine the design speed used to design the curve.

e =006 (given)
. . . 12

since the road is four-lane with 12-ft lanes, Mg=52-12-— M;=34 ft

try 60 mi‘h

R, = 1340 (Table 3.5)

SSD = 570 (Table 3.1)
{ g0.28D0 Y

Mg =R, 1-cos -deg | | Mg=30134 (Eq. 3.42)
:_“- :"\. - _,'I_,'I

this is less than the required distance, try again

try 70 mi‘h

R, = 2050 (Table 3.5)

SSD = 730 (Table 3.1)
i fg90-88D

Mg =R, 1-cos -deg | | Mg=32408 f (Eq. 3.42)
;'\-,\_ i‘.‘- - Jll-}ll

this is less than the required distance, try again

try 80 mi‘h

R, = 3060 (Table 3.5)
790850

Mg =R, 1-cos — -deg | | Mg = 33.765 ft (Eq. 3.42)
:_“- :"\. [ _,'I_,'I

this rounds to 34 ft, therefore the design speed is 80 mi‘h
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Problem 3.35

Determine the length of the horizontal curve.

Gy=1 Gy =3 (given)
Lg =420 A =37 e :=0.06
M\
As:=|Gp - G Ag =2
LS
Kg:=— Kg =210 (Eq. 3.10)
AS
safe design speed is 75 mi/h (K = 206 for 75 mi/h) (Table 3.3)
Ry1:=2510 or (Table 3.5)
V =75 f. :=0.09
MW S
(V -1.467)°
' Ry = 2506.31 (Eq. 3.34)

27 3221+ ¢

since the road is two-lane with 12-ft lanes, R:=R. . + 1_2 R = 2516

MV vl 2
L= —RA L-162476  ft (Eqg. 3.39)
M180
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Problem 3.36

Determine the station of the PT.

Gy=-25 Gp=15 A=|Gy-Gq| A=4  K:=206 (given)
A =38  :=0.08 PVT := 2510

MA
Li=K-A L=824 (Eq. 3.10)

PVC =PVT-L PVC =1686
PC:=PVC -292 PC =139

Ry :=2215 (Table 3.5)

since the road is two-lane, 12-ft lanes

12
R:=R,+ — R=2221 ft
MV vV 2
R-A
L=t L=1473.02 ft (Eq. 3.39)
™ 180

PT:=PC+L PT=2867.02 stapr =28 + 67.02
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Problem 3.37

Design the ramp and give the stationing and elevations of the PC, PT,
PVCs, and PVTs.

(given)
D=80 a4a=90
using D, solve for R
15000
R= 5 R=T716.197 (Eg. 3.35)
From Table 3.5, maximum design speed for this radius is 50 mifh
:'-j_ ﬁ'l
T = R-tan| E-deg: T=T716.197 (Eg. 3.36)
|~1- -}II
L=— RaA L = 1125 (Eq. 3.39)
180
calculate the elevations of the ramp connections using T and the grades
Ga
elevgyy = 150 + T-m elevgyy = 165.61
G4
elevyg =125 -T-— elevy g = 146.486
100
Ky =96 (Table 3.3)

E|E'I.-'Ew— eIeuNS
- )

5= 100 5=13495

calculate the lengths of the two sag curves using Equation 3.10

Aq = |Gy~ G| Aq = 6495 Ay = |G- Gy Ag = 1.505

L= Kg-As L4 = 623564 Ly = Kg-Ag Ly = 144 436

calculate the length of the connecting grade

(Ly + Lo)
. Ld L

con= -7 5 con=T741 *#

L
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finally, calculate the station and elevation of all P%vCs, PvTs, PCs, and FTs

PC:.=1500 15 +00

(given)
PT=PC+L PT = 2625 7 + 25
Ly
PVCg=PC - = PVC, = 1188.218 11 +88.2
Ly
PVTg=PC+ = PVT, = 1811.782 e—
PVCs2= P¥Ts + Lean PVC o = 2652.782 95 4598
Lo
PVTgp = FT+ = PAT o = 2697218 e
elex-'pc = eIevNS elex-'pc = 146.485
eleva = elevEW elexrp-r= 185.81
L1 Gy
E|E'-.-'|:u~.v.-|35 = elevpc - ?ﬁ E|E'-.-'|:u~.v.-|35 = 155.839
L 5
elevag = eleupc + ?ﬁ elevag = 157.384
=
E|E'l.l'|:r-.v.-'|352 = ElE"-"pWS + LCDT‘I'E E|E'l.l'|:r-.v.-'|352 = 183.286
Ly Gz
elevagz = eleva + E ﬁ elevagz = 188.421
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Multiple Choice Problems

Determine the elevation of the lowest point of the curve.
D Problem 3.38
Gy :=-4.0 Gy:=25 L =4 stations (given)
c:=500 ft
M

stationing and elevation for lowest point on the curve

d Eq. 3.1
Y . (2ax+b)=0 (Ea.3.2)
dx
Eq. 3.3
b:=-4.0 (Ea )
Gy -G Eq. 3.6
a:= a=0.813 (Eq )
2-L
- Eq. 3.1
X:= ] X =2.462 stations (Eq )
2-a
Lowest Point stationing: (100 + 00) + (2 + 46) = 102 + 46
Lowest Point elevation: y = a.(xz) +bx+c y = 495.077 ft (Eq. 3.1)
___________________________________________________________ '
Alternative Answers:
1) Miscalculation Y=492.043 ft
. G -G .
2) Miscalculate "a" a=-0.813 Station = 102 + 46

a:=
e 2-L

Y= a-(xz) +b-x+c y=485231 ft

3) Assume lowest point at L/2 Station = 102 + 00

Xi=2 Y= a-(xz) +b-x+c y=49525 ft

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Determine the station of PT. Problem 3.39

52111 ,
T,=1200 ft p = 2021180 (given)
T
Calculate radius
T
R,= R = 4500.95 ft (Eq 3.36)
A g
tan — [-de
w39

Solve for length of curve

L= —RA L=234544 ft (Eq 3.39)

M180

Calculate stationing of PT

stationing PC = 145 + 00 minus 12+00 = 133 + 00

stationing PT = stationing PC + L

=133 + 00 plus 23 + 45.43 = 156 + 45.43

Alternative Answers:
1) Add length of curve to stationing PI
stationing PT = 145 + 000 plus 23 + 45.43 = 168 + 45.43

2) Use radians instead of degrees

-
R=——— R = 4500.95 ft
mw 0.5211

tan| ——

2

T
L:=—R-0.5211 L=4094 ft
M180

stationing PT =133 + 00 plus 40 + 94 = 173 + 94

3) add half of length to stationing PI
stationong PT = 145 + 00 plus 11 +72.72 = 156 + 72.72
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Determine the offset. Problem 3.40

G1:=55 % Gy:=25 %  x:=750 ft | :=1600 ft (given)

determine the absolute value of the difference of grades

Ai=]G1- G A=3

determine offset at 750 feet from the PVC

Y= — X Y =5.273 ft (Eq 3.7)

Alternative Answers:

1) Use Y, equation.

A-L
= Y,=6 ft (Eq 3.8)
M™ 800 m
2) Use Y; equation.
A-L
Ypi=—"c Yp=24 ft (Eq 3.9)
200
3) Use 0.055 and 0.025 for grades.
$1,=0.055  Go:=0.025
A=[61- G A=0.03
Y::Lx2 Y = 0.053ft
MV 200L
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Determine the minimum length of curve.

Problem 3.41
5280 ft .
=65 —— — G =15 =-2.0 (given)
" (3600) s 1 ©
ignoring the effect of grades
using Table 3.1, SSD for 65 mi/h would be 645 ft (assuming L > SSD)
SSD:=645 ft (Table 3.1)
A= |61 G A =350
A-SSD?
L= Ly, =674.74 ft (Eq. 3.15)
2158
674.74> 645
_________________________________________________________ '
Alternative Answers
1) assume L < SSD
2158 (Eq. 3.16)
/\Ile/:: 2-SSD — T Lm =673.43 ft

2) Misinterpret chart for 70 mi/h

2
SSD := 730 . ASSD

: Ly, = 864.30 ft
A 2158

e

3) Assume SSD is equivalentto L,

SoD =645 L:=SSD  therefore Ly, = 645.00 ft
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Determine the stopping sight distance. Problem 3.42

5280 ft 3 :
- 35.22% — G:i=— (given)
1 3600 s M 100
ft ft
a:=112 — =322 — t:=25s (assumed)
32 32
Determine stopping sight distance
V12
SSD i= —————— + V't SSD = 257.08 ft (Eq3.12)

Alternative Answers:

1) Assume grade is positive (uphill)

2
Vi
SSD.:= ————— + Vi t, SSD = 236.63 ft

NWWW\
g

2) Use g = 9.81 m/s 2 instead of g = 32.2 ft/s 2

m
=081 —
/g/‘ 2

S

§SDi=—————— + Vyt, SSD = 249.15 ft
a
26(2 - o)
g

3) Miscalculation

SSD :=254.23 ft
NRARVA

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Determine the minimum length of the vertical curve. Problem 3.43

G =40 Gy=-20 Hy:=60 ft Hy=40 ft

(given)
2
S =450 ft V::40~ﬂ) T
A i 3600 s
Calculate the minim length of vertical curve
A= |G1-G
200( [Hy + /HZ)Z
Lpy=2S— Ly, = 240.07 ft (Eq3.14)
A
________________________________________________________ .
Alternative Answers:
1) Use equation 3.13
A-s
L Ly = 306.85 ft (Eq 3.13)

) 200(\/W1+ \/WZ)Z

2) Use AASHTO guidelines for heights and equation 3.13

m:: 35 ft u&:z 2.0 ft

2
L= AS Ly, = 562.94 ft
200( JAL \/WZ)Z
3) Solve for S and not L,
=450 ft
2
S tm * 200(\/2?1 - JWZ) S =1304.15 ft
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Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation conventions
that you may not be familiar with if you are not a Mathcad user. Most of these notation
conventions are self-explanatory or easily understood. The most common Mathcad specific
notations in these solutions relate to the equals sign. You will notice the equals sign being used in
three different contexts, and Mathcad uses three different notations to distinguish between each of
these contexts. The differences between these equals sign notations are explained as follows.

e The “:=’" (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set equal
to) the value of 1234. Another example is x :=y + z. In this case, x is assigned the value
ofy +z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the value
of a variable in the equation. For example, in the equation

5.2t - 0.005-1" = 18.588 + 10-{t - 12.792) the = is used to tell Mathcad that the value of the
expression on the left side needs to equal the value of the expression on the right side.
Thus, the Mathcad solver can be employed to find a value for the variable ‘t’ that satisfies
this relationship. This particular example is from a problem where the function for arrivals
at some time ‘t’ is set equal to the function for departures at some time ‘t’ to find the time
to queue clearance.

e The ‘=’ (standard equals) is used for a simple numeric evaluation. For example, referring
to the x := y + z assignment used previously, if the value of y was 10 [either by assignment
(with :=), or the result of an equation solution (through the use of =) and the value of z was
15, then the expression ‘x =” would yield 25. Another example would be as follows: s :=
1800/3600, with s = 0.5. That is, ‘s’ was assigned the value of 1800 divided by 3600
(using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is ‘—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, {1} = Arrivals(t) - Departures(t) — 2.200-t - 1000t Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in the
problem statement, yellow highlighting has been used (which will print as light gray).

1 www.mathcad.com
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Problem 4.1

Determine radial-horizontal stress.

P := 5000 p := 100 (given)
E := 43500
P
a=[— a = 3.989 (Eg. 4.3)
p-m

at z:=0 and r:=0.8
=0.201

A:=10 H:=1.97987 (Table 4.1)

Solving for Poisson's ratio

A,:=0.016 (given)
Find
(1 .
A p-( E“)a~[E-A+(l—u)-H} (Eq. 4.6)
a
u=0.345

function c:=¢ and function F.=05

op=pl20A + C+ (1-2u)F] (Eq. 4.5)
o, = 84.47 1o
2

in
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Determine Modulus of Elasticity.

Problem 4.2
contactarea :=80 in2 P:=6700 Ib (given)
’ contactarea
a:=|[———
T
a=5.046 inches
P
== (Eq. 4.3)
am
1)
p=8375 -
in
z:=2 and r:=0
2 ~0.3963 L
a a
Using linear interpolation:
A,;=062861 and H,=1.35407 (Table 4.1)
A ,:=0.035 n=05 (given)
(1 -a
a,= B +Eu) _[E.AJF (1—u)-H} (Eq. 4.6)
a
D b1y w)
@::M.[E.A +(1- M)'H}
A, a

Ib

E-1678x 100 5
In
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Problem 4.3

Determine load applied to the wheel.

z:=0 and r.=0 and a:=35 (given)
z r
- =0 - =0
a a
A=1 N(;/;: 0 F=05 H:=2 (Table 4.1)
|
Ib
=87 .
°r in’
Therefore,
] ]
Or Sr
p'_zu+o.5—u ID'_p+o.5
Find 1 by substituting p into Equation 4.6
A, :=0.0165 (given)
p-(1+un)ajlz "
A, = —”.[_.A+(1_M).H} (Eq. 4.6)
E a
87
( j “(1+pn)-35
A= HTOS [0+ (1—p)-2.0
2= 43500 e
Dl
p = 0.281
= 87 = 111.349 Ib
b= p+05 b= . inZ
5 |
a:= ’— (Eq. 4.3)
p-n
|
P :=a’(p-n)
P:=12.25(p-n)
P = 4285.20 Ib
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Problem 4.4

Determine the vertical stress, radial-horizontal stress,
and deflection.

z:=25 and  r:=50 and  g:.=12.7 (given)
Z r
— =1.969 — =3.937
a a
A :=00116 B:=-0.0041 C:=0.01527 F:=-0.005465 H :=0.22418 (Table 4.1)
p :=1015 u:=04
oz:=p(A+B (Eq. 4.4)
Ib
o, = 0.761 .
z in

o =pf20-A+ C+(1-2u)F]

b (Eq. 4.5)
op=2381 —
in

E := 36250

A1+ -‘al z
A, ::%.[_.pﬁ@_ “)'HJ (Eq. 4.6)

a
A,=7833x10 ° inches
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Problem 4.5

Determine which truck will cause more pavement damage.

ap =044 ay:=0.2 ag:=0.11 (Table 4.6)
Dy:=3 Dy:=6 Dy:=8 (given)
M, :=1.0 Mj3:=1.0 (given)
(Eq. 4.9)
SN := a1~ Dl + (':12' D2M2 + 83D3M3
SN=34
Using linear interpolation for Truck A (Table 4.2, 4.3, and 4.4)

single12kip := 0.2226
single23kip := 2.574

Total18KipESALA := singlel2kip + single23kip

Total18KipESALA = 2.7966

Using linear interpolation for Truck B
single8kip := 0.0046
tandem43kip := 2.706

Total18KipESALg := single8kip + tandem43kip

Total18KipESALg = 2.7106

Therefore, Truck A causes more damage.
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Problem 4.6

How many 25-kip single-axle loads can be carried
before the pavement reaches its TSI?

ap =044 ay:=0.18 ag:=0.11 (Table 4.6)
Dy:=4 Dy:=7 D3:=10 (given)
M, :=0.9 M3:=0.8 (given)
SN =3.774
Zp=-1.282 (Table 4.5)
Ib .
Sp=04 APSI:=2.0 Mg :=5000 — (given)
.2
in
Using Eq. 4.7:
APSI
x:=|| Zg-Sy + 9.38(10g(SN + 1)) - 0.20 + : +2.321og(MR) | - 8.07

0404 | —299%
(SN + 1)>1°

X=5.974

X 5
W18 =10 W18 = 9.4204645x 10

Interpolating from Table 4.2 to determine equivalent 25-kip axle load equivalency factor:

3.09+ 431

TableValuel := T TableValuel = 3.7
TableValue2 := %391 TableValue2 = 3.4

TableValuel — TableValue2
1

EquivFactor := 3.7 - ( )-(SN -3)

EquivFactor = 3.4678

Wig 5 .
—— =2.716554x 10 25-kip loads
EquivFactor
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Problem 4.7

Determine minimum acceptable soil resilient modulus.

a; =035  a,:=0.20 ag:=0.11 (Table 4.6)
Dy:=4 Dy:=6 Dy:=7 (given)
My :=1 Mgy:=1 (given)
SN:=aq-Dy + ayDy-My + ag:D3-M3 (Eq. 4.9)
SN =3.37
Axle Loads (interpolating): (Table 4.2, 4.3, and 4.4)

single10kip := 0.1121300
single18kip := 1-120
single23kip := 2.578100
tandem32kip := 0.8886 100
single32kip :=9.871:30
triple40kip:= 0.546 100
TotAxleEqv := single10kip + single18kip + single23kip + tandem32kip + single32kip + triple40kip

W g := TotAxleEqv-10-365

6
W1g = 3.106x 10

Zp =-1.036 (Table 4.5)
APSI:=2.2 Sp =0.30
log APSI
2.7

0404 | — 2994
(SN + 1)>1°

|og(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) — 0.20 + +2.3210og(MR) | - 8.07

Mp = 9.0098x 103
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Determine minimum acceptable soil resilient modulus. Problem 4.8

a;:=035  a,:=0.20 ag:=0.11 (Table 4.6)
Dy:=4 Dy:=6 Dy:=7 (given)

M, :=1.0 M3:=1.0 (given)
SN:=aq-Dy + ayDy-My + ag:D3-M3 (Eq. 4.9)
SN =3.37
Axle Loads (interpolating): (Table 4.2, 4.3, and 4.4)

single10kip := 0.1121300
single18kip := 1.20
single23kip := 2.682100
tandem32kip := 0.8886 100
single32kip := 9.871:90

triple40kip:= 0.546 100

TotAxleEqv := single10kip + single18kip + single23kip + tandem32kip + single32kip + triple40kip

W g := TotAxleEqv-10-365

Zg :=-1.036 (Table 4.5)
APSI:=22  S;:=0.30 (given)
Using Eq. 4.7:
| (APSlj
2.7
|og(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) — 0.20 + +2.3210og(MR) | - 8.07

0404 | — 2994
(SN + 1)>1°

Mp = 1.1005x 104 —
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Determine the soil resilient modulus of the soil used in design. Problem 4.9

a;:=044  a,:=0.40 az:=0.11 (Table 4.6)
Dy =4 D, =4 D3:=8 (given)
My :=1.0 M3:=1.0 (given)
SN:=a;-Dq + ayDy-My + agDg-M3 (Eq. 4.9)
SN =4.24
Axle Loads (interpolating): (Tables 4.2 and 4.3)

single8kip := 0.039251300 = 51.025

tandem15kip := 0.0431:900 = 38.79

single40kip := 22.16420 = 443.28

tandem40kip := 2.042200 = 408.4
TotAxleEqv := single8kip + tandem15kip + single40kip + tandem40Kkip
TotAxleEqv = 941.495

W g = TotAXIeEqu-12.365 = 4.1237x 10°

Zg :=-0524 (Table 4.5)
Sy =05 APSI :=2.0 (given)
Using Eq. 4.7:

log APSI
2.7

0.40 + &
5.19

|og(w18) =|ZR'Sy + 9.36(log(SN + 1)) - 0.20+ +2.32log(MR) | - 8.07
(SN+ 1)

e
Mg = 5250.1 —

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.10

Determine the reduction in pavement design life.

SN:=3.8 Sp :=0.40 (given)
PSI:=4.7 Wqg:=1800365N

TSI:=25 Zp =-1.645 (for 95% reliability) (Table 4.5)
CBR:=9

Current Design Life:

APSI:=PSI-TSI  APSI=2.2 (given)
4
Mg :=1500CBR Mg = 1.35x 10

Using Eq. 4.7:

(APSlj
| -
2.7
|og(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) - 0.20 +

+2.3210og(MR) | - 8.07
040+ | — 24
(SN +1)>"

6
W g = 8.0730705x 10

Wi1g

Npefore = 1800365 Npefore = 12.288

18001.3 = 2.34x lO3

Wig

N =_—— N =9.452
after 2340365 after

Ayears = Npefore — Nafter Ayears = 2.836

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.11

How many years would you be 95% sure the pavement will last?

Zp :=-1.645 (Table 4.5)

MR :=5000 APSI:=1.9 Sg :=0.45 (given)
a;:=035 a;:=020 a3:=0.11 (Table 4.6)
Dy:=6 Dy:=9 Dy:=10 (given)

Mp:=10  Mgz:=10 (given)
SN=5
Axle Loads (interpolating): (Table 4.2, 4.3, and 4.4)

single2kip := 0.0004 20000
single10kip := 0.088 200
tandem22kip := 0.18 200
single12kip := 0.189410
tandem18kip := 0.077-410
triple50kip:= 1.22-410
TotAxleEqv := single2kip + single10kip + tandem22kip + single12kip + tandem18kip + triple50kip

TotAxleEqv = 670.86

Using Eq. 4.7:

o APSI
J 2.7

0404 | — 2994
(SN + 1)>1°

|og(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) — 0.20 + +2.3210og(MR) | - 8.07

6
W1g = 3.545637x 10

Wig
N=———"—"— N =14.48 years
TotAxleEqv-365

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.12

Determine the Structural Number.

N:=15 (given)
Assume:

SN:=4.0

Axle Loads:

single10kip := 0.1025000

single24kip := 2.89400

tandem30kip := 0.695 1000

tandem50kip := 4.64 100
TotAxleEqv := single10kip + single24kip + tandem30kip + tandem50kip
TotAxleEqv = 2.825x 103

DirW, g := TotAXIeEQv-365 N DirW; g = 15466875 10’

PDL:=0.8 (Table 4.11)

DesignLaneW ;g:= 0.8 DirWyg

DesignLaneW ;g = 1.23735x 107

Zp=-1.282 (Table 4.5)
Sy :=0.4
APS|:=1.8
Mg := 13750
Using Eq. 4.7:
| (APSlj
. 2.7

log( DesignLanew 18) =|ZR-Sy + 9.38(l0g(SN + 1)) — 0.20 + Y +2.321og(MR) | - 8.07

040+ | ———

(SN + 1)>1°
SN =4 Therefore the assumed value of 4 is good.

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.13

Determine the probablility (reliability) that this pavement will
last 20 years before reaching its terminal serviceability.

a :=0.44 ay :=0.44 ag:=0.11 (Table 4.6)
Dy:=5 Dy:=6 Dy:=10 (given)
Mj:=1.0 M3:=1.0 (given)
SN:=a;-Dq + ayDyMy + ag:DgM3 (Eq. 4.9)
SN =5.94
N:=20 years
Axle Loads (interpolating): (Tables 4.2, 4.3, 4.4)

single20kip := 1.538 200

tandem40kip := 2.122200

single22kip := 2.264 80
TotAxleEqv := single20kip + tandem40kip + single22kip
TotAxleEqv = 913.12

W g = TOtAXIGEQV-N-365 W ;g = 6.665776x 10°

Sy =06 Mg := 3000 APSI:=2.0 (given)
Using Eq. 4.7
APSI
| -
( 2'7 j
|og(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) - 0.20 + oo +2.321og(MR) | - 8.07
040+ | —————
(SN + 1)>1
Zg =-0.92773
R:=823 % (interpolating from Table 4.5)

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.14

Determine the probability that the pavement will have a PSI
greater than 2.5 after 20 years.

PSI:= 4.5 (given)

TSI:=25

APSI:=PSI - TSI APSI =2

MR := 12000

Sg :=0.40
ag :=0.35 ay:=0.18 ag:=0.11 (Table 4.6)
Dy:=4 Dy:=6 Dy:=8 (given)

My :=1.0 Mg :=10 (given)

SN:=aq-Dy + ayDy-My + ag:D3-M3 (Eq. 4.9)
SN =3.36
N:=20 years

6
W1g:=1290N-365  W;g=9.417x 10

Using Eq. 4.7:
ogf APS!
2.7
|og(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) — 0.20 + Y +2.321og(MR) | - 8.07
040+ | ———
(SN + 1)>19
Zg = -0.1612
R:=56.40 % (interpolating from Table 4.5)

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.15

Determine probability of pavement lasting 25 years.

a;:=035 ay:=020 ag:=0.11 (Table 4.6)
Dy:=4  Dy:=10 Dg =10 (given)
My :=1.0 M3 :=1.0 (gven)
SN:=ay-Dy + ayDyMy + ag- Dy My SN =45 (Eq. 4.9)
N:=25 years
Axle load equivalency factors from Tables 4.2 and 4.3, interpolating for SN = 4.5
single20kip := 1.49400
tandem35kip := 1.24900
TotAxleEqv := single20kip + tandem35kip
TotAxleEqv = 1.712x 103
W g := TotAxleEqv-365 25
Sg :=0.45 CBR:=8 Mg = 1500CBR Mg = 1.2x 10’ (given)
PSl:=4.2 TSI:=25 APSI:=PSI - TSI
Using Eq. 4.7:

o APSI
J 2.7

|og(W18) = ZRSy + 9.38(l0g(SN + 1)) - 0.20+ [ oo } + 2.32-Iog(MR) - 8.07
040+ | ————

(SN + 1)>1°

Zg = -1.265

Probability is approximately 89.7% (interpolating from Table 4.5), that PSI will equal 2.5
after 25 years; thus, probabilities less than this will correspond to PSlIs above 2.5

after 25 years

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Determine the structural number to be used so the PCC and Problem 4.16
flexible pavements have the same life expectancy.

D:=10 Sg =035 (given)

R =90% PSI =46

S, =700 TSI:=25

E.:=4510° CBR:=2

1:=30 Cq =10

APSI:=PSI-TSI  APSI=21

k=100 (Table 4.10;
Zpg =-1.282 (Table 4.5)

Rigid Pavement Design

Using Eq. 4.19:
APSI r —
! (_3 0 ) S cd-(D0'75 ~113)
X:=Zp-Sy + 7.35(log(D + 1)) — 0.06 + ' + (4.22-0.32TSI)-log
0 7 0.75 18.42
. 1.62410 21563 D" T | ———
- _ 0.25
D + )%4° E
— k -
X=7.156
— 10" 33x 10’
For 3 lanes and a conservative design, PDL := 0.80

CurrentW g := 13 106-PDL: (1.04>< 107)
RemainingW, g := W4g — CurrentW g RemainingWq g = 3.928x 106

Rigid Pavement Axle load equivalency factors from Tables 4.7 and 4.8, for D = 1C

singlel2kip :=0.175

tandem24kip := 0.441

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



TotAxIeEqVyjgiq := singlel2kip + tandem24kip TotAxIeEquigid =0.616

rigi
RemainingWg

RemainingTrucks := ———— RemainingTrucks = 6.376x 106
TotAxIeEquigid

Flexible Pavement Design

Flexible Pavement Axle load equivalency factors from Tables 4.2 and 4.3
Assume SN =5
single12kip := 0.189

tandem24kip := 0.260

TotAxIeEqVyjay = single12kip + tandem24kip TotAxIeEqVjay = 0.449

RemainingW; g := RemainingTrucks: TotAXIeEqVg)ey RemainingWq g = 2.863x 106
3

Mg :=1500CBR Mg =3x 10

W g:=RemainingW, g

Using Eq. 4.7:

log APSI
2.7

0404 | — 1994
(SN + 1)>19

log(W1g) = Zg-Sy + 9.3§(log(SN + 1)) — 0.20+ +2.32log(Mg) - 8.07

SN =5.07

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
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Problem 4.17

Determine pavement slab thickness.

P := 10000 p:=90 (given)
P .
a=|— a=5.947 in (Eq. 4.3)
p-m
E := 4200000 n:=0.25 k := 150 (given)
og :=2185

3
g = 0.529(1 + 0.5@)-(%} log E | om

h ka'
h =10 inches
Determine the interior stress. Problem 4.18
E:=3500000 =030 h:=8  P:=12000 (given)
A;=0.008195 1:=30.106  y:=0577215 Euler's constant
. h3 0.25
jo| _Eh (Eq. 4.13)
12~(1 - p2)~k

k =199.758 1o

S R LRSI

a=4.32 inches

2
o M(l(z_lj N 0_5_y) N M(_J (Eq. 4.11)
2~Tl',-h2 a 64-h2
Ib
o) = 297.87 —

in

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.19

Determine the modulus of elasticity of the pavement.

h:=10 P := 17000 (given)
n:=0.36 a:=7
k=250 Ag =005
P 4
Ag=—— 1.205- 0.69| — (Eq. 4.18)
2 I
k-l
| = 38.306
0.25
| __En’
N ( 2) (Eq. 4.13)
1201 -pu )k
E = 5.6219543x 106 I_l:)2
in

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.20

Determine the interior and edge stresses, as well as the
interior and edge slab deflections.

h:=12 k := 300 y:=0.577215 Euler's constant (given)
E := 4000000 P := 9000
p :=0.40 a:=>5
e 0.25
| := > | = 38.883 (Eg. 4.13)
12~(1 - )~k
2
3-P-(1 2. 3P-(1
o; :ZM.(",(_) + 0_5_y) + M(_T) (Eq. 4.11)
2.1h? a 64.h°
Ib

cj=111492
n

SR CORIG]

8k

Aj=2.45809x 10 > inches

3
P E
g =0.529(1 + 054p)| — || logl — | - 0.71 (Eq. 4.15)
2 4
h k-a
Ib
G =155.051 —
2
In
(Eq. 4.16)

P
Ag:=0.408(1 + o.4u)-(—2]
k-l

Ag=9.391x 10 % inches

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.21

Considering Ex. 4.5, determine which truck will cause more pavement
damage?

Axle load equivalency factors for truck A:
single12kip :=0.175
single23kip := 2.915
TotAxleEqv := single12kip + single23kip

TotAxleEqvp = 3.09 18 kip ESAL

Axle load equivalency factors for truck B:

single8kip := 0.032
tandem23kip := 5.245
TotAxleEqvg := single8kip + tandem23kip

TotAxleEqug =5.277 18 kip ESAL

Therefore, Truck B causes more damage.

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Determine Estimated Daily Truck Traffic. Problem 4.22

D:=11 N :=20 (given)
Zp =-1.282 S, = 600
S, :=0.35 Cq:=08
PSI:=4.8 J:=28
TSI:=25 E, - 410
APSI:=PSI - TSI K= 150
APSI=2.3
Using Eqg. 4.19:
APSI
'09(_3 0 j s.cy (097 - 1139
log(W1g) = ZR-S + 7.35(log(D + 1)) — 0.06 + : + (4.22-0.32TSI)-log
. 162410 21563 p*70 | 1842
- _ 0.25
©+ 1% [E)
k

7
Wig=1.162x 10

Axle load equivalency factors from Tables 4.7, 4.8, and 4.9, for D = 11
single20kip := 1.58
tandem26kip := 0.619
triple34kip:= 0.593

TotAxleEqv := single20kip + tandem26kip + triple34kip

TotAxleEqv = 2.792

Wig
365 N-TotAxleEqv

DailyDesignLaneTraffic :=

DailyDesignLaneTraffic = 570.2  trucks/day (for design lane)

For 3 lanes and a conservative design, PDL:=0.80

DailyDesignLaneTraffic
PDL

Total Traffic := TotalTraffic = 712.8  trucks/day (total for 3 lanes)

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
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Problem 4.23
Determine how long pavement will last with new loading and
the additional lane.

D:=11 Cg1:=10 PSI:=4.7 (given)
E, 510 5, - 03 TSI:=25
S¢ := 700 1:=30 Ny =20 years
CBR:=25
k=290 (Table 4.10)
Zp=-1645 (Table 4.5)
APS| :=PSI — TSI APS| = 2.2
Before
Using Eq. 4.19:
[ APSI i
'09(_3 5 ) 5,Cyp-(D°7° - 1132
x| =| ZR-Sy + 7.35(log(D + 1)) — 0.06+ : + (4.22- 0.32TSl)-log v
1.62410' 215.63| D°7° - | =222
1+ — em 0.25
o+ 1% (Ej
L k i

x| = 7514

Xl 7
W 1ghefore = 10 W1gpefore = 3-265% 10

Axle load equivalency factors from Tables 4.7 and 4.8, for D = 11
single18kip:=1.0
tandem28kip := 0.850

TotAxleEqvy := single18Kip + tandem28kip TotAxleEqvq = 1.85

W 18hefore

DailyDesignLaneTraffic :=
365 N4- TotAxleEqvq

DailyDesignLaneTraffic = 2.418x 10> trucks/day

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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For 2 lanes designed conservatively:
PDL4 :=1.00 (Table 4.11)

DailyDesignLaneTraffic

TotalDailyTraffic := TotalDailyTraffic = 2.418x 10> trucks/day

PDLy
After
Caz =08 (given)
Using Eg. 4.19:
I APSI .
Iog( 3.0 j Sc Cd2~(D0'75 - 1.132)
Xp=| ZR'Sq + 7.35(log(D + 1)) - 0.06+ : + (4.22- 0.32TSlI)-log
1.62410’ 215,63 p*7° | 1842
v 8.46 0.25
(D+1)° E
L ” _
X = 7.182
Wi gafter =10 w - 1522 10'
18after -~ 18after = +24%

Axle load equivalency factors from Tables 4.7 and 4.8 for D = 11
single20kip := 1.58
tandem34kip := 1.96

TotAxleEqv, := single20kip + tandem34kip TotAxleEqv, = 3.54
TotalDailyTraffic = 2.418x 103 trucks/day (from Before condition]
With addition of third lane, PDL, :=0.80

DailyDesignLaneTraffic, := TotalDailyTraffic PDL,

DailyDesignLaneTrafficy = 1.934x 103

_ W 18after
365 TotAxleEqv, DailyDesignLaneTraffic,

N2 . N2 =6.1 years

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.24

Determine the required slab thickness if a 20-year design life is used.

N:=20 (given)
Assume:

D:=11

Axle loads: (Tables 4.7, 4.8 and 4.9)

single22kip := 2.67580
tandem25kip := 0.5295570
tandem39kip := 3.5550
triple48kip:=2.58 80
TotAxleEqv := single22kip + tandem25kip + tandem39Kkip + triple48kip
TotAxleEqv = 899.715
Zp :=-1.645 (Table 4.5)

W g := TotAxleEqv- N-365

6
W g = 6.5679195x 10

S =600 Cq:=09 APSI:=1.7 (given)
E.:=5 10° J:=32 TSI:=25
Sy :=0.4 k := 200
Using Eq. 4.19:
APSI
Iog(—3 5 j s Cd-(DO'75 - 1.132)
log(W1g) = ZR-Sg + 7.35(log(D + 1)) - 0.06 + —————~—= + (4.22- 0.32TSl)-log
1.62410 21563 D070 | 1842
1+ — s 0.25
o+ ¥ (E)
k

D=11.43 inches

So assumption was close.

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Determine the design modulus of rupture.

k:=300 Cq:=10 APSI1:=2.0
D:=85 E. =4 106 TSI:=25
J:=3.0 Sp=05 N:=12
Zp :=-0.524

Axle loads:

single8kip :=0.03251300
tandem215kip := 0.06575900
single40kip := 26:20

tandem40kip := 3.645200

Problem 4.25

(given)

(Table 4.5)

(Tables 4.7, 4.8 and 4.9)

TotAxleEqv := single8kip + tandem15kip + single4Okip + tandem40kip

TotAxleEqv = 1.3504x 103
W g := TotAxleEqv- N-365

6
W g = 5.9148615x 10

Using Eq. 4.19
(APSI
| e
3.0
log(W1g) = ZR-So + 7.35(log(D + 1)) — 0.06 +
1.62410"
+ D ————
|: (D+1)
Ib
SC =575.343 —
2
In

5, Cy (0”7 - 1137
+ (4.22- 0.327TSl)-log

] 215.63- D0'75— _ 1842

F)

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.26

Determine the assumed soil resilient modulus.

D:=10 PSI:=4.7 Sg :=0.35 (given)

E, :=610° TSI:=25 k=190

S =432 APSI:=PSI - TSI Cq:=0.8

J:=30 APSI =22

Zg =-1.282 (Table 4.5)

Rigid Pavement:

Axle loads from Tables 4.7, 4.8 and 4.9:

single20kipy := 1.58 100
tandem42kipy := 4.74100

TotAXxIeEqv,j, = single20kip; + tandem42kipy

rig -

TotAxleEqv,;, = 632

rig

Flexible Pavement:

SN:=4
Axle loads from Tables 4.2, 4.3 and 4.4:
single20kip, := 1.47-100

tandem42kip, := 2.43100
TotAXIEEqVfey = single20Kip, + tandem42kip,

TotAXIEEqVfjey = 390

Using Eq. 4.19:
APSI
Iog(—3 5 j s Cd-(DO'75 - 1.132)
log(W1g) = ZR-So + 7.35(log(D + 1)) — 0.06 + : + (4.22- 0.32TSI)-log
1.62410" 21569 p*70 | 1842
—_— 0.25
0+ 1% (Ej
k

6
W 1g=1.4723512x 10"
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N Wig
~ TotAxIeEqvyjg-365

N = 6.383 years

Now applying Eq. 4.7 with:

W g:= N-TotAXIEEQVyjay 365 W g = 9.08571x 105

log APSI
2.7

0404 | —299%
(SN + 1)>1°

Iog(W18) =|ZR-Sy + 9.38(l0g(SN + 1)) — 0.20 + +2.3210og(MR) | - 8.07

Mg =367x 100 -2

.2
In
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What slab thickness should have been used?

Problem 4.27
D:=8 S =700 (given)
R = 90% Cq:=10
Sp:=03 7230
A4
PSI:=4.6 £, —510°
TSI:=25
Nyears =20
CBR:=25
APSI :=PSI - TSI APSI =21
Zp:=-1.282 (Table 4.5)
k:=290 (Table 4.10)
PDL:=0.75 (Table 4.11, for # Lanes = 4)
Using Eq. 4.19:
APSI
' (_3 5 j S Cd-(D0'75 ~113)
log(W1g) = Zg-Sy + 7.35(log(D + 1)) - 0.06 + ——————4— + (4.22- 0.32TSl)-log

1{ 1.62410" ] 21563 D070 _ | 1842

8.46 [ EC)O'ZS
N

(D+1)

6
Wg = 5.7402x 10

Ignored Traffic in Design

Axle load equivalency factors from Tables 4.7, and 4.8. D =11 is assumed as a result of
an iterative process.

single22kip := 2.40
tandem30kip := 1.14

TotAxleEqv := single22kip + tandem30kip

TotAxIeEgv =3.54

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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AddW 18 := 1000 TotAXIeEqV-PDL:365 Ny gy

AddW ;g = 1.938x 107 W18 not originally included in design

7

ek
Using Eq. 4.19:

log APSI
3.0

log(NewW g) = Z-S, + 7.35(log(D + 1)) - 0.06 + -
1.62410

14| ——

{ O+ 1)8.46]

+ (4.22- 0.32TSl)-log

D =10.216 inches

S Cd-(D0'75 _113)

215.63-| D

0.75

[

E.

k

18.42

)0.25
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Problem 4.28

Determine the number of years the pavement will last.

k:=200 E,:=510° PSI:=4.7 Sg :=0.30 (given)
D=8 S =600 TSI:=25 Zg :=-1.036 (Table 4.5)
J:=32 Cq=10 APSI:=PSI - TSI
APSI =22
Axle loads: (Tables 4.7, 4.8 and 4.9)

single10Kkip := 0.084 300
single18kip := 1.00.200
single23kip := 2.75100
tandem32kip := 1.47.100
single32kip := 10.1:30
tandem40kip := 1.16 100
TotAxleEqv := single10kip + single18Kkip + single23kip + tandem32kip + single32kip + tandem40kip

TotAxleEqv = 1.0662x 103

Using Eq. 4.19:
APSI
Iog(—3 5 j s Cd-(DO'75 - 1.132)
log(W1g) = ZR-Sg + 7.35(log(D + 1)) - 0.06 + —————~——= + (4.22- 0.32TSl)-log
. 1.62410" 21569 p*70 | 1842
( + 124

F)

6
W g = 2.8833862x 10

Wig

N=———— N = 7.409 years
TotAxleEqv-365

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.29

Determine the number of years the pavement will last
with a 95% reliability.

k:=200 E,:=510° PSI:=4.7 Sg :=0.30 (given)
D=8 S =600 TSI:=25 Zg =-1.645 (Table 4.5)
J:=32 Cq=10 APSI:=PSI - TSI
APSI =22
Axle loads: (Tables 4.7, 4.8 and 4.9)

single10kip := 0.084 300
single18kip := 1.00200
single23kip :=2.75100
tandem32kip := 1.47.100
single32kip := 10.1:30
tandem40kip := 1.16: 100
TotAxleEqv := single10kip + single18kip + single23kip + tandem32kip + single32kip + tandem40kip

TotAxleEqv = 1.0662x 103

Using Eq. 4.19:
APSI
Iog(—3 5 j s Cd-(DO'75 - 1.132)
log(W1g) = ZR-So + 7.35(log(D + 1)) — 0.06 + : + (4.22- 0.32TSI)-log
. 1.62410" 215,63 D*7° - 18—'40225
0+ 1% (Ej
k

6
W g = 1.893227x 10
Wig

N=———— N = 4.865 years
TotAxleEqv-365
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Determine the design life.

Problem 4.30

D:=10 Mg :=5000 E, := 4500000 k=300 (given)
Cqp =08 APSI :=1.9 S =900

Cyp =06 Sg =045 Ji=32 TSI:=25

Zp =-1.645 (Table 4.5)

Axle Loads (interpolating):

(Tables 4.7, 4.8, and 4.9)

single2kip := 0.000220000= 4.0 singlel2kip := 0.175410= 71.75

single10kip := 0.081:200 = 16.2 tandem18kip := 0.132410 = 54.12

tandem22kip := 0.305200 = 61.0 triple50kip:= 3.02410 = 1238.2

TotAxleEqv := single2kip + single10kip + tandem22kip + single12kip + tandem18kip + triple50kip

TotAxleEqv = 1445.27

Using Eq. 4.19 with Cd=0.8:

5,Cyp (0075~ 1132

APSI

log —3 0
006+ ———>27 | (422-032TSl)-log
. { 1.62410" ] 21563 D07 _ | 1842

> [Ecjo.zs
N

log(W1g) = Zg-S, + 7.35(log(D + 1)) —
(D+1)

6
W g = 8.1485079x 10

Wig
N=——————— N = 15.45 years
WA TotAxleEqv-365
[l

Using Eqg. 4.19 with Cd=0.6:

o APSI
J 3.0

Sc Cdz-(D0'75 - 1.132)
+ (4.22- 0.32TSl)-log

log(W1g) = Zg-S, + 7.35(log(D + 1)) - 0.06 +

. 1.62410 215.63{ 0% - Lzloz
- _ .25
0+ 184 E
K
6 Wig
W g = 3.0464048x 10 N=————— N =5.77 years
WA TotAxleEqv-365
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Problem 4.31

Determine how the desiqgn life of the soil changes.

k:=150 S =800 Sg :=0.45 TSI:=25 (given)
D:=12 J:=30 Cyq:=10
E.:=6 10° APSI :=2.0 Ny =20
Zp =-1.645 (Table 4.5)
DailyTruckTraffic:= 1227.76  ~ISKS

day
Axle loads: (Tables 4.7, 4.8 and 4.9)

single16kip := 0.599 DailyTruckTraffic

single20kip := 1.590 Daily TruckTraffic

tandem35kip := 2.245 DailyTruckTraffic
TotAxleEqv := singlel6kip + single20kip + tandem35kip

TotAxleEqv = 5.444 x 103

Using Eq. 4.19:
APSI
Iog(—3 5 j s Cd-(DO'75 - 1.132)
log(W1g) = ZR-Sg + 7.35(log(D + 1)) - 0.06 + ——=———~—= + (4.22- 0.32TSl)-log
1.62410" 21569 p*70 | 1842
o) —— 0.25
®+1° (E)
k

7
W g = 3.7684418x 10

Wig
Ny =——— N, = 18.965
TotAxleEqv-365
AN = Nl - N2

Ay =1.03 year reduction

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Determine how the design life of the soil changes.

k=190 S, 1= 600 So:=045  TSI=25
D:=12 1:=30 Cq =10
E.:=610°  APSI:=2.0 Ny =20
Zg =-1.645
. . truck
DailyTruckTraffic:= 1227.76 r:c >
ay

Axle loads:

single16kip := 0.599 DailyTruckTraffic

single20kip := 1.590 DailyTruckTraffic

tandem35kip := 2.245 DailyTruckTraffic
TotAxleEqv := singlel6kip + single20kip + tandem35Kkip

TotAxleEqV = 5.444x 10°

Using Eqg. 4.19:
o (APSlj
J 3.0

log(W1g) = ZR-Sg + 7.35(log(D + 1)) — 0.06 + -
1.62410

+ —_—

LD + 1)8'46]

7
W g =1.4857318x 10

Wig
Ny = ———— Ny = 7.477 years
TotAxleEqv-365
AN = Nl - N2

AN = 12,52 year reduction

+ (4.22-0.32TSl)-log

Problem 4.32

(given)

(Table 4.5)

(Tables 4.7, 4.8 and 4.9)

s, Cg (0”7~ 113)

18.42

G

215.63{ 0% -

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.33

Determine the deflection at a point at a depth of 20 inches.

Ib 10 Ib
p:=90 — u = 0.45 a=— E:=45000 —

.2 2 .2 ,

In In (g|ven)

z:=20 in r:=20 in
use Table 4.1
therefore A :=0.01109 and  H:=0.17640
N NV

=4.0000

—40000 and L
a

o | N

and C.=0.00492 and F:=0.00209 and B:=0.00595
NW FAA'AY

deflection

(1 .
::F’(;EP*)E‘.F.AJF (1_H).HJ A ,=0.0021 inches
a

Alternative Answers:

1) Solve for radial-horizontal stress
(Eq 4.5)

op=p[2wA + C+ (1-2p)-F op=1.3599 inches

2) Solve for vertical stress
(Eq 4.4)

o, =p:(A + B) c,=1.5336 inches

3) Careless with rounding

A=001 and H:=0.18
p-(L+p)alfz .
NAMN::T- ;A +(1-w-H A ,=0.0020 inches

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Determine the deflection. Problem 4.34

Ib 12 Ib

p =100 — a=— in u:=050 E:=55000 — (given)
.2 2 2
in in
z:=0 in r=0 in (assumed since on
pavement surface)
Use Table 4.1
Z_o Lf_o
a a
A=10 B=0 C=0 F:=05 H=20 (Table 4.1)
deflection
A= RAEWRBIZ 0 A =0.016 in (Eq 4.6)
ze E a H z - .

Alternative Answers

1) Use stress equation

op=p[2pA + C+ (1-2u)-F o, =100 in (Eg. 4.5)

2) Use diameter instead of radius

- _p+walz
a:=12 in Maim | A+ A wH A,=0.033

3) Use F instead of H in deflection equation

3

3&26 2 =

_p(Q+palz
Aai™ laAra-wrF A, =4091x 107

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Deteremine the structural number of the pavement. Problem 4.35

al :=0.35 a2 :=0.18 a3 =0.11 (Table 46)
Dy:=5in  Dy:=9 in D3:=10 in (given)
M, :=0.90 Mg :=1.0 (given)
SN =4.31

Alternative Answers

1)Use M, =1.0
Mz =1.0 /\§/\’>‘W:: alDl + 82D2M2 + 3.3' D3M3 SN = 4.47
2) Use Hot-mix asphaltic concrete Structural-Layer Coefficient

Mz :=0.90 /\%N:: 0.44 /\§/\’>‘W:: alDl + 3.2' D2M2 + 3.3- D3M3 SN =4.76

3) Use crushed stone Structural-Layer Coefficient

/%N:: 0.35 /\azv:: 0.14 /\§/\’>1W:: alDl + 3.2' D2M2 + 3.3' D3M3 SN = 3.98

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 4.36

Calculate the edge stress (in Ib/in 2).

Ib Ib
P :=25000 Ib h:=11.0 in p:=120 — E := 4500000 —
in2 in2 )
(given)
Ib
p=0.20 k:=180 —
in3
radius of relative stiffness
E,h3 0.25
L= —— |=41.23 (Eq. 4.13)
12-(1 - MZ)-k
radius of tire footprint
Eq. 4.14
a:.= i a=2814 in (Ea )
p-m
stress
3
P E-h
g :=0529(1+ 0.54p)| — |-| logl — | - 0.71 (Eg. 4.15)
2 4
h k-a
g = 383.76

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Alternative Answers

1) Use g for radius of tire footprint

p Eh’

aj:=a/2 Gn:=0529(1+ 0.54p)-| — || log — [ -0.71
BN 2 4
h ka|

o = 310.85

2) Solve for deformation instead of stress

P
Ag:=0.408(1+ 0.4@-(—2} Ao =0.036 (Eg. 4.16)
k|

3) Solve for corner loading stress

3p a "’ (Eq. 4.17)
Cp = —2 1- _I Cc = 372.37

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Determine the corner deflection from the load. Problem 4.37

Ib
P :=10000 Ib p:=110 — h:=9.5 in pn:=0.18
in2
(given)
E := 4100000 ﬂ k:=175 E
in in3
radius of relative stiffness
E,h3 0.25
L= —— | = 36.267 (Eq 4.13)
12-(1 - MZ)-k
radius of tire footprint
P
a=|— a=5.379 (Eq 4.14)
p-m
a=an/2 aj =7.608
deformation
P a .
A= —1205- 069 — A =0.0461n (Eq 4.18)
k-l

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Alternative Answers
1) Use a instead of a,

P a .
Aos= —2-[1.205— 0.69(7)} A =0048in
k!

2) Solve for stress instead of deformation

0.72
3P q : Eq4.17
ogi=——|1-| — oo =224435 in  (Eq4.17)

h2 |

3) Solve for total interior deflection

2
Aizzi.[“(i).(.n@jﬂ_é).(zﬂ s oo (Eqd1d
8-k-|2 21 2l 4 |

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Determine the corner deflection from the load. Problem 4.38

Ib
P:=12000 Ib p:=100 — h:=12 in .
in2 (given)
Ib Ib
pn:=0.16 k:=250 — E := 4650000 —
in3 in2
Determine a,
P
a=|— a=6.1804 (Eq 4.14)
p-m
ay:= a~\/§ aj = 8.7404 (For corner of slab)

Determine radius of relative stiffness

0.25
Eh
L= ———— | = 40.7178 (Eq 4.13)
12-(1 - MZ)-k
Calculate the deflection
P a 1
Ag = — 1.205- 0.69 n A . =0.0306 in (Eq 4.18)
k1

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Alternative Answers:

1) Solve for corner stress

0.72
P q |
o= 3—-{1 - (—j } o = 167.4348 22 (Eq4.17)
h2 | 2

in

2) Solve for edge loading deflection

P
Ao :=0.408(1+ 0.4p)| — A o =0.0126 in (Eq 4.16)
k12
3) Use ain place of g
P a .
Ao= — 1.205— 0.69 i A =0.0319 in
k-l

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation conventions
that you may not be familiar with if you are not a Mathcad user. Most of these notation
conventions are self-explanatory or easily understood. The most common Mathcad specific
notations in these solutions relate to the equals sign. You will notice the equals sign being used in
three different contexts, and Mathcad uses three different notations to distinguish between each of
these contexts. The differences between these equals sign notations are explained as follows.

e The “:=’" (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set equal
to) the value of 1234. Another example is x :=y + z. In this case, x is assigned the value
ofy +z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the value
of a variable in the equation. For example, in the equation

52— 0.005t" = 18.568 + 10-(t - 12.732) the = is used to tell Mathcad that the value of the
expression on the left side needs to equal the value of the expression on the right side.
Thus, the Mathcad solver can be employed to find a value for the variable “t” that satisfies
this relationship. This particular example is from a problem where the function for arrivals
at some time ‘t’ is set equal to the function for departures at some time ‘t’ to find the time
to queue clearance.

e The ‘=’ (standard equals) is used for a simple numeric evaluation. For example, referring
to the x := y + z assignment used previously, if the value of y was 10 [either by assignment
(with :=), or the result of an equation solution (through the use of =) and the value of z was
15, then the expression ‘x =” would yield 25. Another example would be as follows: s :=
1800/3600, with s = 0.5. That is, ‘s’ was assigned the value of 1800 divided by 3600
(using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is ‘—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, ©{t) = Artivals(t) - Departures(t) — 2200t - 100017 Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in the
problem statement, yellow highlighting has been used (which will print as light gray).

1 www.mathcad.com
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Determine space-mean speed at capacity and free-flow speed. Problem 5.1

)35
u=up|l- (?J kj = 225 dgap = 3800 (given)
j

K 3.5
q=k-u=us k_k{?j (Eq. 5.14)
i

at capacity, d_q =0
dk

K 3.5
cap
0=|1-4.5. 35
K;
Yo
Keap = 146.4
dcap = Kcap Ucap (Eq. 5.14)
u : qcap u 25.96 mi
cap -~ cap ~ < T
P Keap p h
Acap mi
Uf = Uf =33.37 —_—
h

35
kcap
kcap - I(cap' k:

]
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Determine speed when flow is 1400 veh/h and the free-flow speed. Problem 5.2

at maxirmum flow

g=2900 u=30
and

d_q=2-a-u+h=lil
du

(given)

b=-2-a-u
at g =2900 and u=30

q:a-u2+|:|-u (given)

q= El-u2 + (=2-a-u}-u

a=-3.222
b:=-2-a-u

b =193.333

now, when g :=1400

q= a-u? + beu (given}

Uq=84244

u,=51.58 mi/h

at g = 0, the free flow speed is as follows
q:=0

q= a-u2+ b-u

u=60 mih

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.

Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 5.3

Determine the capacity, speed at capacity, and density at one
quarter capacity.

q(k) := (50-k - 0.156~k2) (given)
d

—qg(k) - 50-.312-k

dk

0=50-.312key

p
Keap = 160
veh
deap = q(kcap) dgap = 4006.4 —
Acap mi
ucap = " ucap =25.04 T
cap

at 25% of capacity

B Acap
q:= 2
veh
q = 1001.6 —
h
2 9cap
50-k - 0156-k™ - =10
veh
kg =215 —
m
veh
ko =299 —_—
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Problem 5.4

Calculate the flow, average speed, and density of the traffic
stream in this lane.

hpar =3 Spar = 190 (given)

1
qi=—o (Eq. 5.4)

hbar

gq=0.333 g-3600 = 1200 veh/hr/In

3 1
Sbar (Eq. 5.13)
k = 0.007 k-5280 = 35.2 veh/mi/ln
-3600 .
u:= 9 u=34.09 mi/hr
k-5280
Also
= 3600 g=1200 veh/hr/In
hbar
k:= 5280 k =35.2 veh/mi/ln
Spar
Sbar 3600 .
ui=——o0 u=50 fi/s u- =34.09 mi/hr
Nbar 5280
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Problem 5.5

Determine the time-mean speed and space-mean speed.

Lane 1 Lane 2 Lane 3
30 mi/h (44 ft/s) 45 mi/h 66 (ft/s) 60 mi/h (88 ft/s)

Spacing := 2640 ft

2640 2640 2640
Hdwyl = ﬂ =60 sec Hdwy2 = E =40 Hdwy3 = E =30

For 30 minutes

t:=30
60 . : .

Freqq ==t Freq; =30 vehicles in 30 minutes
Fregs =t 60 Freg, = 45

Qo = Hdwy2 dp =
Fregq =t 60 Freg, = 60

a3 = Hdwy3 a3 =
Speed; :=30 mi/h Speed, := 45 Speeds := 60

Speed, -Freq, + Speed,-Freq, + Speeds-Freds
u =
t bar-

Freqq + Freq, + Freqg
Ut par = 48.33 mi/h

1

u =
S_bar 1 - 1 - 1 - 1
|| Freq, - + Freqgs- + Fregy-
Freqq + Fregy + Freqg U Speed; %2 Speed, % Speeds

=450 mi/h

Us par
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Problem 5.6

Determine the time-mean speed and space-mean speed.

uq =195 —— uqp =286 ft/s Up :=190-—— Up = 278.667
3600 3600
5280 5280
Ug:=185—— ug =271.333 Uy :=180-—— uy = 264
3600 3600
2.5.5280
secperlapq := ——— secperlapq = 46.154
u
1
2.5.5280
secperlapy := ——— secperlapy = 47.368
u
2
2.5.5280
secperlapg := ——— secperlapg = 48.649
u
3
2.5.5280
secperlapy := ——— secperlapy = 50
u
4

total_sec :=30-60 total_sec = 1800

total_sec total_sec

lapsq == ———— lapsq =39 lapss := laps, = 38
secperlapq secperlap,
total_sec total_sec

lapsg == ——— lapsg = 37 lapsg == ——— laps, = 36
secperlapg secperlapy

total_laps :=lapsq + laps, + lapsg + lapsy, total_laps = 150

lapsq-uq + lapsy Uy + lapsg-ug + laps,-Uy

TMS =
total_laps
3600 .
TMS = 275.244 fi/s TMS.—— = 187.67 mi/h
5280
1
SMS =
| ! | 1 | 1 | =
— | lapsq-— + lapsy-— + lapsq-— + laps,-—
total_laps PS1 uqg PS2 Us PS3 ug PSa ug
3600 .
SMS =275 ft/s SMS.—— =187.5 mi/h
5280
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Problem 5.7

Determine the space-mean speed.

195 + 190 + 185 + 180
4

=187.5 mi/h

Problem 5.8
Estimate the probability of having 4 cars in an interval.
t:=13 sec
-q:(H
Eg. 5.26
P(h213):e3600 (Eq )
0.6 ¢ 0:0036:q
In(0.6
q:= (©9 q=1419 veh/h
-0.0036
Osec = a4 Oenr = 0.039 veh/s
Sec "~ 3600 sec
during 30 sec intervals,
X :=30-0ggc x =1.182
n —X
X -e
P(n) = P(4) =0.025

n!
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Problem 5.9

Determine how many of these 120 intervals have 3 cars arriving.

t:=20 sec
b0 - 18 (Given)
© 120

n _—»Ait
P(n) = % (Eq. 5.23)
n!

G4)’e Mt 18
0! T 120

L =0.095 veh/s

P(3) = 0.1707

P(3)-120 = 20.48 intervals

Extra

A-20=1.897 veh/20 s
A-60=5.691 veh/min
A-3600 = 341.5 veh/h

_—aqt
Eq. 5.26
P(0) = o 3600 (Eq )

-q(20)
18 3600
—=e

20

0.15 = o~ 0(0.00556)

In(0.15) = —q(0.00556)

In(0.15)
9= "5.00556

q=2341.2
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Problem 5.10

Determine percentages for headways.

vehicles:=1.9 time =20 sec (given)
vehicles
qi=— q = 0.095
time
tgreat = 10 tiess =6 (given)
P(h > 10)
P(tgreat) =0.387 P(h >=10) = 0.387
P(h > 6)

P(tjess) = 0-566

P(h<6)=1-P(h>6)

1- P(t,ess) =0.434 P(h < 6) = 0.434

Problem 5.11

Determine the probability of an accident.
q:=280 t:=15+ 25— 4.0 (given)

— qt

(Eq. 5.26)
P(h>4) =30
— qt

e30%0 _ 733

P(h<4)=1-P(h>4)

— qt
3600
e

1- =0.267 Probability of an accident = 0.267
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Problem 5.12

Determine the driver reaction times that would make the probability
of an accident occuring equal to 0.15.

q:=280 (given)
we want P(h<4)=0.15 so,
P(h>t)=0.85
—ot
085=e 3600 (Eq. 5.26)
t=209 s

so the driver reaction time should be,

t-15=0.59

Problem 5.13

Determine the queue and delay information.

Arrivals (1) =61 O0=t<30 Departures(t) =0 0=t<15
Arrvals (1 =180+ 2-(t-30  t=30 Departures(t) =6-t - 15) t=15
for dissipation

180 + 2-(t - 30) = 6-(t — 15)

t=525 min

using areas, the total delay can be calculated as

30180 1590 90-(t-30 .

t= - + ( ) Dy =30375  veh-min
2 2 2

to find longest queue

By inspection, longest gqueue will occur when t = 30 min

Q3 (1) = Arrivals (t) - Departures(t)  when t =30 min

Oy (30) = 90

under FIFQD, the longest delay is 15 minutes for the first vehicle to arrive

under LIFD, the delay is 52.5 minutes {time to queue clearance)
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Problem 5.14

Determine the total vehicle delay.

A =8 veh/min fort<=20

Ay:=0 veh/min fort>20tot<=30
Ag = veh/min fort> 30

p:=4 veh/min for all t

Queue att =30 min

Q30=40

for queue dissipation after 30 minutes, note that:

40 + & 3-’[: -t

t=20 min

S0 queue dissipation occurs at,

t+30=50 min

using areas, the total delay can be calculated as,

20-80 (80+ 40)-10 40-20
D; = + +

i D; = 1800 veh— min
2 2 2

Also
tl = 20
t2 = 10

t3 =20

o= tafltaa) = (anf]« ol [(ata) (el [t 2pta) [iftas o]+ Gl ata ot fira ]

D ; = 1800w
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Problem 5.15

Determine the departure rate.

Aft) =B wvehimin

Arrivals(t) = J‘ Aty dt =61

gqueue clears when Dy =500

Bt.-pit.-bi=0

) 61,
H= it - Gi
t, t,-6
J -1 dt—J et dt = &00
1] 0
2 B 2
3, —E-ltc—& =500

Bt

.-G
y I~ 2
31, - : -(tc —12-tc+35)=5DD

2
, 3ty T

- 1.7+
C C
t.-b t

108 1
_ L 500

-6 t,-6

3
C

34,2t - B) - 31,7 + 364, - 1081, = 500t - B|

2 2
181" + 36, - 1081, = 500-t, - 3000

c=6
t,=27.778

Bt
“TTHTE w=785  vehmin
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Problem 5.16

Determine when the queue will dissipate and the total delay.

A(t) :=4.1 + 0.01t veh/min p:=12  veh/min (given)

Arrivals(t) :=J A(t) dt - 4.10-t + 5.00-10°° -t?

Departures(t) := Jr pdt— 12-t

Departures(t) := 12-(t — 10) for service starting 10 min after arrivals

For time to queue clearance, set arrival rate = to departure rate
414+ 0.0054% = 12-(t - 10)

t=15.34 min
Check that total arrivals equals total departures after 15.34 min
Arrivals(t) = 64.065

Departures(t) = 64.065

Calculate total delay (using triangular area below departures function)
]

t
D, ;:J 4.1-t+0.005-t" dt - 05-b-h
0

t

D, ;:J 4.1t + 0.005-t2 dt — [(0.5)-(t — 10)-(Departures(t))]
0

Dy =317.32 veh-min

Alternative total delay calculation (taking integrals for both arrival and departure functions’
Q(t) := Arrivals(t) — Departures(t)

t t
Dt = J Q(t) dt Dy ::J Arrivals(t) dt —J Departures(t) dt
0 10

Dy = 317.32 veh-min
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Problem 5.17

Determine time when queue clears.

A():=5.2-0.01t  p(t):=3.3+ 2.4t (given)
Integrate to obtain # of arrivals at specific time

Arrivals(t) :=J A(t) dt - 5.20-t — 5.00-10° -2
Integrate to obtain # of departures at specific time

Departures(t) :=J p(t) dt —» 3.30-t + 1.20~t2

Since vehicle service begins (i.e., toll booth opens) 10 minutes after vehicles begin to arrive,
Departures(t) :=3.3(t — 10) + 1.2-(t - 10)2

Time to queue clearance:

At what time does arrival rate equal constant 10 veh/min?

teon =t + 10 teon = 12.792 time at which service becomes constant at 10 veh/min

C C

Departures(t = 18.565

con)
21— U_UUE-t2= 16.668 + 10-(t — 12.792)
t=22.265 gueue clears 22 minutes and 15.9 seconds after 7:50 AM

Check that total arrivals equals total departures

Arrivals(22.265) = 113.3

Departures
10(22.265 — 12.792) = 94.73 arrivals after arrival rate becomes 10 veh/mil
94.73 + 18.568 = 113.3 add arrivals before constant arrival rate
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Problem 5.18

Determine the total delay and the longest queue length

A:=6 veh/min u(t) =2+ 0.5t veh/min (given)

Integrate to obtain # of arrivals and departures at specific time

Arrivals(t) :=J' rAdt— 6t

Departures(t) ::J p(t) dt —» 2.t + .250't2
Time to queue clearance

Q(t) := Arrivals(t) — Departures(t) — 4.-t — .250-t2

or

Q(t) :=J ) dt - J w(t) dt - 4.-t — .250-t2
When q(t) = 0, queue is cleared
4t-0254%=0

t=16
Total delay is area between arrival and departure curve:

16

Delay := Q(t) dt —» 170.667 veh— min
0

Maximum queue length

90 =4-05t=0
dt

4
t=— t=8
0.5
Q(t) == 4-t - 0.25.t° Q(8) =16  cars
Check

Arrivals(8) = 48
Departures(8) = 32
Q := Arrivals(8) — Departures(8) — 16.000
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Problem 5.19

Determine the delay and gueue information.

A(t) :=5.2 -0.20t Vveh/min p:=3 veh/min (given)

Integrate to obtain # of arrivals and departures at specific time

Arrivals(t) :=J () dt - 5.20-t — .100-t>

(

Departures(t) ::J pdt — 3-t
Time to queue clearance

Q(t) := Arrivals(t) — Departures(t) — 2.20-t — .1OO~t2 or

Q(t) :=J 2(t) dt —J' w dt = 2.20-t — .100-t2
When Q(t)=0, queue is cleared
52t-01t°-3t=0

t=22
Total delay is area between arrival and departure curve:

22

Delay := Q(t) dt —»> 177.467 veh— min
0

Maximum queue length

d 2.2
—Qt)=22-.2t=0 ti=—o t=11
dt 0.2

Q(11) =121 veh

Wait time for 20th vehicle
52t-01t2-20=0

t=4.183 time when 20th vehicle arrives

3t-20=0
t=6.667 time when 20th vehicle departs

wait :=6.667 — 4.183 wait = 2.48 min
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Problem 5.20

Determine when the queue will clear, the total delay, and
the length of the longest queue.

1=4  wveh/min pit) =1.1+030t weh/min (given)
Integrate to obtain # of arrivals and departures with respect to time

Arrivals (1) :=J‘ Adt+10—=4-t+10

Departures (1) ;=J wit) dt = 110t + 15042
Time to queue clearance
Q) = Arrivals(t) - Departures(t) — 2,90t + 10 - .15III-t2
YWhen Qt=0, gueue is cleared
28t+10-0.15t% =0
t=22.32 min

Total delay is area between arrival and departure curves

2232
Delay = j CIY) ot — 389.594 veh — min
0

Maximum gueue length

Jam =29-0301=0

dt

1222 _og
0.3

Q(9.667) = 24.02 veh
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Problem 5.21

Determine delay and maximum gueue length.

A(t) :=1.2 + 0.3t veh/min p:=12 veh/min (given)

Integrate to obtain # of arrivals at specific time
Arrivals(t) :=J A(t) dt — 1.20-t + .150-t2
Departures(t) :=J pdt— 12-t
Departures(t) := 12-(t — 10) for service starting 10 min after arrivals
For time to queue clearance, set arrival rate = to departure rate
2
1.2t + 0.15-t" = 12-(t — 10)

t=13.729 min

t t
Dy ::J Arrivals(t) dt —J Departures(t) dt
0 10

Dy = 159.04 veh-min

By inspection, maximum queue is at t = 10 (point at which service begins)

Qmax (1) := Arrivals(t) at t=10

Qmax(10) = 27 veh
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Problem 5.22

Determine the average length of queue,
average time spent in the system, and
average waiting time in the gueue.

MDA
== A=4 (given)
A
p=— p=08 (Eg. 5.27)
.
2
P
Ch = Q. ..=16 vieh Eg. 528
har 2(1 _ |:|2| har I: 0 :I
p .
T wy o= (1.4 minfeh Eg. 529
har 2|.L|:1 _ |:|:| har I: q :I
Z-p t,_ =08 minfveh Eq. 5.30
bar

Determine the average length of queue, Problem 5.23
average time spent in the system, and
average waiting time spent.in the queue.
M/M/1
p:=5 A=4 (given)
A
pi=— p=0.8 (Eq. 5.27)
I
2
Qpar = 1p_ Qpar=32  veh (Eq. 5.31)
-p
1 .
thari=—— thar=1 min/veh (Eq. 5.33)
T
: 0.8 min/veh (Eq. 5.32)
Wpop = ————— Wphar = 0. . 5.
bar we( =) bar
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Problem 5.24

Determine the average length of queue,
average time spent in the system, and
average waiting time spent in the queue.

M/D/1
m=3 hi=2 (given)
Iy
P p =0.667 (Eq. 5.27)
pz
Qpar=——— Qp, = 0.667 veh (Eq. 5.28)
bar 2-(1-p) bar
P :
Whar=————— Wh 4 = 0.333 min/veh (Eg. 5.30)
bar 2.u-(1-p) bar
thar = _2p thar = 0.667 min/veh (Eq. 5.29)
2-p-(1-p)

Problem 5.25

Determine total delay, maximum gueue length, and
longest vehicle delay using FIFO and LIFQ.

(L) =4 0=t<30 u(t) =0 0=t<30

n(t) = 120 + 8-(t - 30) 30<t=75 u(t) = 11-{t - 30) 30<t=75

Time to queue clearance (equating arrivals and departures)
120 + 8-(t - 30) = 11-{t - 30)

t="70
Using areas, delay is (with 120 veh arriving by t = 30 and 440 veh by t = 70 min)

30120 120-(t- 30
= 2 + (2 ) Dt = 4200 veh — min

Maximum queue length

Dt:

By inspection, max queue length will occur when service starts (30 minutes after arrivals begin)

Qg (t) = 2 (1) at t=30 Qpax(30) = 120 veh

Longest Delay

under FIFO the longest delay is 30 minutes for the first vehicle to arrive,
under LIFO the longest delay is 70 minutes (time until queue clearance)
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Problem 5.26

Determine the new distribution rate required to clear the queue.

A(t) :=120 + 8-(t — 30) (from Problem 5.25)

u(t) = p-(t — 30) (from Problem 5.25, with an unknown service rate)
for dissipation at t = 60 (8:45 - 9:45):
120 + 8-(t — 30) = u-(t — 30)

p=12 veh/min

Problem 5.27

Determine the arrival rate.

p:=4 veh/min

te =30 min (time to queue clearance)

lane_cap := 30 vehicles
at queue clearance
At = p,-(tc - tp)
Where ty is the time until processing begins (i.e., time at which queuing lane becomes full)

. lane_cap
P

substituting expression for ty and solving for arrival rate gives,
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Problem 5.28

Develop an expression for determining processing rates
in terms of x.

At=X

andsince ) =2

t= X at queue dissipation
2

At=pe(t—13)

substituting gives

Problem 5.29
Determine the time until queue dissipation.
1 .b-h = 3600 Delay is calculated by finding area of triangle formed by
2 uniform arrival and departure rates
b:=30 time at which processing begins
3600-2
h:= h =240
b
pni=4 veh/min (given)

= | =

=60 min time until queue to clearance after arrival of first vehicle
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Problem 5.30

Determine when the queue dissipates, the total delay, and the
length of the longest gueue.

A(t) :=4.3-0.22t  veh/min (given)

pi=2 veh/min

Arrivals(t) :=J () dt - 4.30-t — .110-t>

Departures(t) :=J pdt — 2-t
At time of queue clearance,

Arrivals(t) = Departures(t)
2
43t-0.111t" =2t
t=2091 min

for total delay,

t
D¢ ;:J Arrivals(t) dt — E-t~(p~t) second term is triangular area
0 2 formed by uniform departures

D; = 167.59 veh-min

length of queue at time t is,

Q(t) := Arrivals(t) — Departures(t) — 2.30-t — .110~t2
for maximum length of queue,

d

—Q(t)=0=0.22t-2.3

dt

2.3

T 0.22

t =10.455

Q(t) =12.02 veh
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Problem 5.31

Determine how many veh/min should be processed.

length of queue attime tis

t
Q(t):J 3.3—0.1-tdt—I wdt
0

Q(t)=3.3t- 0.05~t2 —pu-t
for maximum

90 =0=33-01t-p
dt

33-p
0.1

t=

first substitute for t, then find departure rate,
33-p 33-1)2 33-u
t) = 3.3:| — -0.05-| — —p = =4
Q) ( 0.1 j ( 0.1 j “( 0.1 j

p=241 veh/min
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Determine the probability that the number of trucks will

Problem 5.32

exceed 5.
A:=15 =2 veh/min (given)
pi=— p=0.75 (Eqg. 5.27)
N:=1
MV
1 Eq. 5.34
Pq = Pn=0.25 (Ea )
0 o 0
1+
1-p
n
p -Po
P = (Eq. 5.36)
n n—-N
N -N!
1
p -Po
Py=—— P, =0.1875
1 _ 1
N1 N-N!
2
p -Po
Ps:= P, =0.1406
2 _ 2
N2 N-N!
3
p -Po
Pa:= P, =0.1055
3 _ 3
N3 N-N!
4
p -Po
Py P,=0.0791
4 _ 4
N4 N-N!
5
p -Po
Pg = Pg = 0.0593
5 _ 5
N5 N-N!
Psum=Po+P1+P2+P3+Py+Pg Pgum =0.822
F)greater_than_5:: 1-Psum F)greater_than_Sz 0.178
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Problem 5.33

Determine the number of spaces.

Po:= T . 3 1 s - (Eq. 5.34)

2 2 2 2 2 2
l+—+—+—+—+—+
20 3 4 5 (6))05

N+1

Pn_greater_than_N= —p (Eq. 5.37)
N!-N-(l - —j
N

p =2 (from Example 5.12)
N:=6

N+1

Pz —— —
6.
N!-N(l—ﬂj
N

Pg =0.006 (this is less than 1%, but also check 5 spaces)

Pg = 0.024

S0 6 spaces must be provided, because with only 5 spaces, the probability of 2.4% exceeds 1%
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Problem 5.34

Determine the total time spent in system by all vehicles
in a one hour period.

1 : .
A :=430-— L =7.167 veh/min (given)
60
-1 60 _6 veh/min
hi=75 n=
A
pi=— p =1.194 (Eq. 5.27)
v
N:=2
P _o597
N
Pg: ! Py =0.252 (Eq. 5.34)
0= > 0=Y
1.2, P
2!-(1 _2
N
PO'pNH ! (Eq. 5.38)
N
P + Qpar .
thar = T tphar = 0-259 min/veh (Eq. 5.40)

so total time spent in one hour:

430-tp, = 111.4  min/h
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Problem 5.35

Determine the minimum number of booths needed.

1 .
= — = veh/min .
A =500 s L =8.333 (given)
= L 60 =4 veh/min
=g p=
A
pi=— p =2.083 (Eqg. 5.27)
i
N must be greater than 2 for the equations to apply, try 3 booths
N:=3
1
Po:= . . Po =0.098 (Eq. 5.34)
1+ % + Z—' — P
3!.(1 - 3]
N
N+1
: Porp = 1.101 h
bar="" NN 2 Qpar = 1- ve (Eq. 5.38)
p
1 _ —
P+ Qpar 1 : Eq. 5.39
Whgr=—"-— Wi g = 0.132 min/veh (Eq )
A H
Whgr 60 = 7.924 secl/veh
try 4 booths
N:=4
1
Po= Pg=0.119 (Eq. 5.34)
2 3 4
P p P
1+ —+ —+—+ ——m—
2 3! p
41l 1-—
N
Poe - ! Eqg. 5.38
Qar=—yN > Qpar=0212  veh (Eq. 5.38)
N
P+ Qpar 1 .
Whar = T — Wpgr = 0.025 min/veh (Eqg. 5.39)
il
Wpor60 = 1.526 sec/veh so a minimum of 4 booths must be open
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Determine the time-mean speed of the minivans.

Problem 5.36
t1:=98 s 1t,:=108 s t3:=113 s 4,:=108 s t5:=102 s .
(given)
1:=3 miles n:=5 minivans
M
velocities
| mi | mi
Vy :==—-3600 — Vy = —-3600 —
t h ty h
| mi | mi
Vg :=—-3600 — V, :=—-3600 —
tg h ty h
| mi
Vg := —-3600 —
tg h
time-mean speed
n
Z uj (Eq 5.5)
Lo =t
t n
Vi + Vo + Va+ V,+ Vi ;
o2 % 4 U =102332 =
n h
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Alternative Answers

1) Use space-mean speed equation

1 mi
s ug = 102079 = (Eq 5.9)
1(1 1 1 1 1 h
-t —+t—+— + —
nlvy Vo V3 Vv Vg
2) Use all vehicles and not just minivans

3 i 3 i 3 i
Vgi= —-3600 — V= —.3600 Vgi= —-3600 —
101 h 85 h % h

Vi +Vo+ Vao+ Vyi+ Ve + Ve + Vo + V ;
1 2 3 4 5 6 7 8 m
Ug = 5 “t:107-417 —hl

3) Inattention to rounding

mi mi mi mi mi
VJ =110 F Vg =100 F VG =96 F V4 =100 F VE =106 F
Vi + Vo+ Va+ Vy+ Vi ;
1 2 3 4 5
i U =1024 =

n
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Determine the probability that more than five vehicles will arrive in Problem 5.37
aone-minute interval.

A = 200 veh  eos (given)
3600 S
nO::O n1::l n21= n3Z=3 n4Z=4 n512

solve for the probabilities of 5 and fewer vehicles

(k't)”o_e— At
Pqi= —— Py = 0.0013 (Eq 5.23)
0 o 0
O.
N —at
py= € P, = 0.0085
na!
l.
Ny —at
py= ) € P, = 0.0283
na!
2.
N3 -t
py= ) € P5 = 0.0628
Na!
3.
Ng — -t
py= e P, = 0.1047
na!
4
N5 -t
pp= i) € Pc = 0.1397
ne!
5.
solve for 6 or more vehicles
P:=1-Pg—P;—Py—P3—P,—Pg P = 0.6547
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Alternative Answers

1) Do not account for P(0)
AE\A::]'_P]._PZ_P3_P4_P5 P =0.656

2) Do not account for P(5)

Pi=1-Py—P;—Py—Py—P, P =0.7944

3) Solve just for P(6)

n L .
e 6~ -t

Ng:=6 Pe :
6 6
n6.

Pg = 0.1552
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At what time does the maximum gqueue length occur. Problem 5.38

A(t) :=1.8+ 0.25t — 0.003t> u(t) =14+ 0.11t t:=60 min (given)

set the integral arrival and departure rates equal to each other

t

t
J 1.8+ 0.25t - 0.003t2 dt = J 1.4+ 0.12tdt
0 0

1.8t + 0.12&2 - 0.001~'[3 =14t+ 0.055t2

Q(t) == -0.001t> + 0.07t% + 0.4t

solve for time at which maximum queue length occurs

Z—Q(t) = —003t2 + 014t + 0.4= 0
t

use guadratic equation

_ 014+ J (0-142 ) - 4--0.0030.4

tq: ty =-27 min
1 2-0.003 1
ty = —0.14- \/(0142) i AU LI ty=49.4 min (this is the reasonable answer of the
2--0.003 two provided by the quadratic
equation)
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Alternative Answers
1) Solve for total vehicle delay

60 60
J 1.8+ 0.25t - 0.003t2 dt — J 1.4+ 0.12tdt =60 min
0 0

2) Take the t; value as positive

t:=2.701 min
W

3) Set Q(t) = 0 and assume t is in hours

() = 0,001t + 0,07 + 0.4t

0.0026> + 0.07% + 0.4t = 0

g 007+ J l0.07) - 4-0.0010.4
W 2-0.001

t=0 t-3660=19.4 min
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Determine the average waiting time for this queuing system. Problem 5.39

20 en @ wn
" 60 min ST min (given)

calculate traffic intensity

p= x p=0.833 (Ea 5.27)
u

calculate average waiting time in queue (M/M/1)

_r w=1p5 Min (Eq 5.32)

1) Assume M/D/1

i Eq 5.29
YT — w=0625 00 (Fq529)
M2 (1 - p) veh
2) Find average time spent in the system
fm 1 t=15 0 (Eq 5.30)
n—A veh
3) Use average queue length equation
p2 min
= =4.167 — (Eq 5.28)
Q (1-p) Q veh

(note: the units for the average queue length equation are actually in "veh" so that
should be an obvious sign this is the inocrrect equation to use.)
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Determine the average time spent in the system. Problem 5.40

_50 veh _50 veh (given)

- T -

" 60 min 30 min

compute the average time spent in the system

1 min (Eq 5.33)

Alternative Answers

1) Assume M/D/1 queuing

) .
pi== f=—s P t=0.75 4N (Eq 5.30)
u 2 (1-p) veh

2) Use average waiting time equation

A min (Eq 5.32)
W= ———— w=05—
pe(p—2) veh

3) Keep units in veh/hr

. t=0017 0

A =60 =120 L=
i A AT} veh
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How would the probability of waiting in a queue
change if a fourth toll both were opened? Problem 5.41

850 60
A=— poi=—
60 12 ]
(given)
N :=3
MW
determine probability of having no vehicles in system
A
pi=— p =2.833
u
Pn = ! Pn=0.013
0= > 3 0="Y (Eq 5.34)
1 % . % _
S 3!-(1 - ﬁj
N
determine probability of having to wait in a queue
N+1
Pyi=———— P3=0.847
Ng.N.(l_ﬂj (Eq 5.37)
N
determine probability of having to wait in gueue for four toll booths
N :=4
MW
Pp = L Py = 0.048 (Eq 5.34)
Py 2 3 4 0=V .
1.2, PP P
1 2 !
3 4!(1 - ﬂj
N
P0~pN+1
Py:= P,=0313 (Eq 5.37)

calculate difference

P3P, = 0534
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Alternative Answers

1) Solve for probability for just 3 toll booths

Py =0.847

2) Solve for probability for just 4 toll booths

P, =0.313

3) Use Equation 5.36 for 4 toll booths

n:=15.247 (approximate value for average length of queue’

N :=3
MW
n
P -Po
Pns = N Pns =0.09
N -N!
N :=4
MW
n
P -Po
Pha = —n—N Pha = 0.003
N -N!

Pr3 — Py = 0.088
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Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation
conventions that you may not be familiar with if you are not a Mathcad user. Most of these
notation conventions are self-explanatory or easily understood. The most common Mathcad
specific notations in these solutions relate to the equals sign. You will notice the equals sign
being used in three different contexts, and Mathcad uses three different notations to distinguish
between each of these contexts. The differences between these equals sign notations are
explained as follows.

e The “:=’ (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set
equal to) the value of 1234. Another example is X :=y + z. In this case, X is assigned
the value of y + z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the
value of a variable in the equation. For example, in the equation

5.2t - 0,005t = 18568 + 10-(t - 12792 the = is used to tell Mathcad that the value of
the expression on the left side needs to equal the value of the expression on the right
side. Thus, the Mathcad solver can be employed to find a value for the variable ‘t” that
satisfies this relationship. This particular example is from a problem where the function
for arrivals at some time ‘t” is set equal to the function for departures at some time ‘t’ to
find the time to queue clearance.

e The ‘=" (standard equals) is used for a simple numeric evaluation. For example,
referring to the x := y + z assignment used previously, if the value of y was 10 [either by
assignment (with :=), or the result of an equation solution (through the use of =) and the
value of z was 15, then the expression ‘x =” would yield 25. Another example would be
as follows: s :=1800/3600, with s =0.5. That is, ‘s’ was assigned the value of 1800
divided by 3600 (using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is “—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, “(t) = Arrivals(t) - Departures(t) — 2.200-t - 1000-t" Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in
the problem statement, yellow highlighting has been used (which will print as light gray).

L www.mathcad.com
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Determine the hourly volume.

BFFS =65
flw =19
fLc:=0.80
fy:=0.0

leZZ 0.0

FFS :=BFFS - fLW - fLC - fN — le

Yy = 1616
P1:=0.10

Er:=25

v =7 Pr(Ex-1)

PHF :=0.90 f,:=1.0

V i= V- PHF-N-figy -fy

V =3794 veh/h

FFS =62.3

Problem 6.1

(given)

(Table 6.3)
(Table 6.4)
(Table 6.5)

(Table 6.6)

(Eq. 6.2)

(Table 6.1, by interpolation)

(given)

(Table 6.8)

(Eq. 6.5)

(given)

(Eq. 6.3)
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Problem 6.2

Determine the grade length.

V :=5435

(given)
FFS :=62.3 (From Problem 6.1)
Vp = 2323 (Table 6.1)
PHF :=0.90 fp =1.0 N:=3 (given)
v \%
- Eq. 6.3
P PHF-N-figy fy (Eq. 6.3)
fiyy = 0.867
Pr:=0.10 (given)
¢ 1
HV = Eqg. 6.5
1+ PT-(ET—l) (Eq. 6.5)
Et=2.54

Using Table 6.8, the length is found to be between 0.75-1.0 mi

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 6.3

Determine the maximum number of large trucks and buses.

first, determine the heavy vehicle factor
assume urban freeway

BFFS =70 (given)
f=4.5 (Table 6.5)
FFS :=BFFS - fiw - fic - N~ fiD FFS = 65.5 (Eq. 6.2)
1800
PHF .= —— PHF = 0.6429 (Eq. 6.4)
700-4
fp:=1.0 N:=2 (given)
1800 _ 1400 (Eq. 6.3)

V- =
P PHF-N-figy Ty Ty

interpolate from Table 6.1 to find v,

1770 - 1680
Vv, :=1680 + (FFS - 65).| — vV, = 1689
P 70 - 65 P
1400
fHV = v fHV =0.8289
p
now, determine the number of trucks
Et:=25 (rolling terrain) (Table 6.7)
1 1
fHV = = = (Eq 65)
1+ PT-(ET— 1) 1+Pr(25-1) 1+15P7
1
1+ 15-P= —
HV
P1=0.1376
1800-P1 = 247.7143 therefore 247 trucks and buses
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Problem 6.4

Determine the level of service

V := 1800 (given)
po.— 180 Pr=0.1
T= v T=Y
Et:=4.0 (Table 6.9)
f ! f 0.769 (Eq. 6.5)
HV = Hv = Y- + Y
1+ PT~(E-|— - 1)
(given)
PHF :=0.643 N:=2
v Eq. 6.3
V= ——— v, =1819.6  pc/h/in (Ea.6.3)
P PHF-N-fyy P

max service flows at 65 mi/h FFS from Table 6.1
LOS C = 1680
LOS D = 2090

therefore the LOS is D

Alternative solution:

by interpolation,

\Y .

D:=— D = 28.125 pc/mi/ln (Eq. 6.6)
64

26.0<28.1 <35.0 therefore the LOS is D
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Problem 6.5

Determine the driver population factor.

PHF:=0.80 Pr:=008 PR:=006 N:=3 V :=3900 (given)

Solve for fv

Er:=20 Er:=3.0 Table 6.7
fy = ! fiy = 0.833 (Eg. 6.5)
V1 Pr(Er-1)+ Pr(Er- 1) Hv =™
Freeway is operating at capacity, so for FFS = 55 mi/h Vo = 2250 (Table 6.1)
\%
e
PHF fryy/-N-f,
fp = 0.867
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Problem 6.6

Determine the new level of service.

BFFS =60

flyw =19 (Table 6.3) fy:=0.0 (Table 6.5)

flc=0.6 (Table 6.4) fip:=0.0 (Table 6.6)

FFS =BFFS - fiw - flLc - fn—fiD FFS =57.5 mih (Eq. 6.2)

calculate heavy vehicle adjustment
Pr=012 PRr:=0.06
Et:=45 ErR:=40 (Table 6.7)

1
v =7 Pr(Er-1) + Pr(Er - 1)

fiyy = 0.625 (Eq. 6.5)

calculate LOS before and after lane addition

Nqp:=2 Ny :=3 f,:=0.90 PHF:=0.88

p
M - 2275 Vo= 2275 (Table 6.1 by interpolation)
v, = v V = v, -PHF-f\/-Nq - f (Eq. 6.3)
P~ PHF-fyy Ny Ao p HV 1
V = 2252.25
v (Eq. 6.3)

V, R e ——
P PHF-fiyy -Np-fy

sz = 1516.667 pc/h/in LOS D (Table 6.1, by interpolation)

max service flow:

1495 pc/h/In for LOS C
1965 pc/h/In for LOS D

Calculate FFS after lane addition

Fory, of 1517, 3 .= FFS
MV

V,
0. P2 D— 26285 pc/miln LOS D - 26 < 26.3 < 35 (Eq. 6.6)
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Problem 6.7
Determine the LOS.

find the analysis flow rate

(1500-0.03) + (1000-0.04)

=0.034 (average grade)
2500
2500 .
—— =0.473 Mmi
5280
P1:=0.05 (given)
Et:=2.0 (Table 6.8)
f __r f 0.952 (Eq. 6.5)
HV = Hy =0. . 6.
1+ PT~(E-|— - 1)
N:=2.0 PHF :=0.90 fp:=1.0 V = 2000 (given)
V
Vpim o Yy, = 1166.667 pc/h/in (Eq. 6.3)
PHF-N-fryy -f
determine FFS
BFFS := 65 (given)
fN =45 (Table 6.5)
FFS :=BFFS - flyw —fic-fn—fiD FFS = 58.7 (Eq. 6.2)
find level of service
for % = 1167, S=FFS
‘p
D=—— D=19.88 pc/mi/in  therefore LOS is C (Eq. 6.6)
FFS
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Problem 6.8

Determine the numher of vehicles that can he added.

vnrig = 2200 (Example. 6.1}
Pr=015 Tn.mksmig = vmig-F'T Truu::ksmig =330
Wy = 2285 PHF = 0.756 Mo=3 fF' =1.0 Er=25 (Example B.2)

fips = ! (EgqB.5)

HY = Trucksgiq '

1+ T-(ET - 1)
5
W.oo=
P 1
PHF-N- f (Fo. 6.3)
Trl_n::kamig M
1+ T-uET -1j

W= 4593 vehicles
PCogded =% - vl:lrig added vehicles are passenger cars only

PCodded = 2693 passenger cars
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Problem 6.9

Determine density and level of service before and after the ban.

Before:

P1:=0.06 Pg:=0.05

(given)
Erg:=25 (Table 6.7)
f ! f 0.858
HVTB = HvTB = Y- Eq. 6.5
PHF :=0.95 fp:=1.0 N=4 V.,:= 5400 (given)
Vv
Vo= Vi, = 1655.526 (Eq. 6.3)
PHF iy 1gfp'N
BFFS :=70 (given)
fN=15 (Table 6.5)
FFS:=BFFS - fiw - fic- N~ fip FFS = 62.5 (Eq. 6.2)
5,=625 (Figure 6.2)
p
D:=— D=265 pc/mi/ln LOS D (Eq. 6.6)
S
After:
Vnew =V (1~ Pq) View = 5076
NumBuses =V 'PB NumBuses = 270
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NumBuses

P =
Bnew View PBnew = 0.053
Eg:=25 (given)
1
fave = fyg = 0.926 (Table 6.7)
HVB HVB
1+ PBneW-(EB - 1)

(Eq. 6.5)

Vo = Vnew Vi, = 1442.368

A PHF-fiyyg-fy-N P
Eq. 6.3

S =625 (Eq )

V .

D= gp D=231 pc/mi/ln LOS C (Figure 6.2)

(Eq. 6.6)
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Problem 6.10

Determine the density, v/c ratio, and LOS before and after the strike.

calculate free-flow speed

BFFS :=65 (given)
fLc=0.0 (Table 6.4)
fN -=3.0 (Table 6.5)
le -=5.0 (Table 6.6)

. (Eq. 6.7)
FFS:=BFFS -fiw - fic-n—fiD FFS =57 mi/h

calculate volume after bus strike

V1:=3800 P7:=0.02 Pg:=004 PHF:=0.90 Pg:=Py+Pp (given)

Vyi=Vqy —Pg-Vq+ 6-(PB-V1) V, = 4560

calculate heavy vehicle adjustments before and after bus strike

f ! f 0.847 (Eq. 6.5)
HVTB = HvTB = °: o
Vq-P
17T
Calculate new p Pr= P+=0.017
T T v T
2
f ! f 0.938
HVT =T 5 (=1 HvT =0
1+ PT-(ET - 1)
N:=3 fp =1.0 (given)
Vi
Vo1 Vp1 = 1660.741 (Eq. 6.3)

PHF-N-fiyygTy
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Vo1 Vb1 Eg. 6.6
P2 o732 - (Eq. 6.6)
c FFS

D=29.14 pc/mi/ln LOS D

Va (Eq. 6.3)
Vygim———————— V2 = 1801.481
P PHF-N-fipy 1y

v, vV,
LZ =0.794 = LZ D=31.6 pc/mi/in LOS D (Eq. 6.6)
c FFS
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Problem 6.11

Determine level of service.

P1:=0.06 PRr:=0.02 (given)
Et=15 Er:=1.2 (Table 6.7)
f ! f 0.967 (Eq. 6.5)
HV = Hy = 0. . 6.
1+ PT~(E-|—— 1) + PR-(ER - 1)
V :=1300 PHF :=0.85 fp:=0.95 N:=2 (given)
Y, .

Vy=——————— v, = 832.322 pc/mifln (Eg. 6.3)

P PHF-N-fiyy Ty P

FFS :=45 (given)

LOS C, from Figure 6.2

Problem 6.12
Determine the number of vehicles added.
FFS =45 (given)
Vp = 1900 (from Table 6.11)
PHF :=0.85 fp :=0.95 N:=2 (given)
P1:=0.06 PRr:=0.02
Et:=15 ER=12
f ! f 0.967
HV = Hv =Y
1+ P-|—~(E-|-— 1) + PR-(ER - 1)
(from Problem 6.11)
Vprev:: 1300
V = vy PHF-N-fiyy £y V = 2967 (Eq. 6.3)
VvV — Vprev: 1667.239 1667 vehicles can be added to the traffic flow
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Determine the level of service.

Estimate FFS

BFFS :=55+5

fLW =1.9

FFS:=BFFS - flw —flc—-Tv —fa FFS =53.95
calculate analysis flow rate
P1:=008 Pg:=0.02
E1:=3.0
ER:=3.0
1
1+ PT~(E-|—— 1) + PR-(ER - 1)

fhv = fiyy = 0.833

V :=4000 Vveh/h PHF:=0.90 N:=3 f.:=0.95

p
vV

R — v, =1871.345 pc/hin
PHFN-fipy )

S:=515
V,

D:= L
s

D =36.34 veh/mi/ln

LOS E

Problem 6.13

(posted speed limit + 5 mi/h)
(Table 6.3)
(Table 6.13)
(Table 6.14)

(Table 6.15, by interpolation)

(Eq. 6.7)

(given)
(Table 6.8)

(Table 6.9)

(Eq. 6.5)

(given)

(Eq. 6.3)

(Figure 6.4)

(Eq. 6.6)

(Table 6.11 or Figure 6.4)
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Problem 6.14

Determine LOS before and after the development.

Before:
P1:=0.10 PR:=0.03 (given)
Etr:=25 ER:=20 (Table 6.7)
fin = ! fi, = 0.847 (Eq. 6.5)
NV 1epr(Er-1)+Pr(Eg-1) VT
PHF :=0.95 N:=2 §,:=0.90 V :=2300 (given)
v

Vo= v, = 1587.135 (Eg. 6.3)

N-PHF-fiyy - f
BFFS =50+ 5 BFFS =55 (given)
fly =6.6 (Table 6.3)
T c=6+3 Tic=9 (Eq. 6.8)
flc:=0.65 (Table 6.13, by interpolation)
fyg :=0.0 (Table 6.14)
fp:=1.0 (Table 6.15)
FFS:=BFFS - fiywy - fic-fu—fa FFS =46.75 (Eq.6.7)
S:=46 (from Figure 6.4)

‘p
D:=— D=345 which is LOS D (Eq. 6.6)

S
After:

(Table 6.15)
fA :=3.0
FFS :=BFFS —fiyw —fLc - fm — fa FFS = 44.75 (Eq. 6.7)
Vipew = 2700
Y,
new

Vpim v, = 1863.158 (Eg. 6.3)

N-PHF-fiyy f

from Figure 6.4

S:=42 ( 9 )

‘p
D=— D =44.36 which is LOS E (Eq. 6.6)

S
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Problem 6.15

Determine the level of service before and after trucks are allowed.

Before:
Pg:=0.02 (given)
Eg:=35 (Table 6.8)
f ! f 0.952 (Eq. 6.5)
HVB = HvB =~ ¥ T
1+ Pg-(Eg-1]
V :=1900 PHF :=0.80 N:=2 fp1:=1.0 (given)
Vv
Vo = vy = 1246.875 pc/h/in (Eg. 6.3)
PHF-N-fiyyg-fo1
LOS C (from Table 6.11, with FFS = 55 mi/h)
After:
View:=V + 150
Buses := PB-V Buses = 38
Buses
PBnew = Vv PBnew = 0-019
new
150
TEY P1=0.073
new
PTB = PBneW + PT PTB =0.092
f ! f 0.879 (Eq. 6.5)
HV = HvV = Y T
fp2 =0.97 (given)
V
new
v, _— v, =1502.577 (Eq. 6.3)
new new
P PHF-N-figy o2 P

LOS D (from Table 6.11, with FFS = 55 mi/h)
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Problem 6.16

Determine the directional hourly volume.

calculate FFS

BFFS:=55+5 BFFS = 60 (posted speed limit + 5 mi/h)
fic=04 (4 ft right shoulder + 6 ft left (undivided)) (Table 6.13)

fw =16 (Table 6.14)
fp:=2.5 (Table 6.15)

FFS :=BFFS - fiywy —fic—fm —fa FFS =53.6 mi/h (Eq. 6.7)

calculate heavy vehicle adjustment

P:=0.08 (given)

ET:=15 (Table 6.7)

f ! f 0.962 (Eq. 6.5)

HV = HV = U. - U
1+ PT-(ET - 1)

calculate directional hourly volume

fp :=0.90 PHF :=0.80 N=2 (given)

Roadway at capacity, so V= 2062 Vveh/h (Table 6.11, by interpolation 2000 - 2100)

Noi=Vp PHF:-N-fyy fy v =2855  veh/h
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Problem 6.17

Determine the level of service.

calculate the heavy vehicle factor

V :=1990 trucks := 140 buses := 40 rvs:= 10 (given)
_ trucks + buses P 0.09
T~ v T=Y
Pr = PR = 0.005
RT7y R™Y
Et:=15 (Table 6.10)
ErR:=12 (Table 6.7)
f ! f 0.956 (Eq. 6.5)
HV = Hy = 0. . 6.
1+ PT~(E-|—— 1) + PR-(ER - 1)
determine the level of service
N:=2 PHF :=0.85 (given)
fp =1.0 (Assumed)
\%

Vp = v = 1225 pc/h/in (Eg. 6.3)

N-PHF-fiyy fy
BFFS :=5 + 50 BFFS =55 (given)
flc=0.0 (Table 6.13, 6 ft shoulders, divided
fy :=0.0 (Table 6.14)
fa=1 (Table 6.15)
FFS :=BFFS - fy, - fLw — fLc — fa FFS =54 (Eq. 6.7)
S :=FFS

‘p
D:=— D=2268 pc/mi/n therefore LOS is C (Eq. 6.6)

S
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Problem 6.18

Determine the number of vehicles that can be added.

find initial volume

FFS =50
P1:=0.06 PRr:=0.02 (given)
Et:=45 (Table 6.8)
ErR:=4.0 (Table 6.9)
f ! f 0.787 (Eq. 6.5)
HV = Hy = 0. . 6.
1+ PT~(E-|—— 1) + PR-(ER - 1)
N:=3 PHF{ :=0.90 fiy = 0.92 (given)
Vpl .= 1300 (from Table 6.11, for FFS = 50 mi/h, LOS C)
Vq 1=V -PHF Ny Vq = 2543 (Eg. 6.3)
find final volume
Vipp = 2000 (capacity conditions)
PHF, := 0.95 (given)
other variables are same as above
Vg 1= Vo PHF - N-fiyy - fy Vj =4129 (Eq. 6.3)
Vadded = V2 - V1 Vadded = 1586 vehicles
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Problem 6.19

Determine how many access points must be blocked.

calculate analysis flow rate

V := 2500 + 200 trucks := 200 (given)
trucks
T P1=0.074 (Table 6.8)
(Table 6.8)
E1:=20
f _r f 0.931
HV = Hy = Y-
1+ PT~(E-|— - 1)
Vqg =720 (given)
PHF = PHF = 0.938 (Eq. 6.4)
Vq5-4
fp:=1.0 N:=2 (given)
Y,
Vpim o v = 1547 (Eg. 6.3)
PHF-N-fiyyfy
find BFFS
FFS :=55 (given)
fy =16 (Table 6.14)

for f,, first convert the 15 access points in 0.62 mile to the number of
access points per mile

15
—— =242
0.62
fp =6.25 (using a rounded value of 25 access points/mile) (Table 6.15)
BFFS :=FFS + fl\y + fLc + fy + fa BFFS = 64.95 mi/h (Eg. 6.7)

find density and LOS

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



S:=54.5 (interpolated from Fig. 6.4, for FFS = 55)

Y Eq. 6.6
Di=— D =284 (Ea. 6.6)
S
LOS D (Table 6.11)
Determine the number of access points that need to be blocked
D:=26 (to achieve LOS C)
‘p
Si=— S =595 (Eq. 6.6)
D
FFS :=60 (interpolated from Fig 6.4)

for f, = 1.25 mi/h (reduction in FFS), access points per mile = 5 (from Table 6.15)

(fA.4)0_62 =3.1 access points over 0.62 mile (4 to 1 relationship between f, and access
points/mile)
15-3=12 access points need to be blocked
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Problem 6.20

Determine the level of service.

ATS:

V :=180 PHF :=0.90 (given)

\Y;

—— =200

PHF

Pr:=0.15 (given)
Er:=17 (Table 6.18)

1
fiy=————~ fLy, = 0.905 (Eg. 6.5)
HV HV
1+ PT~(E-|— - 1)
fg :=1.00 (Table 6.15)
\Y

Vyi=——————— v, =221 (Eg. 6.11)

P™ PHF-fg-fiyy P

FFS :=65 (given)

fnp =1.9 (Table 6.19, by interpolation)
ATS := FFS ~ 0.00776-v, — iy (Eq. 6.12)
ATS =61.385 mi/h LOSis A (Table 6.21)
PTSF:

Pr:=0.15 (given)
Er:=11 (Table 6.18)
1
fiy=————~ fiy, = 0.985 (Eg. 6.5)
HV HV
1+ PT~(E-|— - 1)
V =180 PHF :=0.90 (given)
fg :=1.00 (Table 6.17)
\Y
Vyi=——————— v, = 203 (Eg. 6.11)
P™ PHF-fg-fiyy P
~0.000879 v,

BPTSF :=100-\1-e BPTSF = 16.342 (Eq. 6.14)
fdnp :=22.0 (Table 6.20, by interpolation)
PTSF := BPTSF + fy, PTSF=38.342 % LOS is B (Table 6.21) (Eg. 6.13)

lower LOS (PTSF) governs, LOS is B
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Problem 6.21

Determine the level of service.

ATS:
V=540 PHF := 0.87 (given)
Vi o — Vi = 620.69
15 = BhF 15 = 040
P1:=0.05 Pr:=0.10 (given)
Et:=1.9 EgR=11 (Table 6.18)
f ! f 0.948
HV = Hv =Y Eq. 6.5
1+ Py (Er-1)+ Pr(ER - 1) (Eq. 6.5)
fg:=0.93 (Table 6.17)
v
Vo= o —— Vpp = 704.116 (Eq. 6.11)
PHF f-fyy
Vf = 275 SFM = 57 (given)
Vi
FFS :=Spp + 0.00776-— FFS =59.251 (Eq. 6.9)
Y
fnp =3.0 (Table 6.19)
ATS := FFS - 0.00776-, — fy, ATS = 50.787 LOS B (Eg. 6.12)
PTSF:
Px,=0.05 PR:=0.10 (given)
Eg=15 Ep:=1.0 (Table 6.18)
f = f 0.976 (Eq. 6.5)
AN Hy = 0. . 6.
1+ PT-(ET— 1) + PR~(ER - 1)
(Table 6.17)
/\f@/:: 0.94
Y
Noi= S v, = 676.816 (Eg. 6.11)
PHF f5-fyy
- 0.000879-v,, (Eq. 6.14)
BPTSF:=100-\1-¢e BPTSF = 44.839
fdnp =175 (Table 6.20)
PTSF := BPTSF + fyn, PTSF = 62.339 LOsSC (Eq. 6.13)

lower LOS (PTSF) governs, LOS is C
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Problem 6.22

Determine the level of service.

ATS:

Pr:=0.04 Ppg:=0.03 PRr:=0.01 (given)
PT = PT + PB

Er=12 ER:=10 (Table 6.18)
f ! f 0.986 (Eq. 6.5)
HV = Hy = 0. . 6.

1+ PT~(E-|—— 1) + PR-(ER - 1)
VNR=440 Vgg=360 V:=Vyg+Vgg V=800 PHF:=0.87 (given)
Y,

—— =919.54

PHF

fg :=1.00 (Table 6.17)

\Y
VpE o v = 932.414 (Eg. 6.11)
PHF-fg iy
BFFS :=60 (given)
fp=4 (Table 6.15)
FFS :=BFFS —fig - fa FFS =54.3 (Eq. 6.10)
fnp =0 (Table 6.19)
mi

ATS := FFS ~ 0.00776-v, - iy ATS = 47.064 o LOSC (Eg. 6.12)
PTSF:

Er=11 ER:=10 (Table 6.18)
f ! f 0.993 (Eq. 6.5)

HV = Hy = 0. . 6.

1+ PT~(E-|—— 1) + PR-(ER - 1)
fg :=1.00 (Table 6.17)
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V

Vp= o Vp = 925.977 (Eq. 6.11)
PHF-fo-fyy
~0.000879 v,
BPTSF:=100-\1-e BPTSF = 55.689 (Eq. 6.14)
\Y
ﬂ - 0.55 S0 a 55/45 split
\Y
fanp = 0.0 (Table 6.20)
PTSF :=BPTSF - fdnp (Eqg. 6.13)
PTSF = 55.689 LOS C, from both PTSF and ATS
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Problem 6.23

Determine the percentage of trucks.

Vq15:=720 (given)
V:=Vg4 V =2880

Vp = 3200

Using ATS adjustment values

f :=0.99 (Table 6.17)
PHF =1
fn = v f, = 0.909 (Eg. 6.11)
BV PHF.15 Hv =™
p

Et:=15 (Table 6.18)
oy s —— (Eq. 6.5)
Hv = . 6.

1+ PT-(ET— 1)
Pr=0.2 P1-100 =20 %
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Problem 6.24

Determine the maximum percentage of no-passing zones.

Determine the flow rate for PTSF

P1:=0.08 Pg:=0.02 Pr:=0.05 (given)
PTB = PT + PB
Er=138 Er:=1.0 (Table 6.18)
f - f 0.926 (Eq. 6.5)
HV = HV =4 o

1+ PTB-(ET— 1) + PR-(ER - 1)
=500 PHF :=0.85 (given)
fg=0.77 (Table 6.17)
Vp = —V (Eq. 6.11)

PHF i fiy
Vp = 825.057 must find new values, since 825 > 600
fe,=0.94 (Table 6.17)
NE&W: 1.5 ER =1.0 (Table 6.18)
iy L f 0.952 (Eq. 6.5)
= HV = U. . .

1+ PTB-(ET— 1) + PR-(ER - 1)

M= v (Eq. 6.11)
PHF i fiy
Vp = 657.071 is between 600 and 1200 pc/h, so ok
Determine the percent no-passing zones
—0.000879 vvp

BPTSF:=100-\1-e BPTSF = 43.874 (Eg. 6.14)

to maintain maximum passing zones and still LOS B, from Table 6.22, PTSF = 55%

PTSF =55
fdnp = PTSF - BPTSF fdnp =11.126 (Eq. 6.13, rearranged to solve for E/np)
percentnlo == 24.32 % (from Table 6.20, with triple interpolation)
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Problem 6.25

Determine the level of service for the 10th, 50th, and 100th
highest annual hourly velumes.

determine the annual hourly volumes

fp =110 AADT = 30000 FFS =70 0=070 (given)
Kip=0.135
Kep=01124 (Fig. 5.7
Kiggp =0.1048
DDHY g = Kqp-D-AADT DDHY (= 2835
DDHYER = Kgp-D-AADT DDHYgR = 2363
DDHY g = Kqgn-D-AADT DDHY g = 2205
fips = 1.0 Ipf 1.0 =2 FPHF = 0.80 (given)
DDHY g
[ r=r— -
P pHF.N.va.fp Vy10 = 1772 pedhiln LOS D
DDHYER
[ N r— -
P pHF.N.va.fp Vps0 = 1477 pefhiin LOS C (Table 5.1}
DDHY g

Vo= —————— g = 1378 pehin LOS
p100 PHF-N Aoy p10d P
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Determine the freeway's AADT. Problem 6.26

Er:=25 (Table 6.7)
1
fy=———— fy = 0.893 (Eq. 6.5)
HV HV
1+ PT-(ET - 1)
PHF :=0.85 N=2 (given)
BFFS =70 (assumed)
fN=45 (Table 6.5)
FFS:=BFFS —fiywy —fic - N~ fiD FFS = 62.4 (Eq. 6.2)
S=5L5 (interpolated)
D:=45.0 (for capacity)
v
D=2 (Eq. 6.6)
S
Dl
Vp =2317.5
Dl
\%
| ——— (Eq. 6.3)
PHF-N-fiyy/-1.0
Dl
V =3517.634
DDHV =V

K:=0.12 D:=0.6
MWV NW

AADT-K-D = DDHV
Dl
veh

AADT = 48856 —
day
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Alternate Solution:

Nov= 2325 (capacity at FFS = 62.4, interpolated from Table 6.1 or 6.2)

Y
V= ——————————
P PHF-N-fiyy-1.0
Do
V =3529.018
\% veh

AADT .= — AADT = 49014 —
MWW e 0y day
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Problem 6.27

Determine the total directional traffic volume.

= = = Table 6.1

fp=1.0 N;=3  v,:=1430 ( )

P1:=010 PR:=0.05 PHF:=0.94 (given)

K :=0.20

MWV

Et:=25 ER:=2.0 (Table 6.7)
= (Eq. 6.5)

1+ PT-(ET— 1) + PR-(ER - 1)
M=V PHE-N-fyfyy, V= 3360 (Eq. 6.3)

VD =

x| <

Vp = 16802 veh/day
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What is the density of the traffic stream?

Problem 6.28

V/;=2000 veh Vi5:=600 Pq:=0.12 PR:=006 N:=3 (given)
BFFS:=70 fp =1.0 (assumed)
mi mi mi mi (Tables: 6.3, 6.4,
le = 6.6 F f|C = 0.8 — fN = 30 — fld =75 F 6.5, 66, respectively)
FFS:= BFFS - i, — fic — fn — fid FFS=52.1 (Eq 6.2)
(Table 6.7)
Ep:=25 Eg =20
fav = : fiyy= 0.806 (Eq 6.5)
1+ P(Ey - 1) + Pr-(Eg - 1)
PHF = — PHF = 0.833
" 6004 e (Eq 6.4)
\Y
v, = ———————— v, = 992 (Eq 6.3)
P PHF-N-fip/f P
for v, =992, S = FFS
M\
Vp .
D:i=— D = 19.04 pc/mifin
S
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Alternative Answers

1) using BFFS instead of FFS (with S = BFFS)
S.=BFFS

Vp

— D=14.171
S

D:
MWV

2) not adjusting for PHF

PHF:=1.0

MWW

Y%
Vg = ——————— v, = 826.667
P PHFN - fiyy £ P

e R D = 15.867

v
D p
521

3) use level terrain PCE values from Table 6.7 instead of rolling terrain

Er=15  Ep:=12

fin = fi, = 0.933
JIE\Y HV
1+ Pr(Er - 1) + Pr(Eg - 1)
V
PHF = —— PHF = 0.833
MWW 600.4
v

Mpn= v, = 857.6
S := FFS S=521
M\

Vp
D= — D = 16.461
Mg
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Determine is the level of service. Problem 6.29

PHF:=0.84 ;= 2500 veh PR:=0.04 N =3 lanes (given)
BFFS:= 70 %' =1 (assumed)
fiy = 6.6 (Table 6.3) f:=3.0 (Table 6.5) ER:=4.0 (Table 6.7)
fig:=2.5 (Table 6.6) fio:=04 (Table 6.4)

Determine free flow speed

FFS:=BFFS - fi,, — f, — fig — fic FFS =575 %' (Eq 6.2)

Determine heavy vehicle factor

1
P fiyy = 0.89 (Eq 6.5)
HV
1+ Pg(Eg - 1)

Determine the flow rate

fy =

Vv
v, =1111.11 pc/h/in (Eq 6.3)

vV, = ———
P PHREN-figy/f, P

Interpolation of Table 6.1

Interpolation of Table 6.1 with a v of 1111.11 pc/h/In yields a level of service of C

Alternative Answers:
1) LOSD
2) LOS A
3)LOS B
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Determine the peak-hour volume. Problem 6.30

Pr:=.06+ .04 PRi=03 ;=094 v, :=1250 pc/Vin _
(given)

PHF:=0.81 N,=2 lanes BFFS:=60.0 m
h
Er:=25 (Table 6.7) ER:=20 (Table 6.7) fiyy = 1.9 (Table 6.3)
fio:=1.3 (Table 6.13, with TLC =4 + 2 = 6 from Eq 6.8) fa :=0.0 (Table 6.14)

fa =125 (Table 6.15, by interpolation)

Determine free flow speed

FFS = BFFS — fic — fiyy — f1 — Ta FFS = 56 %' (Eq 6.7)

Determine heavy-vehicle factor

1
fiv="T2 Pr(Er—1) = P (=1 fryy = 0.847 (Eq 6.5)

Determine peak-hour volume

veh
V;=Vp-PHFN i\ f V=1613.14 e (Eq 6.3, rearranged)

p p
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Alternative Answers:

1) Reverse V and v

V= 1250 ﬂh Npa= v Vp = 969 ﬂh (different units, supposed to be
v h PHF~N'vafp h pc/h/in)

2) Use fp of 1.0

V=1329.79 —

=10 =V 0 -

fax PHF-N-fyp\/f

p
3) switch bus/truck and recreational vehicle percentages

PRy=010  pr:=003 f:=094

A= T Pr-(Er - 1) + Pr(Eg - 1) Thv=1

veh
;= vp-PHF-N-fHpr V =1288.21 T
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Estimate the free flow speed (in mi/h).

Problem 6.31
N,:=3 lanes PostedSpeed := 50 %‘ (given)
BFFS := PostedSpeed + 5 BFFS =55
look up adjustments
TLC=64+ 2 (LC, = 6 ft since undivided highway) (Eq6.8)
fLyy =00 %‘ (Table 6.3) f, =09 %‘ (Table 6.13)
f\g =16 % (Table 6.14) fo =05 (Table 6.15, with interpolation)
calculate free-flow speed
FFS:=BFFS—fl \w - fLc—fu - fa FFS = 52 %' (Eq 6.7)
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A six-lane undivided multilane highway (three lanes in each direction) has 12-ft lanes with 2-ft
shoulders on the right side. Estimate the free flow speed (in mi/h).

N,:=3 lanes PostedSpeed := 50 % (given)

BFFS := PostedSpeed + 5 BFFS =55

look up adjustments

TLC:=6+ 2 (LC, = 6 ft since undivided highway) (Eq6.8)
mi mi
fLy =00 F (Table 6.3) flc:=09 F (Table 6.13)
fp =16 mi (Table 6.14) fp =05 (Table 6.15, with interpolation)
h
calculate free-flow speed
mi
FFS:=BFFS—fl \w - fLc—fu - fa FFS=52 -~ (Eq 6.7)
Alternative Answers
1) Use freeway free-flow speed equation
mi mi mi
fLc:=16 F fy:=3.0 F fip=75
mi

FES:=BFFS—fi\w-fLc—fn—fiD FFS=43 - (Eq 6.2)

2) Use TLC = 2-ft
mi
f| = 2.8
) mi
3) Misinterpolation of Table 6.15
mi
AI:AA:: 25 F
mi

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Determine the analysis flow rate, based on average travel speed. Problem 6.32

mi .
PHF:=002  \;=550--  Pr:=.07+.03 PR =07 (given)

determine heavy vehicle adjustment factor

fg:=0.93 (Table 6.17; >600-1200)
Er =19 (Table 6.18; >600-1200)
ER:=11 (Table 6.18; >600-1200)

1+ P(Ey - 1) + Pr(Eg - 1)

determine 15-min passenger car equivalent flow rate

\Y

v, = —————— v, = 705 pc/h (Eq 6.11)
P PHRfefyy P
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Alternative Answers
1) Misuse Tables 6.17 and 6.18
I5,=0.71 (Table 6.17; 0-600)

Eri=25 (Table 6.18; 0-600)
Epy=11 (Table 6.18; 0-600)

1+ Pr(Er - 1) + Pr(Eg - 1)
V

V, = ——————— v. =974 pc/h/in
M PHEf G fiy P

2) Don't include percentage of buses

Px=0.07

/565}: 0.93 (Table 6.17; >600-1200)
Ex=19 (Table 6.18; >600-1200)

Ep=11 (Table 6.18; >600-1200)

T1+Pp(Er-1) + PrEr - 1)

Y%
V= ————— v, =688  pc/h
M PHEf G fiy P

3) Use Equation 6.3 for flow rate

N :=2 f,.=1 W:: 0.912

MW p

Y%
V= ——————— v,=328  pch
PN PHEN-fiyy £ P
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Determine the number of lanes reqguired to provide at least LOS D. Problem 6.33

PHF:=0.88 D:=065 FFS:=70 %' AADT :=75000 (given)
fp =10 fyy =10 (assumed)
(Figure 6.7)

Calculate directional design-hour volume

DDHV:=KgyD-AADT (Eq 6.16)

From Table 6.1, the maximum service flow rate for LOS D at 70 mi/h is 2150 pc/h/In.

Assume a four-lane freeway. Use Eq 6.3

N :=3 lanes
NN
DDHV
Vpi= o vp = 2031.25 pc/hiin (Eq 6.3)
PHF-N-f, iy

This value of Y is less than 2150 pc/h/In, so six lanes (both directions) is sufficient.

Alternative Answers:

4 lanes, 8 lanes, 10 lanes

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Solutions Manual
to accompany
Principles of Highway Engineering and Traffic Analysis, 4e

By
Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski

Chapter 7
Traffic Control and Analysis at
Signalized Intersections

U.S. Customary Units

Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.




Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation
conventions that you may not be familiar with if you are not a Mathcad user. Most of these
notation conventions are self-explanatory or easily understood. The most common Mathcad
specific notations in these solutions relate to the equals sign. You will notice the equals sign
being used in three different contexts, and Mathcad uses three different notations to distinguish
between each of these contexts. The differences between these equals sign notations are
explained as follows.

e The “:=’ (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set
equal to) the value of 1234. Another example is X :=y + z. In this case, X is assigned
the value of y + z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the
value of a variable in the equation. For example, in the equation

5.2t - 0,005t = 18568 + 10-(t - 12792 the = is used to tell Mathcad that the value of
the expression on the left side needs to equal the value of the expression on the right
side. Thus, the Mathcad solver can be employed to find a value for the variable ‘t” that
satisfies this relationship. This particular example is from a problem where the function
for arrivals at some time ‘t” is set equal to the function for departures at some time ‘t’ to
find the time to queue clearance.

e The ‘=" (standard equals) is used for a simple numeric evaluation. For example,
referring to the x := y + z assignment used previously, if the value of y was 10 [either by
assignment (with :=), or the result of an equation solution (through the use of =) and the
value of z was 15, then the expression ‘x =” would yield 25. Another example would be
as follows: s :=1800/3600, with s =0.5. That is, ‘s’ was assigned the value of 1800
divided by 3600 (using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is “—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, “(t) = Arrivals(t) - Departures(t) — 2.200-t - 1000-t" Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in
the problem statement, yellow highlighting has been used (which will print as light gray).

L www.mathcad.com
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Problems 7.1

Determine the maximum length of the effective red.

800 1500 :
A= —— L =0.222 oi=— n=0.417 (given)
3600 3600
A Eq. 5.27
p == p = 0.533 (Eq. 5.27)
i
C:=60 (given)

at queue clearing

r+to+10=C SO
t0=C—r—10

p-r
t0=
(1-p)

(Eq. 7.7)

p-r
(1-p)

C-r-10=

r=23.3 sec
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Problem 7.2

Determine the approach flow and cycle length.

determine cycle length

1000 .
r=230 0y :=8333 =— =0.273 wehis Given
i b= B (Given)
from the area of a triangle (1/2*base*height)
base =r, height = »*C
A-C
Dy = -
2
and
S . e .
A-C=pg (arivals = capacity) ar A= = (Given)
and
g=C-r (Eg. 7.49)
substituting
G- NopuuTe e : .
?L:—I-L( :I - 1:—“ it} - ?L:I-L——I-L—r - ?L:I_L—I-L—r
" " " o »
substituting into Dy equation yields
-
D, = (O - per)
2
solving for C yields
C=50 sec
determine approach flow rate
b= - %r a=0.111  vehis 43600 = 400 veh/hr
arrivals = &-C arrivals = 556 weh arriving in one 80 sec cycle
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Problem 7.3

Determine the average vehicle delay.

C:=60 g:=25 (given)
r=C-g r=35 (Eq. 7.5)
1400
Si=—— s =0.389
3600
500 .
A= —— L =0.139 (given)
3600
i=s u=0.389
A
pi=— p =0.357 (Eq. 5.27)
il
r2
d=—— d=15.88 siveh (Eg. 7.12)
2:C-(1-p)
Problem 7.4
Determine queue dissipation time.
r:=40 Q=8 (Given)
A= 9 A=0.2 given vehicles over a given time period
;
1440 .
— - 04 (Given)
" 3600 "
by
il
o
to = —2 to =40 Sec (Eq. 7.7)
(1-p)
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Determine the arrival rate. Problem 7.5

calculate the effective red time

. 1500 - 0.416667
* = 3600 H=s
G,=60 (Given)

D:=5.78-60 D=346.8

for delay, a graph of the queue gives the area between the arrival and departure curves as

C(9-4+r-0) triangle above rectangle for full cycle
Areay = ——
2
rectangle for full cycle
Area, = C-4
g(r-C+4-2) triangle under departure function for green time
Areag = -

D= Areal + Area2 + Area3

the )s will cancel out, giving

_C'(9_4+g)+ _g-(C+4—2)

D C4

plug in variables to solve for g

Il
g=43.2

r=C-g r=16.8 sec (Eq 7.5)

calculate the arrival rate

by inspection of the queue diagram

Ar=9-4

[l
L =0.298 veh/s

%-3600=1071.4 veh/h
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Problem 7.6

Determine the total vehicle delay until complete queue clearance.

calculate the number of vehicles after one cycle

C=60 g=40 sec (rgiven)
r=0C-q (Eqg. 7.5)
r=20 sec
s00 1800 .
A= —— an=0139 weh's =— =05 wehfs iven
0% 3 0 "% " (giver)

calculating the continuously increasing arrival rate

- 200
_ &0
5l 3.333 wehfhrisec = 00009258 wvehisis
3e00

A (1) = g + 0.0009259 -1

so the number of cumulate vehicles arrvals is as follows:

Artivals (t) = J 0.139 + 0.0009259 1 dt
Autivals (t) = 0.139-t + 0.00046295 1

First cycle delay:

after one cycle,  Amivals(C) = 10.01  vehicles will have anived

The 10 atrivals plus the 16 in the gqueue at the beginning of the cycle gives a total of 26 artivals
duting this cyele. 20 wehicles (0.5%40) will have departed during the first cyele. 3o 6 wehicles will
be it the queue at the start of the second eycle.

(11}
delay 4 = 01391 + 0.00046295 4 dt | + 16.C - 2
1=t 0 5

delayqgy = 843832 vehes
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Titne to gueue clearance after start of second cycle

for queue dissipation in the second cycle at time t after the start of the cycle

16+ 0.139-(t + B0} + 0.00046295(t + 80)* = 20 + pt

solving for t gives

t=37.4 =

so the queue will clear

t+80=117.4 after the begining of the effective red aof the first cycle

Second cycle delay:

t(051)

a0
delayony = j 0139t + 0.00046295 7 dt | - 4(t + 1
60

delay;, g = 344.779  veh-s

delayygi4 = delayq o + delayag

delayyi4 = 11883 veh-g
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Problem 7.7
Determine the arrival rate.

3600 _q (given)
P 300 "7
C:=60
NW

at queue dissipation

A(C-8)=p(C-8-1)

13
Y

r

substituting and solving for

A-(C-8)= -(c—s—l—Bj

Il
L =05 %-3600 = 1800 veh/h
13
r=— r=26
A

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 7.8

Determine the total vehicle delay.

find the arrival rate

1800
o= — n=0.5 veh/s

3600 (given)
C:=80 s

arrival rate during eff. green = 2, (arrival rate during effective red)

Aq =79-2 difference between queue at beginning and end of effective red

Aq =5.9

by inspection of a queuing diagram, we find that equating vertical distances gives
2+A(C-g)+2r-g=pg (1) (note thatr=C - g)

and

A(C-9) = Aq
or

g=C-— @

with two equations and two unknowns (3, g), substituting (2) into (1) gives

e e ol 3k 3

solving for), yields two solutions

A1 =0.118  vehls

Ap=0.157  Vvehls

both )'s are feasible, so we must find two delays

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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determine total delay based on first arrival rate

Aq
glI:C—— 91:298

M
r1=C-g; (Ea7.3)
r; = 50.2

Dy := . t— D; =366.2 veh-sec

determine total delay based on second arrival rate

Aq
92::C—— 92:424

Ao
rp=C-gy (Ea7.3)
ry=37.6

D2 =

+ D, = 353.6 veh-sec
2 2
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Problem 7.8

Alternate Solution with 8.0 vehicles in the queue.

Determine the total vehicle delay.

find the arrival rate

1800
W= - u=0.5 veh/s

3600 (given)
C:=80 s

arrival rate during eff. green = 2, (arrival rate during effective red)

A,=8-2 difference between queue at beginning and end of effective red

by inspection of a queuing diagram, we find that equating vertical distances gives
2+A(C-g)+2r-g=pg (1) (note thatr=C - g)

and

A(C-9) = Aq
or

g=C-— (2

with two equations and two unknowns (3, g), substituting (2) into (1) gives

e e ol 3k 3

solving fory, yields two solutions

Ay =0125  vehls

Ay =0.15 veh/s

both )'s are feasible, so we must find two delays

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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determine total delay based on first arrival rate

Aq
gl =C-— gl =32
M
r1=C-g; (Ea7.3)

rl:48

Dy = + D, =368 veh-sec
2 2

determine total delay based on second arrival rate

Aq
92 =C-— 92 =40
Ao
rp=C-gy (Ea7.3)

r2:40

D2 = +
2 2

D, =360 veh-sec
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Problem 7.9

Determine the total vehicle delay.

S 900

s:=1800 p:= n=0.5 A=—— A=0.25 (given)
3600 3600
C:=60 r.=25
g=C-—r g=35  sec (Eg. 7.5)
1 1 h
Dy ::E«[6+ (6+7v60)]~60—5-(g«p)-g D;=503.75 veh-sec

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 7.10

Determine the total delay.

1064
Li=—— A =0.206 Vveh/s
3600
s .
s:=2640 veh/h = =0.733 veh/s (given)
n H 3600 H
solving for t
3+A-t=10
7
ti=— t=23.7 sec
A
solving for effective red
r=t+8 r=31.7 sec
9:=15 (given)
Ci=r+g C=146.7 (Eg. 7.5)
by :=g
bl =C 2
hy:=[3+ (3+1-C)] hy:=g-p

1 1 veh-sec
Dy 3:E'b1'h1_5'b2'h2 D; =379.6

1
13+ (3+k~C)]~C—E~(g~u)-g D; = 379.6

N |-
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Problem 7.11

Determine the total vehicle delay.

find the arrival rate

1800 .
oi=— w=05 veh/s C:=80 s (given)
3600
6
A= —
r
g=C-r (Eq. 7.5)

substituting and solving for r
(10+A-9) —png=2

[10+ 2 (C-PD]-p(C-n=2

o o)

100+—(C-nN|-p(C-n=2
r

480
8+ —-6-40+05r=0
r

480
— +05r=38
r

O.5~r2 -38r+480=0
6

r=16 Ai=— A =0.375
r

find total delay

1 1 1
Dy ::E-(4 + 10)-r + E-[ 10+ [4 + (0.375-C)]]-(C-1) — E-[;p(C -n]-(C-vr)
D; = 496 veh - sec

Alternative Solution

(03 C-r
4.C + J 0.375-t dt — J 0.5-t dt = 496.006 veh - sec
0 0
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Problem 7.12

Determine effective green and red times and the total vehicle delay.

C:=60 s
(given)

A(t) :=0.22 + .012-t

Arrivals(t) ::J A(t) dt — .220-t + 6.00-10° .12

Arrivals(C) =34.8 veh

to clear at the end of the cycle AC= g

W 3600 w=1 vehls (given)

"~ 3600

Arrivals(C)
g=—— g=34.8 sec
I

Eq. 7.5

r=C-g r=25.2 sec (Eq )

determine total delay
60 1
Delay := J Arrivals(t) dt | — Eg-(pg) Delay = 222.5 veh-sec

0
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Problem 7.13

Determine the total vehicle delay.

Aq o= 800 Aq =0.222 Aq-40 = 8.89
1 3600 1= ==
=200 Ao =0.139 Ay-(120 — 40) = 11.11 (given)
2" 3600 2= 2 T
1200 =0.333 20 = 6.667
" 3600 H== e =

By inspection of the queuing diagram, (with 8.89 vehicles arriving and 6.67 departing at the end of
the first cycle and 14.45 and 13.34 arriving and departing at the end of the second cycle) we find
that the first cycle delay is (using triangles)

Dy =1111 veh - sec

40-8.89 20-6.67
Dl = -
2 2

similarly, second cycle delay is:

(14.45 - 8.89)-40  (13.34 — 6.67)-20

Dy =133.7 veh - sec
2 2

Dy :=40-(2.23) +
Therefore, total delay 2 cycles later is

111.1 + 133.7 = 244.8 veh - sec
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Problem 7.14

Determine the vehicle arrival rate.

1300
5:= 1300 L= —— w=0351 wehis
2600 (given)
k=05 =1 T=025
=00 g=20 sec
r=0C-q r=35  sec (Eqg. 7.5)
Assuming isolated signal {| = 1.0) and dy =0
d= d1 + 34 dz = 34
Bk1-X
d2=9DD-T-{(}{—1j+J(}{—‘Ij2+ j| (Eq. 7.18)
cT
A-C
i c=s2  c=541667
R c
Bkl

2
342 900.T. [3-1]+ [1-1] ; :
C C c-T

y=530721 weh/h
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Problem 7.15

Determine the arrival flow rate and the cycle length.

calculate cycle length

dy=11.25 g="40 #=08 s = 1600 (given)
salving for C
2
uac{1-%]

dq = (Eg. 7.15)

1-[%5]

”
=80 Sec
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Problem 7.16

Determine the sum of critical flow ratios.

330
NBL := —— NBL = 0.194
1700
365 "
SBL ;=—— SBL = 0.209 phase 1 critical
1750
1125 ”
NBTR:= —— NBTR=0.331 Pphase 2 critical
3400
1075
SBTR :=—— SBTR = 0.326
3300
110 ”
EBL :=— EBL = 0.169 phase 3 critical
650
80
WBL = — WBL =0.133
600
250
EBTR .= —— EBTR = 0.143
1750

285
WBTR = —— WBTR = 0.158
1800

Yvs:=SBL + NBTR + EBL 2vs =0.709
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Determine the sum of the critical flow ratios.

Problem 7.17

Phase 1 Phase 2
EEL = & EEL=0.14 EETR = ﬁ EETE = 0.291

1780 33A0
WWBL = E WWBL = 0.133 WWETR = @ WWEBTR = 0.303

1725 3400
Phase 3 Phase 4
SBL = E SEL=0.148 MEBEL = % MEL = 0.132

1725 1700
SETR = ﬁ SETR =0.134 METR = E NMETR =0.123

1780 1780
=vs = EBL + WETR + SBL + NBL =vs = 0.723
Problem 7.18
Determine X&
C:=95 (given)
L:=54 L=20
Yvs:=0.235+ 0.250 + 0.170 + 0.125 (given)
>vs=0.78
L-
C= % (Eq. 7.20)
XC — 2Vs

X, = 0.988
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Problem 7.19

Determine the estimated effective green time of the fourth phase.

L=404  L=16 C = B0 (given)
A Ay

saolve for 4th phasze walume

oo 16L+5
B 200 187 210 y (Eq. 7.21)
- + + +
1800 1800 1800 1800
¥ = 333

solve for total volume

200 + 187 + 210+ x = 530

X

4= 70 (C-L) q=15755 sec roundedto 16 sec
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Problem 7.20

Determine the minimum cycle length and phase effective green times.

calculate cycle length
flow ratios - 0.225, 0.175, 0.200, 0.150 (given)

lost time per phase - 5 sec L:=5-4 L=20 sec

X :=0.85 (given)
Svs:=0.225 + 0.175 + 0.200 + 0.150 Svs=0.75

L%
C Cmin =170  sec (Eq. 7.20)

min -~ X, — Tvs

calculate green times for each phase

min
g7 = (0.225)- g1 =45 sec (Eq. 7.22)
X
C .
min
= . - Eq. 7.22
g, :=(0.175) X g,=35 sec (Eq )
C .
min
g3 = (0.200)- g3 =40 sec (Eq. 7.22)
X
C .
min
04 = (0.150)- gq =30 sec (Eg. 7.22)
X
g1 +09p+03+0p+L=170 sec checks

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 7.21

Determine the minimum cycle length and effective green times.

calculate the minimum cycle length

365
SBL :=—— SBL =0.209
1750
1125 .
NBTR:= —— NBTR=0.331 (given)
3400
110
EBL .=— EBL = 0.169
650
¥vs:=SBL + NBTR+ EBL Yvs=0.709
L:=43 L=12 (given)
L-0.9
i = —————— (Eqg. 7.20)
miN"™" 0.9 - svs
Crmin = 56.451 rounds to 60 sec
C:=60 sec
calculate the effective green times
>vs-C
= Xz = 0.886 (Eqg. 7.20)
C-L
g SBL < g 14.1 sec
1 = o — 1= 5
X
C
gy =NBTR-| — gy =224 sec
X
g EBL < g 11.5 sec
3 = o — 3= 5
X
g1 +9p+93+L=60 sec checks
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Problem 7.22

Determine the northbound approach delay and level of service.

calculate northbound left delay

C:=60 g :=14.127 NBL := 330 s :=1700 (given)

X =0.824 (Eg. 7.22)

2
9
05C|1-—
C

9L
1-— —_
4t C
T:=025 k:=05 [:=1.0 (assumed)
9L
cL:= SL'E c| =400.265 (Eq. 7.6)
2 8 k-I-XL
dpp =900 (X - 1)+ [(X -1)"+ dy =17.322 (Eq. 7.16)
CLT
PF:=10 dg =0 (assumed)
calculate northbound through delay
OTR:=22.411 NBTR:=1125 sTR:= 3400 (given)
NBTR
9TR
Rl
2
9TR
05C|1-—
C
dyTRr=17.597

diTR=
1| x 9TR
TR™G
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9TR

CTR = STRT CTR =1269.957
T:=0.25 k:=0.5 1:=1.0

5 8-k I-XTR
dyTR=900-T| (X - 1)+ [ (Xrr—1)"+ — dyrR = 9.312

TR

PF:=1.0 dSTR:O
calculate northbound total delay
d:= d=297 sec/veh LOSisC (Table 7.4)

NBL + NBTR
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Problem 7.23

Determine the southbound approach delay and level of service.

calculate southbound left delay
C:=60 g =14127 SBL:=365 s :=1750 (given)

SBL
S X =0.886 (Eg. 7.22)

9L
1- —
4t C
9L
T:=025 k:=05 :=1.0 (assumed)
2 8 k-I-XL
dpp =900 (X - 1)+ [(X -1)"+ dy =23.316 (Eq. 7.16)
CLT
PF:=10 dg =0 (assumed)
calculate southbound through and right delay
gTR:=22.411 SBTR:=1075 STR:=3300 (given)
NI SBTR
TR 9TR XrR = 0.872
Rl

2
TR
05C|1-—
C

diTR:=
1.1 % 1R
TR ¢

dyTR= 17.463
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9TR

CTR = STRT CTR =1232.605
T:=025 k:=0.5 [:=1.0
, 8klIXR
dyTR=900-T| (g - 1)+ [ (Xrr—1)" + T dy7R = 8.658

PF:=1.0 dSTR:O

calculate southbound total approach delay

" SBL+SBTR

31 sec/veh LOS=C (Table 7.4)
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Problem 7.24

Determine the westbound approach delay and level of service.

calculate westbound left delay

N(;V:: 60 g =11.462 WBL =80 S| =600 (given)
WBL
X =— X =0.698 (Eq. 7.22)
9L
S ] —
Llc
2
9L
0.5-C|1- <
9L
1-— —
% C
9L
cL= SL.E c =114.62 (Eq. 7.6)
JT=025 k:=05 [:=1.0 (assumed)
> 8 k~I-XL
dpp ==900-T- (X - 1)+ [(X -1} + dyy = 29.769 (Eq. 7.16)
CLT
PF:=10 dg =0 (assumed)
calculate westbound through and right delay
OTR:=11.462 WBTR := 285 sTR = 1800 (given)
NI WBTR
TR 9TR XrR = 0.829
Rl

2
9TR
05C|1-—
C

diTR=
1| x 9TR
TR

diTR= 23.326
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9TR

CTR = STRT CTR = 343.86
T:=0.25 k:=05 1:=1.0
M\ M\ M
, 8klXpg
dpTR=900-T| (Xer—1) + [(Xrr—1)" + T dyR = 20.101

NI?/\AFN:: 1.0 d3TR =0

calculate westbound total approach delay

d:= d=454 sec/veh LOSis D (Table 7.4)
WBL + WBTR
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Problem 7.25

Determine the eastbound approach delay and level of service.

calculate eastbound left delay

C =60 g =11.462 EBL :=110 s =650 (given)

MWV

X_=0.886 (Eq. 7.22)

9L
1-— —_
% C
9L
cL= SL.E cL=124.172 (Eq. 7.6)
JT=025 k:=05 [:=1.0 (assumed)
> 8 k~I-XL
dpp ==900-T- (X - 1)+ [(X -1} + dyy = 54.559 (Eq. 7.16)
CLT
PF:=10 dg =0 (assumed)
calculate eastbound through and right delay
OTR:=11.462 EBTR := 250 sTR = 1750 (given)
NI EBTR
TR" 9TR Xrr = 0.748
R

2
IR
05C|1-—
C

diTR:=
1| x 9TR
TR

dyTR = 22.905
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9TR

CTR = STRT CTR = 334.308
T:=0.25 k:=0.5 1:=1.0
M\ M\ M

5 8-K:I-XrR
dpTR=900-T| (Xer—1) + [(Xrr—1)" + — dorR = 14.191

TR

NI?/\AFN:: 1.0 d3TR =0
calculate eastbound total approach delay
d:= d = 49.65 sec/veh LOS is D (Table 7.4)

EBL + EBTR
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Problem 7.26

Determine the overall intersection delay and LOS.

Phase 1 Phase 2 Phase 3
NBL := 330 NBTR:=1125 EBL :=110
SBL :=365 SBTR:=1075 WBL :=80
EBTR := 250
WBTR := 285
dyg =29.7 dgp :=31.0 dyp =454 dgg:=49.65  (from previous questions)
Using Eq. 7.28:

(NBL + NBTR)-dyg + (SBL + SBTR)-dgg + (WBL + WBTR)-d\yg + (EBL + EBTR)-dgg

d =
total (NBL + NBTR) + (SBL + SBTR) + (WBL + WBTR) + (EBL + EBTR)

dotq = 33.8 sec/veh LOSisC (Table 7.4)
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Problem 7.27
Determine the optimal cycle length and the corresponding
effective green times.

flowe ratios - 0.209, 0,331, 0,169 (calculated in Prob. 7.16)
calculate total lost time

lost time per phase - 4 sec (given)

L=43 L=12

Zwvs =0.209 + 0.331 + 0.169 Zws =0.704

calculate optimal cycle length

1.5-L+5
Cogp=—— Eg. 7.21
ot 90— Evs E :
Cnpt = 79035 used rounded value of 30 5 Copp=00  sec
calculate phase effective green times
CDp -L
gy = (0.209)- gy =20 sec (Eg. 722
BV
= (0.331] Fopt =L ~317  sec (Eq. 7.22)
gz = | T gz = . L
= (0.169] Fopt =L ~162  sec (Eq. 7.22)
g3 = | T g3 = . L
oy + 0y +0g+L=80 checks
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Problem 7.28

Determine the minimum cycle length and effective green times for each phase.

find minimum cycle length

245
EBL :=—— EBL =0.14
1750
1030
WBTR ;= —— WBTR = 0.303
3400
255
SBL i=—— SBL =0.148
1725
225
NBL := —— NBL = 0.132
1700
2vs:=EBL + WBTR + SBL + NBL 2Zvs=0.723
L:=4-4 L=16 XC =0.95
L-XC
Crmin = X - Zvs (Eq. 7.20)
Crin = 66.996 rounds to 70 seconds C=70 sec

find effective green times

_ >vs-C _0.937
T Cc-L % =0
g EBL < g 10.5 sec
1 = — 1= 5
X
C
gy =WBTR-— gy =22.6 sec
X
g SBL < g 11 sec
3 = -—_— 3 =
X
g NBL < g 9.9 sec
4 = — 4= 9.
X

gl+gz+g3+g4+ L=70 checks
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Problem 7.29

Determine the northbound approach delay and level of service.

calculate northbound left delay

C:=70 g =9.884  NBL:=225 s :=1700 (given)

X =—— X_=0.937 (Eq. 7.22)

9L
1- —_
4t C
9L
cL:= SL'E cL =240.04 (Eq. 7.6)
T:=025 k:=05 l:=1.0 (given)
2 8 k-I-XL
do) :=900-T- (x,_ - 1) + (x,_ - 1) + dy| = 43.883 (Eq. 7.16)
CLT
PF:=10 dg =0 (given)
calculate northbound through and right delay
OTR = 9.884 NBTR:=215 STR'= 1750 (given)
N NBTR
TR 9TR Xrr=0.87
L

2
TR
05C|1-—
C

1| x 9TR
TR C
9TR
CTR = STRT CTR =247.1
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T:=025 k:=0.5 [:=1.0

8-k-1-X
2 TR
dpTR=900-T| (Xqr—1) + [ (Xrr—1)"+ — dy7R = 31.652
TR
PF:=1.0 dSTRZO
calculate northbound total approach delay
d:= d=675 sec/veh LOSisE (Table 7.4)

NBL + NBTR
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Problem 7.30

Determine the southbound approach delay and level of service.

calculate eastbound left delay

C/=70 g =110 SBL := 255 s, =1725 (given)

NV

SBL
X =—F< X =09 (Eqg. 7.22)
9L
S Y pp—
Ll c
2
gL
05-C:|1- E
9L
1— —
% C
9L
cL= SL.E cL=2711 (Eq. 7.6)
JT=025 k:=05 [:=1.0 (assumed)
> 8 k~I-XL
doy =900-T- (x,_ - 1) + (xL - 1) + dy =413 (Eq. 7.16)
CLT
PF:=10 dg =0 (assumed)
calculate southbound through/right delay
(given)
OTR = 11.0 SBTR:=235 STR'= 1750
SBTR (Eq. 7.22)

XrR=0.9

Xrpi=———————
TR*
. 9TR
TR| ¢

2
9TR
05.C:|1-—
C (Eq. 7.15)

1| x 9TR
TR c
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TR (Eq. 7.6)
CTR = STRT CTR =275

(assumed)
T:=0.25 k:=0.5 |:=1.0
M M M
8-k-1-%
2 TR (Eq. 7.16)
CTR
(assumed)
NI?/\AFN:: 10 d3TR = O
calculate southbound total approach delay
d:= d=635 sec/veh LOSIisE (Table 7.4)

SBL + SBTR
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Problem 7.31

Determine the westbound approach delay and level of service.

calculate westbound left delay

C:=70 g :=10.455 WBL := 230 s =1725 (given)
X, - WBL
' oL X =0.893 (Eq. 7.22)
S| —=

9L
1-— —_
4t C
9L
cL:= SL'E c =257.641 (Eq. 7.6)
T:=0.25 k:=0.5 1:=1.0 (assumed)
2 8 k-I-XL
dpy =900 (X - 1)+ [(X -1)"+ dy = 34.079 (Eq. 7.16)
CLT
PF:=10 dg =0 (assumed)
(Eq. 7.14)
calculate westbound through and right delay
OTR:=22.623  WBTR:=1030 sTR:= 3400 (given)
WBTR
9TR
Rl
2
9TR
05C|1-—
C

diTR=
1.1 % 1R
TR ¢
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9TR

CTR = STRT CTR =1098.831
T:=0.25 k:=0.5 1:=1.0

5 8K I-XrR
dyTR=900-T| (g - 1)+ [(Xrr—1)"+ — dyo7R = 15.732

TR

PF:=1.0 dSTR:O
calculate westbound total approach delay
d:= d=432 sec/veh LOS is D (Table 7.4)

WBL + WBTR
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Problem 7.32

Determine the easthound approach delay and level of service.

Calculste easthound |eft delay

C=70 g =105 EBL =245 5 = 1750 (from Prab. 7.28)
EBEL
R —— # =0533 (Eg. V.22
gL
SL' E
q
D'E'C'[MEL] Eq. 7.15
dy = dy = 29.4 (Eq. 7.15)
q.
1-¥ —
( c ]
5L
C = SL-E o = 2625 (Eg. 7.B)
T=020 k=05 l=1.0 (agsumed)
5 Bkl
dy = 500-T- (}{L— 1) + (}{L - 1) + do = 40.723 (Eg. ¥.18)
EL-T
FF=1.0 dg =0 (agsumed)
I2||_:= I2|1 L-F'F+ d2L+ I2|3|_ I2||_=F'r|:|.12?r (Eq. ?.14}

Calculate easthound through and right delay

orR =226 EETH =975 sTR = 3350 (frarm Frob. 7.28)

EETH

T o)
STR{T]

2
g
C

d1 TR=
C

¥rR = 0.901

dy1R = 22.64 (Eq. 7.15)
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T=02 k=058 1=10

9TR
ETR = STRT ETR = 1081.571
. BKIAR
CTR-T
F'F = 1|:| dSTR = |:|
Calculate easthound total approach delay
EBL-d, + EBTR-drp
d:= d=4118 secieh LOS iz D (Tahle 7.4)

EEL + EBTR
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Problem 7.33

Determine the overall intersection delay and level of service.

calculate overall intersection delay by a weighted average of approach delays

EBL =245 WBL =230 SBL : =255 NBL =225
EBTR:=975 WBTR:=1030 SBTR:=235 NBTR:=215
dyg:=67.50  dgp :=62.86 dyp =43.22 dgp=41.85
Using Eg. 7.28:

(NBL + NBTR)-dyg + (SBL + SBTR)-dgg + (WBL + WBTR)-dyyg + (EBL + EBTR)-dgg

d =
total (NBL + NBTR) + (SBL + SBTR) + (WBL + WBTR) + (EBL + EBTR)

dota = 48.7 sec/veh LOSis D (Table 7.4)
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Problem 7.34

Determine the optimal cycle length and corresponding
effective green times.

245

EBL:=—— EBL = 0.14
1750
1030
WBTR:=——  WBTR=0.303 (from Prob. 7.17)
255
SBL:=—— SBL =0.148
1725
225
NBL = —— NBL = 0.132
1700
Svs := EBL + WBTR + SBL + NBL Svs =0.723

calculate total lost time

L:=44 L=16
M\

calculate optimal cycle length

15L+5
Copyt 1= ————— (Eq. 7.21)
OPt™ 10— 3vs
Copt=1047  sec roundupto  Cop:=105  sec
calculate phase effective green times
glzzEBL-—C—cEt——t gy =172 sec (Eq. 7.22)
2vs
Copt ~ L
gp = WBTR,| ——— gy =373 sec (Eq. 7.22)
DAVES
= SBL Copt ~* =18.2 sec (Eq. 7.22)
93+~ 2vs 93 =%
:=NBL Copt ~* =16.3 sec (Eq. 7.22)
947 TVs P
g1 +9p+03+0gy+L=105 checks
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Problem 7.35

Determine the new level of service for the westhound approach.

Yolumes increase 10% from previous values, calculate new volumes
WBL = 250110 WEBL = 275

WWBT = 1000-1.10 WEBT = 1100

WEBR = 150-1.10 WBR = 165

calculate westhound left delay

C=B5 g =125 5 =1750 (Tahle 7.5)
WWBL
B ——— A =0.817
L o, L (Eq. 7.22)
SL' E
0.5 C-[1 - EL
d1|_:= d1|_=25.155 (Eq. ?15]
L
1w =
[ e J
T=025 k=05 l=1.0 (Table 7.9)
o =337 (Table 7.5)
L BT
d2L2= a00-T. (KL— 1:] + (}‘{L— 1:] + d2L= 19.329 (Eq. ?15)
EL-T
FF=1.0 dgy =0 (agsumed)
dL = d1 L-F'F + dEL + d3|_ dL = 44 453 LOS for left turn is D (Eq. ?14)

calculate westbound through and right delay

C=B5 ogrp=247  s7p=3400 (Table 7.5)

WET + WER

STR'(?J
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4TR
0s5-cC. 1—T Eu 715
dytR = dy1p = 19.895 (Ea. 7.12)
1] 4TR
TR
T=025 k=05 =10 (Table 7.5)
crp = 1292 (Table 7.5)
5 B-k-l¥R
dETR =500.T- [[KTR - 1:] + [[KTR - 1:] + — [Eq. ?.15)
cTRT
dotp = 20.516
PF=1.0 darp =0 (assumed)
dTR = d»lTR-F'F + dzTR + dSTR dTR = 40.411 [Eq. ?.14]
LOS for throughdright turn is D
calculate westbound total approach delay
WEL-d| + (WBT + WEBHR) drp
= d=41.1 secheh LOS is D (Tahle 7.4)

WEBL + WEBR + WEBT
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Problem 7.36

Determine the new level of service for the northbound approach.

Volumes increase 10% from previous values, calculate new volumes

NBL :=90-1.10 NBL =99
NBT:=340-1.10 NBT =374
NBR:=50-1.10 NBR = 55

calculate northbound left delay
C:=65 gL =158 s =475 (previously calculated)

X =—— X_=0.857 (Eq. 7.22)

dq =23.523 (Eq. 7.15)
T:=0.25 k:=0.5 [:=1.0 (assumed)
c =337 (previously calculated)

5 8'k'|'XL

dp =900-T| (X - 1)+ [|(} - 1)"+ ~ dyy = 23.508 (Eq. 7.16)
PF:=1.0 dg =0 (assumed)
d_:=dq -PF+dy +dg d_ =47.031 LOS for left turn is D (Eq. 7.14)
calculate northbound through and right delay
C:=65 gTR=158 STR:= 1800 (previously calculated)

NBT + NBR

. 9TR
TR c
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9TR
0.5-C-
9TR
TR
T:=0.25 k:=05 1:=1.0 (assumed)
CTR:=1292 (previously calculated)
8-k-I-X%
2 TR (Eqg. 7.16)
d =900-T| (Xp— 1)+ Xrp—-1) + ——
e [ =y
doTr=20.788
(assumed)
PF = 10 d3TR=O

LOS for through/right turn is D

calculate northbound total approach delay

NBL-d; + (NBT + NBR)-dtR
d:= d =456 sec/veh LOSisD (Table 7.4)
NBL + NBR + NBT
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Problem 7.37

Determine the vellow and all-red times.

5280
V =30 —— V =44

3600
t:=10 a:=100 g:=322 (assumed)
G:=0.08 w:=60 1:=20 (given)

calculate yellow time

\Y

Y=t 4+ —- Y =2.749 rounds to 3.0 seconds (Eq. 7.23)
" 2a+2g6G
Y :=3.0 sec
calculate all-red time
w+ |
AR := AR = 1.818 rounds to 2.0 seconds (Eq. 7.24)

AR :=2.0 sec
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Problem 7.38

Determine the revised effective green times, yellow times, and
all-red times for each phase.

EBL =0.171 EETE = 0.324
WWBL = 0.143 WBETR = 0.338

(previously calculated)

calculate new ws ratios

70 370
SBL= —— SBL=0127F SETR = SBTR =0.103
450 + 100 21800
320
S0 NETR = NETR = 0.108
MBL = ———— MBL = 0.157 .
475 + 100 2-1800
W= EBL + WETR + NBEL Y. = 0.666 (Eg. 7.18)
L=12 (frorn Example 7.8) X.=080  (given)
calculate cycle length
(I
Crnin = v Crnin = 46.068 Crnip =50 (Eg. 7.20)
c” e
calculate effective green times
N
Moo= 4. = 0.676
Crain - L
C .
o1 = EBL- mm 0 =98 SEeC
Ag
Crnin
oo = "WETR- " gp=123 SEeC (Eg. 7.22)
C
C .
o5 = MNBL- mm gy =082 SEeC
Ag
o1+ gp+ 08+ L=50 checks
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Wine Street:
5280
W = 35— W =581.333 fi's
YIME 2600 YIME

t:=1.0 =20 a=10 fig™d (assumed)

I

WigapLE =60

calculate yellow and all-red times

VINE d 4.0 Eng. 7.23
\"'r"'.,.-"lNE = tr+ - \"Ir"'-.-'"|NE =3.567 rounds to 4.0 5 I: q. & :I
\"'r"'.,.-"lNE =4.0 SBeC
WhgaPLE + |
ARV|NE = W ARV|NE =1.553 rounds to 2.0 5 I:Eq ?21'-1]

ARV|NE =20 SBeC

hlaple Street:

5280
VMAPLE =40 005 YMAPLE = 58.667

t,:=1.0 =20 a=10 fis2 (assumed)

'l.l'l.l".._ll.-'|NE =h0 ftis
calculate yellow and all-red times

ViAPLE
VM.-&.F'LE = tr + T VM.-&.F'LE =3.933 rounds to 4.0 5 (Eg. 7.29)

VM.-&.F'LE =4.0 SBeC

Wi E + |

I — AR ap E = 1.364 rounds to 1.5 5 (Eg. 7.24)
MAPLE

ARMAPLE =

ARM.-&.F'LE =145 SBeC
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Problem 7.39

Determine the overall intersection level of service.

EBL =0.171 EETE = 0.324
WWBL = 0.143 WBETR = 0.338

SBL = a SBL=0127 SBTR = = SBTR = 0.206
=t 1] 1800 _
(previously calculated)
MBL = El MBL = 0.157 METR = 0 MBTR = 0.217
575 1800
T=02 k=05 |=10 (Tahle 7.5)

Calculate delay for eastbound lefi-turn lane group

C=k5 g=1248 s:=1740

%= EBL.Z ¥ = 0,889
g
2
D.E-C-[1 _ %]
dy = dq = 25575 (Eq. 7.15)
1-x.2
C
c=gd ¢ = 336.538
C
AR 1A
iy = BDD-T-{(}{— 1) +A(>{- 157+ = ﬂ iy = 27 622 (Eq. 7.16)
|:.
PF=1 d3=0 (assumed)
dEBL = d1 -F'F + dz + d3 dEBL = 53.19?

Calculate delay for eastbound throughftight-turn lane group

g=247 5:=3400

o= EEETH-E #=10.853
q
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dq = dy =18.481 (Eq. 7.15)

c:=s-g c=1292
c

8-k-1-X
dy:= 900-T~{(X— 1) + A(X— 1)2 - H dy = 7.265 (Eq. 7.16)
PF:=1 d3:=0 (assumed)

Calculate volume-weighted delay for eastbound approach

\% -d +V -d
EBL VEBL EBTRYEBTR

VeBL * VEBTR

Calculate delay for westbound left-turn lane group

C:=65 g0g:=125 s:=1750

C
X:=WBL.— X=0.744

g
g 2
0.5-0( —Ej
dq = dy =24.74 (Eq. 7.15)
1-x3
C
g
Ci=S-— c = 336.538
C
8-k-1-X
dy:= 900-T-{(x— 1) + A(x— 1%+ T H d, = 13.849 (Eq. 7.16)
PF:=1 d3:=0 (assumed)
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Calculate delay for westbound through/right-turn lane group

g:=24.7 s := 3400

C
X:=WBTR-— X=0.889

g
g 2
osci-2)
dy = dy = 18.872 (Eq. 7.15)
1-x3
C
C:= s-g c =1292
C
8-k-1-X
dy = 900~T-[(X— 1) + A(X— 1%+ — H dy = 9.426 (Eq. 7.16)
PF:=1 d3:=0 (assumed)

Calculate volume-weighted delay for westbound approach

VwaL dwsL + VwBTR dWBTR Ea. 727
dyp = dyyp = 30.135 (Eq. 7.27)

VweL + VWBTR

Calculate delay for northbound left-turn lane group

¢ =058 s:=575

C
X:=NBL-— X=0.644

C
dy = dq =22.076 (Eq. 7.15)

c =139.769
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8-k-1-X

dy :=900-T:| (X-1) + [|(X- 1)2 + d, = 20.632 (Eg. 7.16)
cT

PF:=1 d3:=0 (assumed)

Calculate delay for northbound through/right-turn lane group

g:= 1B
C
X:=NBTR-— X=0.891
9
g 2
05C|1-—
C (Eq. 7.15)
g
1- X~
C

Cc:= s-g c =437.538
C

8-k-I-X
dy:= 900~T-{(X— 1) + A(x— 1)2 + H d, = 22.964 (Eg. 7.16)
c-T
PF:=1 d3:=0 (assumed)
Calculate volume-weighted delay for northbound approach (Eq. 7.27)

VNBLINBL + VNBTR'INBTR

VNBL T VNBTR

Calculate delay for southbound left-turn lane group

C:=65 g:=15.8 s:=550

C
X:=SBL-— X=0.524
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dy = dq =21.336 (Eq. 7.15)
1-x3
C
g
Ci=S-— c =133.692
C
8-k-1-X
dy:= 900-T-{(x— 1) + A(x— 1)2 - H d, = 13.896 (Eq. 7.16)
PF:=10 dg:=0 (assumed)
dSBL = dlpF + d2 + d3 dSBL = 35.232

Calculate delay for southbound through/right-turn lane group

g:=158 s:=1800

C
X:=SBTR-— X=0.846

dq = dq = 23.438 (Eq. 7.15)

c :=s-E c =437.538
C

8-k-1-X
dy:= 900-T-{(x— 1) + A(x— 1)2 =7 H d, =17.916 (Eq. 7.16)
PF:=10 dg:=0 (assumed)
dSBTR = dlpF + d2 + d3 dSBTR =41.355

Calculate volume-weighted delay for southbound approach

\% -d +V -d
SBL'AsBL * VSBTR'YSBTR
dgp = dgpg = 40.381 (Eq. 7.27)

VsgL + VsBTR
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Calculate volume-weighted delay for entire intersection

(VesL + VesTr)-des + (VweL + YwaTr)-9ws *+ (VneL + VNeTR)dNB * (VsBL + VsBTR) dst

(VEBL + VEBTR) + (VWBL + VWBTR) + (VNBL + VNBTR) + (VSBL + VSBTR)

d=34 (Eq. 7.28)

LOS of the intersection is C (Table 7.4)
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Problem 7.40

Determine the new minimum pedestrian green time.

Nped:=20  Wg:=6 L:=60 (given)

Sp:=4.0 (assumed)

(Eq. 7.25)

GP =23.6 sec

L
Gp =32+ — +0.27Npeq

P
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Problem 7.41

Determine how much traffic volume can he added to the southhound
approach before LOS D is reached.

370 70
SETR = —— SETR =0.103 SBL= — SBL=0127
3R00 &a0
=10 k=05 T=0.25 (assumed)
Calculate delay for southbound left-turn lane group
C=50 g=B9 s=550 (from Prob. 7.38)
C
®=5B8L-— ®=0715
0
2
D.E-C-[1 - E]
1-¥.=
i
o= S-E o =579
C
a-kx
ds = 9DD-T-[(K—1)+‘/{(}{—132+ = J:| doy = 36016 (Eg. 7.16)
EL-
FF=10 d3=0 (agssumed)
dSBL = d1 -PF + dz + Ij3 dSBL = 55371
Calculate delay for southbound throughfright-turn lane group
g=89 s:=3600 (frarm Prob. 7.33)
C
==5BTR — X=0577
0
2
D.E-C-[1 - %]
dq = dq = 18.827 (Eg. 7.15)
1-x.2
C

CTR = S-% CTR =GB40.8
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dy = 900-T-[(>=:-1;|+ {(}{-1)% E"k"'xﬂ dy = 3.764 (Eq. 7.16)
oTR T

PF=10 dg:=0 (assumed)

dSBTR = d1 PF + d2 + d3 dSBTR =22.59

Calculate volurme weighted delay for southbound approach

VggL =70  VagTR =370 dog = 55.371 dogTR = 22.591

; YopLdspL + YSETR 9SETR ; —
o= cg =27,
YseL+ YSBETR

70
YSBL= 375 YSBTR

dog = 55
770 3
P <2 p 3 | . -2 | ===VsBTR - |
05cl 1-2} LY R RRLRY T St d
o, = ). sor) | 370 SBTR ¢ 1 370 SBTR ¢ 1 N TEE0 gy secon
=== VepTR| ——=+——— + L + |\ — = — 7~ 1 + - = +
370 %-VSBTR 80 g 550 g T term
B 550
dgg=

70
575 YsBTR* VSBTR

second term (continuation of equation above)

N2 TV Y —|
{g_g.c.i 1-21 [fv 5 | v ~2 8kl "SBTR C | |—‘
v L C) o VsBRC ) ([[YsBIRC |, 3600 g
SBTR 1 VsBTR 300 g/ J|\7300 g ) cRT
73600

"'-.-"'SE}TR =575.334 weh

70

VTR = 575.334

Traffic that can be added % = {109 + 575) - (70 + 370) V=244  weh'h
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Problem 7.42

Determine how much traffic volume must be diverted from the easthound
approach to achieve L OS5 B.

EBL =0.171 EETE = 0.324

YERL = 300 YERTR = 1100
T=02 k=05 |=10 (assumed)

Calculate delay for eastbound lefi-turn lane group

C=50 =098 s=1750 (from Prob. 7.38)

o= EEiL-E #=0.872

0
2
D.E-C-[1 - %]
dy = dq =152.434 (Eg. 7.15)
1-x.2
i
C= S-E c =343
C
a-kx
ds = BDD-T-{(}{— 1+ J{(}{— 1)2 + = J:| do = 25,003 (Eg. ¥.18)
|:.
FF=1.0 dy=10 (agsumed)
dEBL = d1 PF + dz + Ij3 dEBL = 44 497

Calculate delay for easthound throughfright-turn lane group

g=193 = = 3400 (frarm Prob. ¥.33)

Ho= EEITH-E #=0.839

C
dy = dq = 13.942 (Eq. 7.15)
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dy = 900-T-[(>{-13+A(><-132+ E"k"'xﬂ dy = 6.57 (Eq. 7.16)

c-T
PF=10 dy:=0 (assumed)
dEBTR = d1 PF+ d2 + d3 dEBTR = 20512 [Eq. ?.14]
Calculate volurme-weighted delay for eastbound approach
Ve =300 VEgTR = 1100
YEELYEEL + YEETR YEETR
deg = dgg = 25.652 (Eqg. 7.27)

YEBL+ VEBTR

dEB =20 far LOS B

200 . . .
4 = —— % since proportions remain the same
EEL= Tqgp "EETR
, (300 ,
(g ( ( T100 VEBTR
g 300 300 1100 C
200 O.5-C-I\1 ——/] W'VEBTR c W-VEBTR c 8"’('".\T'E/ Second
—-VEBTR- _ 49T —— — - _ — -1 + +
1100 300 1750 g 1750 g 336 536.T 1] term
100 VEBTR
1750
%ep = 300 -
T100 VEBTR * VEBTR
second term (continuation of equation above)
(g VesR ¢ |||
05C|1-= v \ v 2 8-k-|-| St
. C. EBTR C EBTR C \ 3400 g
VEBTR- +900.T- — = + — =
VEBTR | 3400 g | 3400 g 1292.T
1800

"'-.-"'EE}TR =554 veh

3aa

Traffic that must be diverted W= (300 + 1100) - (244 + 894) W =262 wehi/h
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What is the g/C ratio for this approach? Problem 7.43

PF:=0.641 (given)

The arrival type is AT-5 for a highly favorable progression quality.

fp :=1.00 (Table 7.6 for AT-5)

Rp :=1.667 (Table 7.7 for AT-5)

Solve for g/C using Equations 7.31 and 7.32

PF = [1- R*(9/C)]*(fo) / [1 - (9/C)]

1 PR
o
gC ::—PF gC=0.35
Ry~ =~
p
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Determine the arrival type for this approach. Problem 7.44

/g/\:: 35 s /QW:: 100 (given)
arrivalgreen =66 veh arrivt'jlltota'Cyde = arrivalgreen + 105 (given)
Calculate g/C ratio
gc=2 gC = 0.35
C
Calculate PVG
arrival
reen
SV /cTp— L PVG= 0.386
armivalggaicycle
Solve for R}2 using Eqg. 7.32
PVG
R, = —— R, = 1.103 (Eq. 7.32)

Use Table 7.7 to determine arrival type

An Rp of 1.103 falls in the range for arrival type 3 (AT-3).
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Determine the progression adjustment factor. Problem 7.45

9:=35 s ;=100 s (given)

= arrival + 105 veh (given)

=66 veh arrivalcyde green

arrlvalgreen :

Calculate g/C ratio

gc=2 gC = 0.35

C
Calculate PVG

arrival

PVG:= — 2o PVG= 0.386
arrlvalcyde
Determine R o
PVG
Rpi=—-" R, =1.103 (Eq 7.32)
gC P

Determine fg

For an Rp of 1.103, the arrival rate is AT-3 by use of Table 7.7

fp -=1.00 (Table 7.6 using AT-4)
Calculate PF

(1-PVG-f
PFm— P PF — 0.945 (Eq 7.31)
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Determine the displayed green time for the traffic movement. Problem 7.46

r=3s C=70s Y=5s AR:=2s t :=4s (given)

Determine the effective green time for a traffic movement

g=C-r g=33s (Eq 7.5)

Calculate the displayed green time for a traffic movement

Gi=9-Y-AR+ 1 G=30s (Eq7.3)

Alternative Answers:
1) Solve for effective green time

g=33s
2) Use all-red time in Eq 7.5

1i=2 g=C-r g=68s
G=9-Y-AR+t_ G=65s

3) Add AR time to effective red, and then subtract from cycle length

r.=37s AR =2
W MV

G;=C— (AR +1) G=31
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Problem 7.47

Determine the average delay per vehicle.

1900 ﬂ - 550 ﬂ
* " 3600 s " 3600 s ,
(given)
NRW::58 S t|_::4s /gA::ZS S Y=3s AR:=25s
Determine effective red time and cycle length
r=R+t r=620 s (Eq7.4)
Ci=r+g C=90.0s (Eq 7.5)
Calculate traffic intensity
A Eq 5.27
pi=— p=03 (Eq )
w
Determine average delay per vehicle
A r2 1
Aoy = ——— —— dyeq =301 s (Eq7.12)
avg 2.(1—p) 1-C avg
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Alternative Answer:

1) Use displayed red time in Eq 7.12

2
AR 1
d =— d =263 s

2) Solve for effective green time using 28 seconds as displayed green time

G=28s g:=G+Y+AR-t  ¢g=290 s (Eq7.3)
L=r+g C=91.0s
2
AT 1
Qavor=————— Aoy =297 s
MaYGA 2(1_p) %-C avg

3) Solve for total vehicle delay

Q=28 s L=r+g C=90.0s
2
Al
= Dy =4133 s (Eq 7.11)
2(1-p)

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Determine the average approach delay (in seconds). Problem 7.48

v =750 Ve s.—3200 N
h A h
(given)
AgZN:: 100 s A= 32 s
T;=0.25 d3:=0 s PF:=1.0 (assumed)
k:=0.5 (pretimed control) |:=1.0 (isolated mode)
Calculate v/c (X) ratio
comsd ¢ = 1024.000 Y (Eq 7.6)
A Cc h
X = X = 0.732
c
Calculate uniform delay
2
0.5-(:(1 - %)
dyi=————— dq =30.198 s (Eq7.15)
1- (x.g)
C
Calculate random delay
dy:= 900T~[(X -1+ j(x ~1%s g'k"'x} dy=4.633 s (Eq 7.16)
cT
Calculate the total delay
dZ:dl'PF+ d2+d3 d=348 s
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Alternative Answers:

1) Use d, as final answer. d;=30.198 s

2) Use d, as final answer dy=4633 s

3) Use T of 15 minutes rather than 0.25 hrs

2 8klI-X
T=15 do:= 900T~[(X -1+ J(x -1+ oT } dy = 4.808

/QAZ:dl'PF-f- d2+d3 d=350 s
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Calculate the sum of flow ratios for the critical lane groups.

Problem 7.49
Calculate flow ratios
Phase 1 Phase 2 Phase 3
250 1200 75
= EB, =0.139 EBp = —— EBrp = 0.333 SB, = — SB, =0.15
1800 B BTR = 3500 BTR L™ 500 L
100
L= o NB, =0.19
_300 B, 20167 WBrm ==X WBrp = 0375
L L TR TR
1800 3600 420
S =—— S =0.215
BTR =950 TR
425
N -— N =0.218
BTR =50 OTR

Calculate sum of flow ratios for critical lane groups

Y, = WB|_ + WBR + NBrg Y, =0.76

Alternative Answers:

1) Use incorrect Phase 1 value

Nay=EB_+ EBrp + NBrg

Y. =0.69
2) Use split phasing for NB & SB
Xoi=WB| + WByR + NB|_+ NByR Y, =0.95

3) Choose the smallest flow ratio for each phase.

Y, =EB +EBrg + SB_ Y, = 0.622
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Calculate the minimum cycle length. Problem 7.50

L:=12s X.:=09 SumCritFlowRatios:= 0.72 (given)

M C

Calculate minimum cycle length

HXe (Eq 7.20)
Cmin = Cin=60.0 s q’r.
min Xe — SumCritFlowRatios L
________________________________________________________ '
Alternative Answers:
1) Solve for optimum cycle length
15L+5
Cont = Cont =82.1 s (Eq7.21)
OPt ™ 1 0 — SumCritFlowRatios opt
2) Switch sum and X, in Eq 7.21
SumCritFlowRatios:= 0.9 Xr& =0.72
B bsol |
Co: = C.. =-48.0s use absolute value
MR X . — SumCritFlowRatios min
3)Use X.=1.0
Xr& =10 SumCritFlowRatios:= 0.72
L-X¢
Coni Crin=429 s

AR X, — SumCritFlowRatios
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Problem 7.51

Determine the sum of the vellow and all-red times.

Gie w =60 ft |:=16 ft (given)
MW100 M
_ a0 2280 Tt =322 o
M 3600 S
S (assumed)

tr: 1.0 s a:=10.0 E

2

S

Determine the yellow time

\Y

I —— Y = 3.599 (Eq 7.23)
2-a+ 209G

Y =t

Determine the all red time

w+ |

AR := AR =1.295 s

SumY & AR

AR +Y=489% s

Alternative Answers:
1) Use assumed value of 20.0 ft for vehicle length

w+ |

1:=200ft  AR:= AR =1.364 s
AR \%

AR + Y =4,962 s

2) Use Y value only Y = 3.599

3) The percent grade is not divided by 100
G:=4 |:=16.0 ft
MW M

v
Y=t b ———— Y =1.211
M 2-a+29-G

AR =W ! AR = 1295 s
ATy

AR +Y =2507 s
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Preface

The solutions to the fourth edition of Principles of Highway Engineering and Traffic Analysis
were prepared with the Mathcad® software program. You will notice several notation
conventions that you may not be familiar with if you are not a Mathcad user. Most of these
notation conventions are self-explanatory or easily understood. The most common Mathcad
specific notations in these solutions relate to the equals sign. You will notice the equals sign
being used in three different contexts, and Mathcad uses three different notations to distinguish
between each of these contexts. The differences between these equals sign notations are
explained as follows.

e The “:=’ (colon-equals) is an assignment operator, that is, the value of the variable or
expression on the left side of *:=’is set equal to the value of the expression on the right
side. For example, in the statement, L := 1234, the variable ‘L’ is assigned (i.e., set
equal to) the value of 1234. Another example is X :=y + z. In this case, X is assigned
the value of y + z.

e The ‘=’ (bold equals) is used when the Mathcad function solver was used to find the
value of a variable in the equation. For example, in the equation

5.2t~ 0.005-t" = 18.568 + 10-t - 12.792) the = is used to tell Mathcad that the value of
the expression on the left side needs to equal the value of the expression on the right
side. Thus, the Mathcad solver can be employed to find a value for the variable ‘t” that
satisfies this relationship. This particular example is from a problem where the function
for arrivals at some time ‘t” is set equal to the function for departures at some time ‘t’ to
find the time to queue clearance.

e The ‘=" (standard equals) is used for a simple numeric evaluation. For example,
referring to the x := y + z assignment used previously, if the value of y was 10 [either by
assignment (with :=), or the result of an equation solution (through the use of =) and the
value of z was 15, then the expression ‘x =” would yield 25. Another example would be
as follows: s :=1800/3600, with s =0.5. That is, ‘s’ was assigned the value of 1800
divided by 3600 (using :=), which equals 0.5 (as given by using =).

Another symbol you will see frequently is “—’. In these solutions, it is used to perform an
evaluation of an assignment expression in a single statement. For example, in the following

. 2
statement, &t} = Arivals(t) - Departures(t) — 2200t - 100017 Q(t) is assigned the value of
Arrivals(t) — Departures(t), and this evaluates to 2.2t — 0.10t%.

Finally, to assist in quickly identifying the final answer, or answers, for what is being asked in
the problem statement, yellow highlighting has been used (which will print as light gray).

L www.mathcad.com
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Problem 8.1

Determine the number of peak hour trips generated.

income := 20 household_size :=2 (given)

neighborhood_employment:= 1.0 nonworking := 2

From Example 1:

tripsgyq = 0.12 + 0.09-(household_size) + 0.011-(income) — 0.15-(neighborhood_employmen

tripsexl —0.37 trips per household
tripsay1 -1700 = 629 total shopping trips

From Example 2:

tripsgy o = 0.04 + 0.018-(household_size) + 0.009-(income) + 0.16-(nonworking)
tripSgyo = 0.576 trips per household

tripSgy o+ 1700 = 979 total social/recreational trips

total := 1700-(tripsex1 + tripsexz)

total = 1608.2 trips

629 + 979 = 1608 total shopping and social/recreational trips

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 8.2

Determine the amount of additional retail employment needed.

income :=20  size =2 retail := 100 (given)

trips := retai trips per household x 1700 = 100
1700

trips = 0.059

trips = 0.12 + 0.09-size + 0.011-income — 0.15-employment

0.520 - 0.059
0.15

=3.073 employment = 3.075

employment-100 - retail = 207.451 SO,

208 more retail employees

Problem 8.3

Determine the change in the number of peak hour social/recreational trips.

income :=15  size :=5.2 working:=1.2

nonworking := size — working nonworking = 4 (given)

workingpe,y := 1.2-working workinge,y, = 1.44

nonworkinga,y == Size — workingpay nonworkinga,, = 3.76

income, o,y := 1.1income incomep oy = 16.5

trips := 0.04 + 0.018-size + 0.009-income + 0.16-nonworking trips = 0.909

tripsey = 0.04 + 0.018-size + 0.009-income, o, + 0.16-nonworking,qy trips e = 0.884

trips ey 1900 — trips-1500 = -37.35  trips

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 8.4

Determine the number of peak-hour shopping trips and the probability
that the household will make more than 1 peak-hour shopping trip.

calculate the number of peak hour trips

house := 4 income := 150 retail := 3 (given)

BZ;:=-0.35 + 0.03-house + 0.004-income — 0.10-retail BZ;=0.07 (Example 8.4)
BZ , ,

Aj=e Aj=1.07 vehicle trips (Eq. 8.3)

find the probability of making more than 1 trip

AT
e 7\1
P(Ti) = B} (Eq. 8.2)
T;!
P(0)=0342 P(1) = 0.367 Pmore=1-P(0) ~P(1)  Ppoe=0291
Problem 8.5

Determine the number of peak-hour social/recreational trips and the
probability that the household will not make a peak-hour social/rec trip.

calculate the number of peak-hour trips

coeffgj,o :=0.025  coeffome :=0.008 coeffyonwork = 0-10 (given)
size :=5 income := 100 nonwork:=5 — 3 (given)
BZ; :=—0.75 + coeff, ¢ size + coeff,.ome-income + coeff, 0 -nonwork (given)
BZ = 0.375

BZ, o
Aj=e Aj=1.455 vehicle-trips (Eq. 8.3)

calculate the probability of zero peak-hour trips

T;:=0 (given)
— A N Ti
e A
P(Ty) = ——— (Eq.8.2)
T;!
P(0) = 0.233
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Problem 8.6

Determine the number of work trip vehicles that leave during the

peak hour.
usersg := 750 usersgach g =15 (given)
usersg
buses (= —— buses = 50
“Serseach_B
carsp :=2380 carsgp := 870 (given)
carsgr
cars :=carsp|_+ > cars = 2815
cars + buses = 2865 total trip vehicles
Problem 8.7
Determine how many workers will take each mode.
costp = 8.00 Costgr = 4.00 costg := 0.50
(given)
traveltimeDL =20 traveltimeSR =20 traveltimeB =25
From Example 8.5:
Up :=2.2-0.2-costp| - 0.03-trave|timeD|_ Up =0
Ugr :=0.8 - 0.2-costgr — O.O3~traveltimeSR Ugr =-0.6
Ug :=-0.2-costg - 0.01-trave|timeB Ug =-0.35
Using Eg. 8.7:
eUDL
PpL = S S S PpL =0.444 Pp| 4000 = 1775 drive alone
DL SR B
e +e +e
Usr
. € shared ride
Pgr:= 0 0 0 Pgr =0.244 PgRr 4000 =974
DL SR B
e +e +e
eUB
Pg:= Pg=0.313 Pg-4000 = 1251 bus

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 8.8

Determine how many shopping trips will be made to each of the
four shopping centers.

coeffyisy :=-0.455  coefigpace = 0.0172 (given)
Up 1 = coeffyist(2.5) + coeffspace~(200) Upq =2.303
Up o = coeffyigt(5.5) + coeffspace~(150) Upp =0.078
Up 3 = coeffyigt(5.0) + coeffspace~(300) Upg =2.885
Upg = coeffyist(8.7) + coeffspace~(600) Upg = 6.362
Using Eq. 8.7:
eUAl

trips := 4000

Trips to each shopping center:

tripsq :=trips-Ppq tripsq = 66
tripsy :=trips-P 5o trips, =7
tripsg :=trips-Pp3 tripsg = 118
tripsy :=trips-Pp4 trips4 = 3809
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Problem 8.9

Determine the new distribution of the 4000 shopping trips.

coeffyisy :=-0.455  coefigpace = 0.0172 (given)
Up 1 = coeffyist(2.5) + coeffspace~(200) Upq =2.303
Up o = coeffyigt(5.5) + coeffspace~(500) Upp =6.098
Upg = coeffyist(8.7) + coeffspace~(600) Upg = 6.362
Using Eq. 8.7:
Ua1
Paq: ° P 0.01
Al = A1~
Uar Yaz UYag
e +e +e
Ua2
Pao = ° Pao =043
A2 = A2 =%
Uar  Yaz Yag
e +e +e
Ung
P © Pag = 0.56
A4 = A4 =
Uar  Yaz Yag
e +e +e
trips := 4000
Trips to each shopping center:
tripsq :=trips-Ppq tripsq = 39
tripsy :=trips-P 5o tripsy = 1721
tripsy :=trips-P 4 tripsy4 = 2241
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Problem 8.10

Determine how much commercial floor space is needed.

coeffyisy :=-0.455  coefigpace = 0.0172 (given)

i 4000 i
trips := T trips = 1333

trips
4000

=0.333

therefore
Pp:=0.333

as before

Upg = 6.362
which means that
Up =6.362

so for shopping center 1

Up = coeffyist (2.5) + coeffspace~(space1)

spaceq = 436.017 spaceq-1000 = 436017 ft2
and for shopping center 2

Up = coeffyist (5.5) + coeffspace~(space2)

spacep = 515.378 space,-1000 = 515378 ft2
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Problem 8.11

Determine the new distribution of shopping trips by destination and mode.

time2auto :=15.0.8 time2auto =12

(given)

timezbus =22-0.8

time2bus =17.6

coeff:=0.012
Upy == 0.6 — 0.3-8 + coeff-250 Upp =12
Ugy :=—0.3-14 + coeff-250 Ugp =-1.2
UA2 =0.6 — O.S'timezauto + coeff-400 UA2 =1.8
UBZ = —O.3~time2bus + coeff-400 UBZ =-0.48
Using Eq. 8.7:
eUAl
Pa1:= Paq =0.323
Al - Al
Uai Usr UYaz Uy
e + e + e + e
eUBl
Pg1:= Prq = 0.029
B1 B1
Uai Usr UYaz Uy
e + e + e + e
eUAZ
Pao = PAo =0.588
A2 A2
Uai Usr UYaz Uy
e + e + e + e
Ugo
Pgo: ° P 0.06
BZ = BZ = VU.
Uai Usr UYaz Uy
e + e + e + e
total := 900
tripsAl = totaI~PA1 tripsAl =290
tripsg4 :=total-Pgq tripsgq = 26
trips A2 = total-P A2 trips A2 =529
tripsgo = total-Pg» tripsgo = 54
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Problem 8.12

Determine how much commercial floor space must be added to
shopping center 2.

total :=900 tripsp, =355 tripsgy =23 (given)
tripspo

Pa2 == P o = 0.394
tripsgo

P2 = —— Pgy = 0.026

total — (trips A2+ tripsBZ)
Pl = Pl =0.58
total

Upg =12 Ugy=-1.2 (given)

let x = e UAZ + gUB2

eUAl . eUBl
Py = (Eq. 8.7)
Uar  Ymi
e +e + X
X =2.622
time2, 1o =15+ 4 time2p o =22+ 4
time2, 1o = 19 time2p, o = 26
‘= e0.6—0.3~time2 autot0-012-space . e_ 0.3-time2}, |, +0.012-space

space =499.918
added_space := space — 400

added_space = 99.918 added_space-1000 = 99918 ft
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Problem 8.13

Determine the distribution of trips among possible destinations.

coeffyoy=0.2  coeffyig :=-0.24  coeffgy,ce == 0.09 (given)
Upt = coeffpop~(15.5) + coeffyigt(7.5) + coeffspace~(5) Upp =175
Upo = coeffpop~(6.0) + coeffyigt-(5.0) + coeffspace~(10) Upp =0.9
Upg = coeffpop~(0.8) + coeffyig-(2.0) + coeffspace~(8) Upz =0.4
Upg = coeffpop~(5.0) + coeffyigt - (7.0) + coeffspace~(15) Upg =0.67
Using Eq. 8.7:
eUAl
Pap = Paq = 0.494
Al- Al
Uar Ya2z Uaz Yps
e +e +e +e
eUAZ
Pao = P =0.211
A2 - A2
Uar Ya2z Uaz Yps
e +e +e +e
eUAS
Paq = P =0.128
A3 A3
Uar Ya2z Uaz Yps
e +e +e +e
eUA4

trips := 700

tripsq :=trips-Ppq tripsq = 345
tripsy :=trips-P 5o trips, = 148
tripsg :=trips-Pp3 tripsg = 90
tripsy :=trips-P a4 tripsy = 117
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Problems 8.14

Determine the distribution of the 700 peak-hour social/recreational trips.

coeffyq,:=0.2 coeffyigt :=—0.24 coeffgyace = 0.09 (given)
Upt = coeffpop~(15.5) + coeffyigt(7.5) + coeffspace~(5) Upg =175
Upo = coeffpop~(6.0) + coeffyigt-(5.0) + coeffspace~(10) Upp =0.9
Upg = coeffpop~(0.8) + coeffyig-(2.0) + coeffspace~(8 + 15) Upg =175
Upg = coeffpop~(5.0) + coeffyigt - (7.0) + coeffspace~(15) Upg =0.67
Using Eq. 8.7:
eUAl
Pa1 = Paq =0.361
Al- Al
Uai1  Uaz Uasz Yasg
e +e + e +e
eUAZ
Pao = PAr>=0.154
A2 A2
Uai1  Uaz Uasz Yasg
e +e + e +e
eUAS
Pag:= Par2=0.361
A3 A3
Uai1  Uaz Uasz Yasg
e +e + e +e
eUA4
Pag = Pa,=0.123
Ad- A4
Uai1  Uaz Uasz Yas
e +e + e +e
trips := 700
tripsq :=trips-Ppq tripsq = 253
tripsy :=trips-P 5o trips, = 108
tripsg :=trips-Pp3 tripsg = 253
tripsy :=trips-Pp4 trips4 = 86
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Problem 8.15

Determine how much additional amusement floor space must be added.

tripsligig = 500-0.40 tripsligig) = 200

Py :=0.40

P2and3=10-P1 P2and3 = 0-6

Upp=2124  Upgy:=0564 Up3:=0.178  Uggz:=-2.042 (From Ex. 8.8)

let x = e UAL + gUBL

X =7.631
« = o(0.9-0.22:14+0.16-12.4+.11-space) , (- 0.22:17+0.16-12.4+ 11-space)

space = 18.5
added_space := space — 13

added_space=5.5 added_space-1000 = 5523 ft

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 8.16

Determine how much additional amusement floor space must be added.

trips := 700 trips, := 250
trips,
P = P =0.357
A2 trips A2
Upq =175 Upg:=0.4 Upg :=0.67 (previously calculated)
eUAZ
Pap = (Eq. 8.7)
Uar Ya2 Uaz  Upg
e +e +e +e
Upp = 1.631
coeffygy:=0.2  coefii; :=-0.24 coeffgpace = 0.09 (given)

Upo = coeffpop~(6.0) + coeffyigt-(5.0) + coeffspace~(space2)

space, = 18.128

space, — 10.0 =8.128 8.128-1000 = 8128 ft2
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Problem 8.17

(a} Determine the free-flow travel time on route 2 and the equilibrium travel times.

g=15 %y =978 (given)
ty =4+ 33 ty=3334 min equilibrium trawel time

to =14 (Equilibriurm)

%9 =0 = Ky % =022

th=b+6x

b=ty -EB-xg b=202 Mmin free flow travel time on route 2

(b} Determine the user equilibrium travel times and flows.

H="7 (given)

}{1+}{2=[:|
4+ 30 =202 +60- x4

¥q =4.447 xq- 1000 = 4447 vehih

Mﬁ:=fi+3-:{1 ty = 17.34 Frin

o= =y %y =2553 %9 1000 = 2553 veht'h

12,=20246%  1p=1734
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Problem 8.18

Determine the user equilibrium and system optimal route travel
times, total travel time, and route flows.

User equilibrium:

t1=8+Xq th=1+2Xy g:=4 (given)
X1+X2= q

t1=t2

8+ Xxq = 1+2~(q—x1\)

Route flows:

x1=0.333  x4-1000=333 veh/h
Xpi=0-Xq  Xp=3667 X5-1000 = 3667 veh/h

Route travel times:
tl =8+ Xl tl =8.33 min

t2 =1+ 2X2 t2 =8.33 min
X1-t1-1000 + X5-t5-1000=33333  veh—min total travel time

System Optimal:

S(0) = x1-(8+ xq) + xp:(1+2:xp)
Xo=0-Xq

S(0) = x1-(8+x7) + (a-x7) [ 1+ 2-(a-xy)]

OI—S(x) =-9+6-Xq

Xm

setting the derivative = 0
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Route flows:

Xx1=15 X1-1000 = 1500 veh/h

X9 =0 —-Xq Xp =25 X5-1000 = 2500 veh/h
Route travel times:

t1:=8+Xxq t1=95 min

t2 =1+ 2X2 t2:6 min

X1-t1-1000 + X5-t5-1000= 29250 ~ veh—min total travel time
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Problem 8.19

Determine how many vehicle hours will be saved.

hoursyqq| = 875.97 veh-h (from Example 8.12)

For System Optimal:

2= (4+1.136:x7)-x1 + (3 + 3.182x5) X,

Xl =6- X2

z=[4+1.136-(6 - xp) |-(6 - xp) + (3+ 3.182:xp)-x,
7= 4.318x," - 14.632-x + 51.264

d

—2 =8.636-x, - 14.632= 0
dx
. la632 104
2" 8636 2="
X1::6—X2 X1=4306
(4 + 1.136-x7)-x4 1000
ty = t; =638.052  veh-h
60
(3 + 3.182:x5) -x-1000
ty:= t,=236.956  veh-h
60

hourstota| -t -t =0.962 veh-h
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Problem 8.20

Determine the reduction in peak-hour traffic demand needed.

Before reconstruction

X X

1 2 .
cq:=25 Co:i=4 ty =2+ 3| — to= 4+ 2. — (given)
1 2 1 2

C1 Co

q:=3.5  thousand vehicles

S(0) = (2+ 1.2:xq) X + (4 + 0.5:xp) -,

X9 =0 - Xq

S(0) = (2+1.2:xq)xg +[ 4+ 05:(35-x1)|(35 - x9)
S(X) = 1.7x;” - 5.5:x7 + 20.125

9 s = 3.4%x, -55=0

dxq
Xq = > x;=1618  veh/hr
3.4
Xo:=0—-Xq Xp,=1.882  veh/hr
tot_trav = (2 + 1.2-x7)--1000 tot_trav; = 6375.433 veh-min

tot_travy = (4 + 0.5-x,)-x»-1000 tot_trav, = 9301.038 Vveh-min

tot_travy + tot_trav, = 15676.5 veh-min total vehicle travel time (before construction)

During reconstruction

minimize s = (2 + 1.2-x1)-x1 + (4 + 1~x2>'x2 with Xp=0-Xq

S= (2 + 1.2-x1)-x1 + [4 + l(q - x1>](q - Xl)

2 2
S= 22X1 —2'X1+ q —4q_2qX1

d—S =44x1-2-29=0
dx
q:=22-x1-1
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Also, from travel times:

15.676= (2+ 1.2:x1)-xg + (4+ 1%9) X2 yirn Xp= G- X1

15.676= 2x9 + 12:X1” + 4-(a - xq) + (a - x)?

15.676= 2:xq + 1.2:X1° + 4:q — 4X1 + ° = 2:Q'Xq + X{°
2 2
15.676=2.2xq —-2:X1+49+0q -2:9-Xq
Substituting gq=2.2-x1 -1
15.676= 2.2x," ~ 2:%g + 4229 ~ 1) + (22 ~ 17 =222 - 1) x

Solving for x; yields:

X1 = 1.954 x1-1000 = 1954 veh/h
q:=22xq-1 q=23.299 thousand vehicles
Xp:=0-X;  Xp=1345  X,-1000=1345 veh/h

Aq:=35-q AQ-1000=201 veh reduction in peak-hour traffic demand needed
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Problem 8.21

Estimate the volume and averaqge travel times on the two routes.

Plh<5 =1-Phz5)

04=1-P(hz5)

0E=Fihz5g)
- }{15
Of=e 3600 (Eqg. 5.268)
%q = 363 vehh
*1
.’\.}i;]'v-; m }{1 = [0.365
ty =2+ uy ty =237 min (given)

at Lser Equilibrium:

’[2 = t1 ’[2 =237 min
%=ty -1 (given)
%y =1.368 %1000 = 1368 veht'h
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Problem 8.22

Determine the user equilibrium traffic flows.

Ai=3  ty(xq)=8+05x; ty(xp):=1+2xy  tg(xg):=3+0.75x3 (given)
ty(d) = 9.5 t,(0) =8 t3(q) = 5.25

th(0) =1 tr(@) =7

t3(0) = 3

So, Route 1 will never be used since
t1(0) > t,(a) > t5(a)

therefore,

th=13

1+ 2:Xp=3+0.75%3

q=Xp+ Xg

1+2xy= 3+ 0.75:(q - xp)

Xp = 1.545 X5-1000=1545  veh/h
X3 =q- X2
X3 = 1.455 X3-1000 = 1455  veh/h
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Problem 8.23

Determine equilibrium flows and travel times before and after reconstruction begins.

Let subscript 11 denote route 1 before construction
Let subscript 12 denote route 1 during construction
Let subscript 21 denote route 2 before construction
Let subscript 22 denote route 2 during construction
Cll =4 C21 =2 012 =3 022 =2

t;, - t;; = 35.28 s or 0.588 min (given)

Also, since for UE, t; =t,;,
t,, - t,; =0.588 min (1)

t22 =10+ 15X22
t21 =10+ 15X21

Substituting the above two equations into (1):

10 + 1.5-X55) — (10 + 1.5-X54) = 0.588
( 22) 21)

and solving for x,, in terms of x,,, yields:
X21 = X22 -0.392 (2)
Also, for the traffic increase:

X22 = 1685X21
or

Substituting into (2):

X9o = 0.964 X95-1000 = 964 veh/h flow on route 2 after construction

t22 =10 + ]__5.)(22 t22 =11.45 min travel time after construction
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t12:=192

X12
t12 =6+ 8 —
C12

X1p = 2.042 X12-1000 = 2042 veh/h flow on route 1 after construction

from User Equilibrium:

t11:=tyo - 0.588 t11 =10.86 min travel time before construction
th1=111
X11
tll =6+8| —
C11
X171 = 2.429 X11-1000 = 2429 veh/h flow on route 1 before construction
X21
t21 =10+ 3] —
€21
X9q = 0.572 X51-1000 = 572 veh/h flow on route 2 before construction
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Problem 8.24

Determine the user equilibrium flows.

Determine for g = 10000

A:=10  ty(xq):=2+0.5xq to(xg) =1+ x5 ta(xg) =4+ 0.2:x3 (given)
t1(@) =7 t1(0)=2 t3(q) =6

t,(0) =1 ty(q) =11

t3(0) = 4

so all routes might be used
1 =tr=13

4= X1+ Xo + X3

X9 =0~ X1 — X3

=1
2+05X%x1=1+xy
Xo=1+0.5-xq

also ty=tg
2+05x)=4+0.2Xg

o (2+05xy)
3T 02
X3 =-10+ 25X1

SO

q=xq +(1+0.5xq) + (-10+ 2.5xy)

X1 =4.75 x1-1000=4750  veh/h

t; = 4.375

t2 = tl

Xpi=ty -1 X5 =3.375 X5-1000=3375 veh/h
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t3 I:tl
tg-4

Xgi= == X3 =1.875 X3-1000=1875  veh/h

Determine for g = 5000

q:=5 ty(xq) =2+ 0.5:xq to(xg) =1+ x5 ta(xg) =4+ 0.2:x3 (given,
ty(g) = 4.5 t,(0) =2 t3(0) =5

t,(0) = 1 to(q) =6

t3(0) = 4

so all routes might be used

Routes 1 and 2 have the lowest free-flow travel time, so assume route 3 is not used

t1: t2
2+ 05Xl =1+ X2
X2 =1+ 05Xl

X2=0-x1
1+0.5X1=09-Xxq

X1 = 2.667 x1-1000=2667 veh/h

Xp =0 - Xq Xp = 2.333 X5-1000=2333 veh/h
Check to see if route 3 is used:

ty(xq) = 3.333

3.333 <4 minutes (route 3 free-flow time)

Therefore the assumption that route 3 is not used is valid.

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
by Fred L. Mannering, Scott S. Washburn, and Walter P. Kilareski.
Copyright © 2008, by John Wiley & Sons, Inc. All rights reserved.



Problem 8.25

Determine the minimum demand so that all routes are used.

Flow on route 3 will begin when t; =t,, = 4 (which is route 3's free-flow time).
SO

t1= 2+ 0.5'X1= 4

4-2
Xl::E X1=4
th=1+x,=4
Xo =4-1 x2:3
q:=Xq+ Xp q=7 thousand vehicles

If g > 7, flow on all three routes

If g <7 flow on routes 1 and 2 only.
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Determine the total person hours of travel for each situation.

SOVyep=2500  HOVg =500  HOVgyep:=300 Buses := 20
vehoial = SOV en + HOVoyeh + HOV 3y ap + Buses

vehgig) = 3320

peoplepig) = SOV yenl + HOVoyep2 + HOVgyop3 + Buses -50

people;gig = 5400

to =15
C3 = 3600
a) open to all
6.87
vehyotal
ti=tg| 1+ 1.15 t=24.89
c
3
t- peopletota|
erson =
p hours 60
personpq . rs = 2240 person — hours
b) 2+ lane
cq:=1200 cy,:=2400
Sovveh 6.87
tSOV = to- 1+ 1.15- T tSOV =37.834
I HOV HOV B 87
. O oveht+ O 3ven + Buses

Problem 8.26

(given)

(given)
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tsov "SOVyenh+ tHov(2-HOVayen+ 3-HOV3y e+ 50-Buses)

Persony, ours =

60
Persony o rs = 2362 person — hours
c) 3+ lane
[ 6.87
SOV,,eh+ HOVoyeh
ty:=ty| 1+ 1.15 t> = 94.903
€2
HOV3eh+ Buses 6.87
1
o tp-(SOVyen+ 2-HOVpyep) + t3-(3-HOVgyep + 50-Buses)
p hours = 60
personp o rs = 6011 person — hours
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Problem 8.27

Determine the total person-hours and the minimum mode shift.

tg:= 15 Cp:= 2400 SOV :=2500 - 500
SOV 6.87
€2
tsoy = 19.93
Cqp:= 1200 HOV2 =500 HOV3 =300 Buses :=20 + 10

HOV, + HOV3 + Buses 6.87

€1
thoy = 16.371
o tsov "SOV + toy+(2-HOV, + 3-HOV; + 50-Buses)
p hours ‘= 60
persony o rs = 1592 person — hours
determine mode shift
for all 3 lanes open to all traffic person = 2240.127 (From Problem 8.26)
Personip = Personp 5 rs 60
person,in = 134407.62
SQV, = 2500 HOV := 500 + 300 + 20 (given)
HOVp :=500-2 + 300-3 + 20-50 HOVp = 2900
K= 1200 K= 2400
6.87
HOV + —
sov - x\%& 0
tg]1+ 1.15- e {(SOV - x) + tg 1 + 1.15- o (HoVp, + x) = persongyiq
Dl
X = 43.826 s0, 100 people must shift from SOV to Bus
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Problem 8.28

Determine the user equilibrium and system optimal route flows
and total travel times.

tl =5+ 3X1 t2 =7+ X2 q:= 7 (given)

At System Optimal:
S(x) = x1~(5 + 3~x1) + x2-(7 + x2)

X2=4-%

S00 = xq:(5 + 3x) + (- x {7+ (a-xq]

OI—S(x) =8x1-16=0

Xm

Route flows:

X1 =2 X1-1000=2000  vehih

X9 =0 —Xq X9 =5 X5-1000= 5000 veh/h

Route travel times:

t1 =5+ 3xq ty:=7+ Xy
ty =11 ty=12
TravelTimey g = (t1~x1 + t2«x2)

TravelTimeg g = 82 veh—min

At User Equilibrium:

t1=t2

5+3-x1=7+(q—x1)
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Route flows:

X1=2.25 X1-1000 = 2250 veh/h

X2 = q — Xl X2 =4.75 X21000 = 4750 veh/h
Route travel times:

tl =54+ 3X1

ty =11.75

TravelTimg g :=t;-q

TraveITimeUE =82.25 veh— min

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 8.29
Determine the value of the derivative of the user equilibrium
math program evaluated at the system optimal solution with

respect to x;.
q:=7

S(x) =J' (5+ 3-w) dW+J’ (7 + 3-w) dw
X2=4-%1

S(X)=5x%x1 + 1.5-x12 +49-7-Xq +245-7-Xq + O.5~x12

OI—S(x) =4x1-9

Xm

at Xq =2 (the SO solution)
OI—z =-1

Xm

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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Problem 8.30

Determine the user equilibrium flows and total hourly origin-
destination demand after the improvement.

ty(x,c) =3+ 1.5-(%)2 to(x,c) =5+ 4-(%) (given)
cq:=2 cy:=15 q:=6

ty(a.cq) =165 ty(0.cq) =3

tp(0.cp) =5 to(a,cp) =21

so both routes may be used

1=t Xp=0-X1

Existing Condtions

2
Xl q—xl
3+15 | — | =5+14.
C1 C2

X1 = 4.232

1 exist = tl(xl’cl) t1 exist = 9-715

12 exist =1 _exist

4'X2

X2=47%1 5+ ——=5+16x,
25

X5 = 1.768

After capacity expansion,

€2 new=2°

X2 new
=5+4.—=

t2_new cy
_new
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g_new=q+ 0-5'[t2_exist - (tz_newﬂ

X2 _new
g_new=q+ 0.5ty oyist —| 2+ 4
L €2 new

X2 new
g_new=6+ 0.59.715 - [5 + 4. 55 j:|

g_new= 8.3595 — 0.8-x2_neW
also,

4_NeW=X1 new™ X2 _new

8.3595 - X1 new

X =
2_new 18
tl = t2
5 8.3595—x1_neW
X1 new 1.8
3+15- =5+ 4.
€1 €2 _new
X =3.968
1 new X1_new 1000 = 3968 veh/h
2
X1_new
tl_neW:: 3+ 15 c tl_neW: 8.9
1
2 new=1_new
t2_new_ 5 244
X =——-C X =2.
2 _new 4 2_new 2 _new X2 new 1000 = 2440 veh/h
4:=X1 new* X2 new q=6.41 veh/h total hourly origin-destination demand
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Problem 8.31

Determine if the user equilibrium and system optimal solutions can be equal.

t1=5+4xq th=7+2Xy (given)
At System Optimal:
S(x) = x1~(5 + 4~x1) + x2-(7 + 2-x2)
X2=04-X1
2 2
S(X)=5X1 +4X1 + 7-(q - Xl) + 2-(q - Xl)

d—S =-7-49+4Xx1+5+8x1=0
Xm

X1 = 0.333q + 0.1667

At User Equilibrium:
=1
5+4x1=7+2(d-x)
6x1-29-2=0
substituting,
20+1-29-2=0

This statement is false, therefore the solution is not possible
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Problem 8.32

Determine the user equilibrium flows.

t1(x) =5+ 1.5-x to(x) =12+ 3-x t3(x) =2+ 0.2x% (given)
q:=4

ty(4) =11 t1(0) =5 t3(4) = 5.2

ty(0) =12 ty(4) =24 Determine Which Routes Are Used
t3(0) =2

so only routes 1 and 3 will be used

t1=t3 and X1=4—X3

5+ 15(4-xg)=2+ 0.2:x3°

0.2~x32 +15x3-9=0

X3 =3.935 X3-1000=3935  veh/h

X1:=0-X3 X1 = 0.065 X1-1000 = 65 veh/h
tl(x]_) =51 min

t3(x3> =51 min
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Problem 8.33

Determine user equilibrium route flows and total vehicle travel time.

Go=4 t=6+4x;  ty=2+05xy (given)
For each minute of travel time greater than 2 minutes, 100 fewer vehicles depart

Ao — O.1(t2 - 2) = X1+ Xp

substitute for t.,

Ao — 0.1(2 + O.5~x22 - 2) = X1+ Xo

solving for x;

2
Xl =4 - X2 — 005X2

user equilibrium route flows means t; =t,,
=6+ 4Xy=ty=2+ 05X,

tl— + 'X1—t2— + 0. 'X2

plugging in x;

2+ 0.5~x22 =6+ 4(4 —Xp — 0.05-x22)
2 p—
0.7y~ + 4:x5-20=0
Xp = 3.204 X5-1000 = 3204 veh/h

ty:=2+ 0.5-(x2)2 t, =7.132

new=Uo ~0-Ltz = 2)  dpey = 3487

X1 = Onew — X2 x1 =0.283 x1-1000=283  veh/h

Total travel time = Unew to = 24.868 or 24,868 vehicle-min
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Problem 8.34

Determine the distribution of traffic between restricted and unrestricted
lanes so that total person-hours are minimized.

(subscripting: r = restricted, u2 = 2 person using unrestricted, ul = 1 person using unrestricted)

z(x) = (xr-tr)-z + (Xu2'tu)'2 + (Xul'tu)'l
where Xu=Xu2 + Xu1 and X1 =3

rewriting
2(x) = [2:%(12+ x| + [2x {12 + 0.5:(3.0 + x| + 12+ 0.5:(3.0 + x|

and X, + xo=4.0
2 2
Z(X) = 24X, + 2:Xp + 24X o+ KXo + X2 + 36+ 4.5+ 1.5x»
2 2
2(x) = 24-(4 = xp) + 2:(4 = xyp) " + 24X + Bxyp + Xp" + 36+ 45+ 15x

Z(X) = 96 — 24x;p + 32 — 16X ;p + 2'Xu22 + 24X 0 + 3X 2 + Xu22 +36 + 4.5 + 1.5x»

2(x) = 3Xp" — 11.5:x + 168.5

OI—z =6-X,2-11.5=0
dx
u2
Xy =1.916 S0,
X :=40-1916 x,=2.084 X,-1000 = 2084 veh/h
Xy =3+ Xy X, = 4.916 X,,-1000 = 4916 veh/h

Total person hours:

t =12+ 2.083 t,=14.083  min
t, =12+ 0.5-4.916 t,=14.458  min
14.083 14.458 14.458
2-2083- +2-1916- + 3000 =2624.1  person— hr

2624.1-60 = 157446  person — min
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Problem 8.35
Determine what percentage would take route 1 and how much
travel time would be saved.

At User Equilibrium:

X1 ’ X2 ’ :
tl = t2 Xl = 3X2 tl(Xl) =5+ ? tz(Xz) =7+ T (glven)
3Xo 2 X 2
54| — | =7+| —
2

X = 0.956
X1:= 3X2 X1= 2.869
g:=X1+ Xp q=3.825

q-1000

TravelTime= 449.861

TravelTime:= tl(xl)- 50

At System Optimal:

2 2
*1 X2
S(X)=X1' 5+(?j + Xo- 7+(Tj

X1=0a-X

q-x, 2 Xy 2
S(x):(q—xz)-5+ > +Xool T+ v

S(x) = —0.1875~X23 + 2.86875~X22 -8.973-x5 + 33.1155

OI—S(x) = —0.5625-x22 +5.7375:x5 - 8.973=0
dX2

Xo =1.929

Xq:=0-Xp X1 =1.896

Solutions Manual to accompany Principles of Highway Engineering and Traffic Analysis, 4e,
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X
1

percentage := —-100 percentage=49.6 %
q

Total travel time:
tl_SO = tl(xl) tl_SO =5.899

ty 50 =1ta(*2) ty 50 = 7232

_ X111 so**X2t2 so _
TraveITlmeso = 50 -1000 TraveITlmeso =418.892

Savings := TravelTime- TravelTimeyq

Savings = 30.97 veh-min
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Problem 8.36

Determine the difference in total vehicle travel times between
user equilibrium and system optimal solutions.

At User Equilibrium:

ty=5+35xq thy=1+ 0.5~x22 X1=0-Xp (given)

q—x2 X2
S(x) = J' (5+ 3.5-wW) dw + J (l + 0.5W2) dw
0 0

S(x) = 59 — 5x5 + 1.75q2 -3.50-xy + 1.75x22 + Xo + 0.167x23

OI—S(x) =-5-3.5q + 35Xy + 1 + O.5x22
dX2

At System Optimal:

S(x) = (5x1 + 3.5x12) + (xz + 0.5x22>
X1=0a-X

2 2 3
S(X)=59-5Xy+ 350 —7:g-Xp+ 35Xy + X+ 0.5X5

OI—S(x) = 1.5x22 +T7Xp—4-79=0

dX2

d d
—Sso(X) ——SUE(X) =7
dX2 dX2

2 2
(1.5x2 + 71Xy —4 - Yq) - (O.5x2 + 35Xy -4 - 3.5q> =7

q:=357
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Finding total travel time at user equilibrium:

0.5%,° + 3.5%5 — 4 — 3.5(3.57) = 0

gives X, = 3.226 by quadratic, so X1y:=3.57-3226 xq,=0.344
Total Travel Time  tt,:=[5 + 3.5(0.344)]-3.57-1000 tt, = 22314  veh-min

Finding total travel time at system optimal:

2
1.5%y" + 7-xp -4 -3.5(3.57) =0
gives x,o:=2.64 by quadratic, so X15:=3.57-264 x14=0.93

tty5:=[5+ 3.5(0.927)]-0.927-1000 tt1g = 7642.651 veh-min
tthe == [1 0.5(2.64 2] 2.64-1000 =11839.872 veh-min
25 = + U, ( . ) ‘L. . ttZS = .

Total := ttyg + ttog Total = 19483 veh— min

Difference:= 22314 — 19482

Difference= 2832 veh-min
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Determine the probability of the household making three or more
peak-hour trips? Problem 8.37

Solve Poisson regression

BZ;:=-0.30 + 0.04(4) + 0.005(85) - 0.12(2) BZ; = 0.045

BZ; ) )
e —=1.046 Vehicle trips

Calculate probability

e 1'046~(1.0460)

Po=——5— Pg=0.351 (Eq8.2)
~1.046 (Eq8.2)
Py = e+(1'0461) P, = 0.368
11
1046
v Eq 8.2
Pyt =2 l104) Py = 0.192 (Eq8.2)
2!

1- (PO +Py+ P2) =0.089

Alternative Answers:

1) Find probability of exatly three trips

~ 1046
Py = 63+!(1'0463) P3 = 0.067

2) Do not subtract probabilities from 1

3) Find probability of greater than 3 trips

1-(Pg+ Py + Py + Pg) =0.022
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How many workers will use the shared-ride mode? Problem 8.38

Cost DL
3

CostDL :=5.50 CostSR = CostB =1.25
TravTimeDL =21 TravTimeSR =21 TravTimeB =27

Calculate utility expressions

Upy :=2.6 - 0.3Costp ) — 0.02(TravTimep ) Up_ = 0.530
Ugg :=0.7- 0.3(Costgg) — 0.04(TravTimegg) Ugg = —0.690

Up :=-03(Costg) — 0.0 TravTimeg) Ug = -0.645

Calculate probability of using carpool mode

PsR = PR = 0.184 (Eq8.7)

PgR-5000= 920 individuals ride in carpools
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Alternative Answers:

1) Solve for individuals riding in drive-alone autos

= Pg=10.193 Pp-5000=963 individuals

3) Do not divide cost by three

MsR,=0.7- 0.3(Costp, ) - 0.04(TravTimegg) Ugg = -1.790
o SR
Pep = Pgr = 0.070 Pgr-5000= 349 individuals
UL Ysr Us
e + e + e
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Determine the number of bus trips to shopping plaza 2. Problem 8.39

Up1:=0.25- (0.4-15) + (0.013275) Upp :=0.25- (0.4-16) + (0.013325)
Ugy:=0.0-(0.518) + (0.013275) Ugp:=0.0-(0.519) + (0.013325)
eusz

Pgy1100=21 trips

1
Alternative Answers:

1) Solve for bus trips to plaza 1

eUBl
Pp1:= Pr1=0.016
B1: B1
( Ua1 Ys1 Ya2 UBZ)
e +e e
Pgy1100=18  trips
2) Mix up commercial floor spacing
Upg,:=0.25— (0.415) + (0.013325) Uag,=0.25— (0.416) + (0.013275)
Ugg.:=0.0— (0.518) + (0.013325) Uga:=0.0— (0.519) + (0.013275)
eusz
P = Pg, = 0.009
M B2
Uai1 Ys1 Yaz U
e +e +e +e
Pgy1100=10 trips
3) Solve for auto trips to plaza 2
= Unq:=025-(041 0.01327 Unoy:=0.25-(0.416 0.01332
AL = Y- —(5)+( 5) A2 = Y- —(.' )+( 5)
Ugg.:=0.0— (0.518) + (0.013275) Ugo:=0.0- (0.519) + (0.013325)
[=]
eUAZ
Pro e Pao = 0.542
v A2
( Uai1 Ys1 Ya2 Uez)
e +e +e

Ppp1100=597  trips
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How many additional vehicle-hours of travel time will be added
to the system assuming user-equilibrium conditions hold? Problem 8.40

Check to see if both routes are used

t,(0) = 5 min t,(0) =4 min
t,(4) = 9.57 min t,(4) = 8.35 min

Both routes are used since t,(4) > t;(0) and t; (4) > t,(0).

Apply user equilibrium and flow conservation to solve for x_and x,,

5+ 4/3.5(x,) = 4 + 5/4.6(x,)

Flow conservation: x, = 4 - x;

5+ 1.143(x,) =4 +1.087(4 - x,) ¥q :=1.501
X2::4—X1 X2:2.5
Find total travel time in hours

X
{5 + 4.(—1ﬂ.1501+ [4 + s-Kﬁﬂ-mgg
35 46 477 vehh

60

Check route usage for reduced-capacity case

t,(0) = 5 min t,(0) = 4 min
t,(4) = 9.57 min t,(4) = 12.70 min
Both routes are used since t,,(6) > t,(0) and t,(6) > t,(0)

Apply user equilibrium and flow conservation to solve for X and X,

5+ 4/3.5(x,) = 4 + 5/2.5(x )

Flow conservation: Xo =4 -X,

5+ 1.143(x,) = 4 +2(4 - X,) .= 2.227
Yo=4-x X =18

Find total travel time in hours

X )
5+ 4| — |[.2227+ |4+ 5| — ||-1773
35 25 _c030  vehh

60
Find additional vehicle hours

503.0— 447.7=55.3 veh-h
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Alternative Answers:
1) Solve only for reduced-capacity case
Additional vehicle hours = 503.0 veh-h

2) Use 2100 veh-h for route 2 capacity

5+ 4/3.5(x,) = 4 + 5/2.1(X )

Flow conservation: X, =4 - X,
5+ 1.143(x,) =4 +2.381(4 - x,) Xq0=2.145
o= 4 — Xq X = 1.9

Find total travel time in hours

X1 X
5+ 4] — [[.2227+ |4+ 5| —= ||-1773
35 2.1 553 vehh

60
Find additional vehicle hours

525.3-4477=77.6 veh-h

3) Solve only for reduced-capacity case using 2100 veh-h route 2 capacity

Additional vehicle hours = 525.3 veh-h
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Problem 8.41

Determine the system-optimal total travel time (in veh-h).

7 .
Route 1: —.60=6.46 min
65

4 .
Route 2. —.60=4.80 min
50

Performance functions:

tl = 6.46 + 4X1
_ 2
t2 =4.80+ X2
The basic flow conservation identity is:
g=X;+X,=55

Substitute the performance functions for routes 1 and 2 into Eq 8.9

S(9 = x-(6.46+ 4x) + x2-(4.80+ x22>

S(X = 6.46%; + 4x12 + 4% + x22

From flow conseration, x; = 5.5 - x,; therefore,
S(9 = 6.46(55— X)) + 4(5.5- x2)2 +4x + x23

S() = %" + 4" — 46.466 + 156.33

Set the first derivative to zero to find minimum

ds(®)
dX2

= 3~x22 + 8% —46.46= 0 Whichgives x,:=2822 and x :=55-x

Find system-optimal travel times and system-optimal total travel time

t; =646+ 4(x)  min

ty:=4.80+ x22 min

1 =1717  t,=12.76 x| = 2.68 ¥ = 2.82

(26801y) + (2822t,)
60

=1367.33 veh-h
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Alternative Answers:

1) Simply add up individual travel times t; and t,,
t] + ty =29.94 veh-h
2) Solve for total user-equilibrium travel time using

5500t;
=1574.10 veh-h

3) Solve for total user-equilibirum travel time using t,

5500t
2 _ 1170.00 veh-h
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icle- 2
How many vehicle-hours could be saved~ Problem 8.42

Solve for total number of vehicle hours using given distributions

x| =2500 %y :=2000

t1 =12+ 25 t; =14.50 ty:=7+220 t,=11.00
Xq-t
Route 1: & = 604.17
60
Xo-t
Route 2: 2z = 366.67
60

total = 970.84 vehicle-hours

Solve with system-optimal traffic distribution

SO = (12+ xl)-xl + (7 + 2-x2)-x2

With flow conservation, x; = 4.5 - X, so that
2
S =5% —14% + 63

Set the first derivative to zero

14
10% - 14=0 0= E A= 45X
=12+ % t; =15.10 =7+2% t) =9.80
1400t4
Route 1: =352.33
3100ty
Route 2: =506.33

total = 858.66 vehicle-hours

Hours saved = 970.84 - 858.66 = 112.18 vehicle-hours saved
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Alternative Answers:

1) Do not divide traffic flows by 1000

24,= 2500 Yo,:= 2000

tao=12+ 2500 tq =2512.00 t2:=7+2:2000 t, =4007.00

Route 1: —— =104666.67
60
Xt
Route 2: H = 133566.67

104666.67+ 133566.67= 238233.34

With flow conservation, x; = 4500 - X, so that
S(9) 1= 5%, — 8005, + 63000

Set the first derivative to zero

8005

10%) — 8005= 0 Xo= T X= 4500 — %y
= 12+ % ty =3711.50 la= 7+ 2% t, = 1608.00
1400t4
Route 1: = 86601.67
3100ty
Route 2: = 83080.00

86601.67+ 83080= 169681.67

238233.34— 169681.67= 68551.67 Vvehicle-hours saved

2) Use total vehicle-hours for system-optimal traffic distribution

858.66 vehicle-hours saved

3) Use total vehicle-hours for given distribution

970.84 vehicle-hours saved
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