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Chapter 2 Solutions

Problem 2.2-1

kip kip
L = 10ft =2—=  k=4—
e fr in
M 0 I b % 0.833 > 944 % 10
XMp = A, =——qqL— |=3.333ki = =0.833-in — =6.944 x
B ¥ ke B P ATk
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Problem 2.2-2

E = 200GPa d. = 25mm q= 5— L. =07m P = 10kN a =25m
m
(| G ;
A= :'dr =0.761-1n
Force in rod My =0 F = l-% q-a-—i— +P(a+ b)} =19.25.kN
a 2

- l:r'Lr
Change in length of rod Sq= K =0.1471-mm

Displacement at B using similar triangles by = ﬂ-émf 0.1912-mm
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Problem 2.2-3

(a) SUM MOMENTS ABOUT A

L4
3 2b 2
My =0 — Wb+ —W(Q2b)= kdb
5 5 A
2 2
b |
2b 3
— —_ 2
szb + é_bW(-b)
5= 2 2 6w
kb 5k
2b
5_b Wb
3 2b 4Wh = 2 4w
(b) EMp =0 kbd = S—‘Vb . SO |0 = b —?
—b
145
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Problem 2.2-4

A = 304 mm’ (from (b) FACTOR OF SAFETY

Table 2-1) P = 406 kN (from Table 2-1)
W =38 kN Prax = TOKN
E = 140 GPa Pyir 406 kN
n_ T e— T —
L=14m Proux TOKN
(a) STRETCH OF CABLE
5 WL (38 kN) 14 m)
EA (140 GPa)(304 mm?)
= [25mm <
146
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Problem 2.2-5

PL

iy B Bl o s
(a) = E,

5, ( PL )
EA

E, = 30,000 ksi E, = 11.000 ksi

E, =:2:727 il =2.727

E, T
: PL  PL A, E, d, E.
b) &, =6 = S —_— = d |—= /— = 1.651
™% ™ e " EA A B & NE

(C) SAME DIAMETER, SAME LOAD, FIND RATIO OF LENGTH OF ALUMINUM TO STEEL WIRE IF ELONGATION OF ALUMINUM IS 1.5 TIMES
THAT OF STEEL WIRE

PL, PL,

5, E,A E,A L, E,
- =15 |2 =15=2 =0
3, L5 |L =15 =05

( PL; ) ( PL; )

EA E.A

(d) SAME DIAMETER, SAME LENGTH. SAME LOAD—BUT WIRE | ELONGATION 1.7 TIMES THE STEEL WIRE = WHAT IS WIRE
| MATERIAL?

PL PL

8 E(A EA E;
— = = 1.7 E =

8 (PL) (PL) 1.7
E,A E,A

wn

= 17.647ksi <cast iron or copper alloy (see App. I)
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Problem 2.2-6

dy = 300 mm
dp = 150 mm
Li=46m

L, =105m
EA = 10,700 kN

Ly
¥ W=22kN

~
-
=3

TENSILE FORCE IN CABLE

w

T=—=11kN
2

148

LENGTH OF CABLE
1 1
L=L; +2L,+ Z(qu) + E(WdB)

= 4,600 mm + 21.000 mm + 236 mm + 236 mm
= 26.072 mm

ELONGATION OF CABLE

_TL_(UKNQ60T2mm)
“EA~ (10700kN) _ oemm

LOWERING OF THE CAGE

h = distance the cage moves downward

h=—6=134mm <

19 | —
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Problem 2.2-7

dy, = 15m d; = 144m E = 29000ks1 P = Skip
2 2 w2 o3 2
Ipc =VGH + @B =5&  Apc =74 -4) = 138540’

Find force in DC - use FBD of ACB

3
My =0 SFDC @) =POR) s Fpe =

o |
+ | o

Change in length of strut

ADC = T =28% 10 "-in shortening

Vertical displacement at C (see Example 2-7) and at B
A A

i 5 = - N g = —

sin( ACD) :

dc =

= | v

on

(@}
Il
-
o
N
p '3

o | w
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\
~P-[ ; J =18.75kip  compression

,
“.in  downward
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Problem 2.2-8
s
Lgp = 350mm Leg = 450mm A =720mm" E = 200GPa P = 20kN
Statics - find axial forces in BD and CE - remove pins at B and E, use FBD of beam ABC - assume beam is rigid

-[P-(600mm)] = 34.286.kN  CE is in tension; force CE acts downward on ABC

Mg =0 CE =
350mm

SE =0 BD = P+ CE=354286.kN BD is in compression; force BD acts upward on ABC

Use force-displacement relation to find change in lengths of CE and BD and veriical displacements at B and C

BDLgp CELcg
égp = T =0.13194.-mm shortening dcg = =0.10714-mm elongation
Use geometry to find downward displacement at A W B" C’
s e e S g s g s e Ity i
. | | ‘5/ ScE
o= atan[M] =0.03914-deg A 8 C
350mm Spp—%
A A= 930mm-tan{a) — 'SCE =0542.-mm downward A A
¢ a o Ap+8cE  |3p| *+ 3¢k A
or similar triangles = i 600 mm B 350 mm N

(see figure) 600 + 350

Ap = (|oBp| + 5CE’)'{%) - 8cg =0.542-mm % * % = %0+ Oce
3 D
600 + 350 350

downward
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Problem 2.2-9

Pmax = pressure when valve opens
L = natural length of spring (L > h)
k = stiffness of spring

FORCE IN COMPRESSED SPRING

F = KL — h) (From Eq. 2-1a)

PRESSURE FORCE ON SPRING
2
p— wd*
p max 4
EQUATE FORCES AND SOLVE FOR fi:

TP maxd>
, PP =gy s i
h = height of valve (compressed length of the spring) 4

2
d = diameter of discharge hole = [ — TPmaxd”
4k

-~

p = pressure in tank

151
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Problem 2.2-10
NUMERICAL DATA k=950N/m b=165mm P=1IN =25 0,4, =2°

W, = 3N W, = 275N

(a) If the load P = 11 N, at what distance x should the load be

placed so that the pointer will read # = 2.5 on the scale A ! B C
(see Fig. a)? 0
B - Z 2]
J=

Sum moments about A. then solve for x:

3 b2
xX= “; = 102.6 mm |[x = 102.6 mm

|
b > bi2 —»
(a)
(b) Repeat (a) if a rotational spring k, = kb” is added at A (see . P
Fig. b). A & B C
k, = k b* = 25864 N-mm N N g0
k, k
Sum moments about A, then solve for x:
kOB + k.0 x =
== = 205mm =124 i |
! =

(b)

x= —b=144375mm

00|~

(c) Now if x = 7h/8, what is Py (N) if § cannot exceed 2° ?

kOax * + k.0
= —= =2 = 125IN [P, = 1251N

7
—=b
8

Sum moments about A. then solve for P: Pinay

(d) Now, if the weight of the pointer ABC is known to be W), = 3 N and the weight of the spring is W, = 275 N,
what initial angular position (i.e.. 6 in degrees) of the pointer will result in a zero reading on the angular scale
once the pointer is released from rest? Assume P = k, = 0.

Deflection at spring due to Wy, Deflection at B due to self weight of spring:

(3)

W,
W

Spp = ——p = 2368mm dp = ﬂ = 1.447 mm
dp

Op = bp, + dp; = 3.816 mm Oinit = ? = 1.325°

F
OR By = arctan ( 7”) = 1.325° [0, = 1.325°

10
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(e) If the pointer is rotated to a vertical position (figure part c), find the required load GP,
applied at mid-height of the pointer that will result in a pointer reading of § = 2.5
on the scale. Consider the weight of the pointer. W, in your analysis.

k=950 N'm b=165mm W,=3N

k= kb? = 25.864N'm 6 = 2.5°
Sum moments about A to get P: a2
pi= ;’b [k,+k(%b2) - Wp(%b)]=20.388N E 3
(%)
b

(c)

153
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b = 10mn c=T7m k=5— p=—1-—in n=12

SMg = 0 W= P.%
w
L 3 3

Al B F

o
W
F
—r
c
Force in spring is F = k(n-p) =3.75-1bf s0 W= F-i— =2.625-1bf

154
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Problem 2.2-12

b = 30cm ¢ = 20cm k= 3650E p = 1.3mm W = 65N
m
Force in parallel springs is F = 2k(np)
i
| b
o Al /g
Sum moments about B (see FBD) to find F in terms
of weight W
w
. b
Wb = Fe 50 F=W-—
<
Substitute expression for F and solve for n F
w2
n=—=8904
2.kp

155
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Problem 2.2-13

(a) Derive a formula for the displacement 8, at point 4 when the load P is applied at joint 3 and moment PL is applied
at joint I, as shown.

Cut horizontally through both springs to create upper and lower FBD’s. Sum moments about joint 1 for upper FBD and
also sum moments about joint 6 for lower FBD to get two equations of equilibrium; assume both springs are in tension.

2 3 2
Note that 5 = _3_ 8; and &5 = 154 Force in left spring: k(64 -3 83)

3
Force in right spring: 2k( 7 84 — 83)

Summing moments about joint 1 (upper FBD) and about joint 6 (lower FBD) then dividing through by k gives

=2 13 -2 B\"' L2
9 6 (53)_ —2P (.53)~ 9 6 2P =) 2 = L
96 i j\a) "\ - 8) | —26 17 k1= 260 2% oo 12Tk
9 6 0 9 6 0 k] 3 °

* deltas are positive downward

(b) Repeat part (a) if a rotational spring k, = kL? is now added at joint 6. What is the ratio of the deflection 84 in part (a)
to that in (b)?

Upper FBD—sum moments about joint 1:

2. "\oL 3 2Lk 13Lk
k(84—§83)7+2k(264—63)L=—2PL OR( 5 )s3+ —— 84 = —2PL

Lower FBD—sum moments about joint 6:

k(5 '2—5)£+2k(35 S)L k.Bg =0
4 3 3 3 44 3 rV6 =

5. X 3 5. 26Lk 43Lk
[k(m——63)—+2k(—84—83)L]+(kLz) = 1=0 OR (—)a3+ 5,=0
3 3 4 4 9 12

=1
3
Divide matrix equilibrium equations through by £ to get the following displacement equations:
-22 13 -22 13\~! 43P\ 43
N — e Re=s L e — = 2.867
9 6 (53)__2_ (53)_ g B [=ZN |de)
-2 a3 |\s) " | % 8 | —26 43 E = ioap ] 104 104P
—=l 25 0 e 0 —— ] —=2311 |0y =—
9 6 9 12 45k 45 45k
A deltas are positive downward
26
3 . : : 3 15 . 15
Ratio of the deflection 84 in part (a) to that in (b): Toa = 7 Ratio = — = 3.75
45
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Problem 2.2-14

P
NUMERICAL DATA c P
A =3900mm>  E=200GPa
P =475kN L = 3000 mm

Opmax = 1.5 mm
(a) FIND HORIZONTAL DISPLACEMENT OF JOINT B A B
Statics  TO FIND SUPPORT REACTIONS AND THEN MEMBER FORCES:
1 L v A
SMy=0 B,.=—(2P—) '
BTN g I ; |
I |
B_v = (a)
SFp=0 Ac=-P
SFy=0 A,=P—=B, A,=0
MeTtHOoD oF Joints: ACy = Ay ACy =0 Force in AC =0
AB = Ay
Force in AB is P (tension) so elongation of AB is the horizontal displacement of joint B.
FapL PL
8y = 8y = 7= = 1.8269
B EA B= Ta op = 1.82692 mm p = 1.827 mm
! " EA
(b) FIND Pppax IF DISPLACEMENT OF JOINT B = 8p. = 1.5 mm P, = TBB'"“ Pax = 390kN

(¢) REPEAT PARTS (@) AND (b) IF THE PLANE TRUSS IS REPLACED BY
A SPACE TRUSS (SEE FIGURE PART b).

FIND MISSING DIMENSIONS @ AND¢: P =475kN L=3m

(b)

L\? L
a= Ll—z(g) =2.12132m =0.707 a=72=2.l2132m

2
c= VL +a =367423m c= \sz + (%) = 3.67423 m c=L\/§= 3.67423 m

(1) SUM MOMENTS ABOUT A LINE THRU A WHICH IS PARALLEL TO THE Y-AXIS

ol K~

B, = —P% = —671.751 kN

157
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(2) SUM MOMENTS ABOUT THE Z-AXIS

(%)

B, = 2 = 335.876 kN SO Ay =P — B, = 139.124 kN
(3) SUM MOMENTS ABOUT THE X-AXIS
L
AL — P 2
C.= g = —196.751 kN
2

(4) SuM FORCES IN THE X- AND Z-DIRECTIONS Ay=—-P=—475kN A.= —C, — B, = 868.503 kN
(5) USE METHOD OF JOINTS TO FIND MEMBER FORCES

Sum forces in x-direction at joint A: %FAB +A. =0 Fap = -TCA', = 823 kN

Sum forces in y-direction at joint A: Fpe +A,=0 Fac = \/f(—A_‘.) = —196.8 kN

Sum forces in y-direction at joint B: Fpc+ B, =0 Fpc = —2B, = —672kN

(6) FIND DISPLACEMENT ALONG X-AXIS AT JOINT B
Find change in length of member AB then find its projection along x axis:

L L — arct (-L-)—54736° YR mme g = 6.71
AR = EA mm f = arctan 2] =% BX_COS(B)— ? mm |8p, = 6.71 mm

(7) FIND P, FOR SPACE TRUSS IF 8y, MUST BE LIMITED TO 1.5 mm

Displacements are linearly related to the loads for this linear elastic small displacement problem, so reduce load
variable P from 475 kN to

1.5

71254 475 = 106.145 kN Poax = 106.1 kN

Repeat space truss analysis using vector operations a=2.121m L=3m P=475kN

POSITION AND UNIT VECTORS:

0
a . 0.577 L " 0
TAB = 0 €snp = A8 = 0 rAsc = E eAC = e e 0.707
-L el \ —os16 B ac|  \ —0.707
T3
FIND MOMENT AT A:
MA =rAB><RB+ rAchC
0 2.P 30mRB, + 1.5mRC.—7125kN'm
Mgs=rsgX| RBy | + rajcX| —P | = —2.1213 m RBz —1425.0 kN'm
RB. RC. 2.1213 m RB,, —1425.0 kN-m
158
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FIND MOMENTS ABOUT LINES OR AXES!

Myesg = —1.732 m RB, + 1.7321 m RB, + 0.86603 m RC. + 752.15 kN-m

—244.12
RC, = oo = —338262  C. = —196.751kN
Myexc=—1.5mRB,+ —1.5mRB. So RB,= —RB.
. 462.5
My 1] =-21213m RB. + —1425.0kN'm So RB.=——— = —261.625 B.= —671.75kN
. 2~ _1.7678 z
0
0
M| 1] =2.1213m RB, + —14250kN'-m So RB, = —RB, = 261.625 B, = —335.876 kN
0

SF,=0 A,=P — B, = 139.124kN

Reactions obtained using vector operations agree with those based on scalar operations.

159
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Problem 2.2-15
' L=12(12)in. E=10600% (103 psi ¥ P ’
r————

=0
1
8, =§in. o, = 10X (10°) psi
& ,
A=""— A=7854%10"7 in2
Maximum load based on elongation:

EA = 8325 X 10*1b EA
Powx) =——8,; Poaa = 7231b < controls

Maximum load based on stress:

Poaxs = 04A  Powa = 1851b

160

© 2018 Cengage Learning®. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Problem 2.2-16

NUMERICAL DATA Reference line \

¥

W=25N k; =0300N/mm L;=250mm
ky = 0400 N/'mm L, = 200 mm
L=350mm h=80mm P=18N

(a) LOCATION OF LOAD P TO BRING BAR TO HORIZONTAL
POSITION

Use statics to get forces in both springs:

> My=0 F2=L(W£+Px)
ARG i)

> Fy=0 Fi=W+ P—-F,

W
==+ P(l —i)
2 L

Use constraint equation to define horizontal
position. then solve for location x:

g i RSP SR
o Ty ky

Substitute expressions for F; and F> above into constraint equilibrium and solve for x:

- —2LyLkyky — kWL — 2k PL + 2L, Lkjky + 2h L kyky + KWL
o —2P(ky + k)
x=1347mm <

(b) NEXT REMOVE P AND FIND NEW VALUE OF SPRING Parr (¢)—Connizven  (from page below)
CONSTANT k| SO THAT BAR IS HORIZONTAL
, e Stanics
UNDER WEIGHT W
; L
Now, F,=% F2=% since P =0 W(E_b)
- = 2‘"‘]‘0 Fz-——l_b
Same constraint equation as above but now P = 0:
SFy=0
w w
P} 2 FL=W-F
g+ — - + h) - -
L 3 (Ly + h) 5 0
L
Solve for &;: w(7 — b)
i e s it
B Wik, F —
[260L; — (L + W] - W o
e = ().2 - 2 e—
h 0.204 N/mm F AL - b)
Part (c) continued in
right column below
16
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(¢) Usk k; = 0.300 N/mm BUT RELOCATE Constraint equation—substitute above expressions
SPRING Ky (X = b) SO THAT BAR ENDS UP for F, and F, and solve for b:
IN HORIZONTAL POSITION UNDER WEIGHT W

F F
L,+T'—(L3+h)—TZ-O
LR-b ! 2

Use the following data:
1" ki = 0.300 N/mm  k» = 0.4 N/mm L, = 250 mm
ﬁ— I, =200mm L =350mm
Lf’ L!’ ’

FBD

2Lkikol + WLks — 2LskksL — 2hkiksL — WkyL
(2Lykyks) = 2Lskk; — 2hkiky — 2Wky

b=T741mm <«

Part tinued bo
Attlclcontinued onpage ahove Part (d) continued from left

column

(d) REPLACE SPRING k| WITH SPRINGS IN SERIES: New constraint equation; solve for k3

k; = 0.3 N/mm, Ly/2, AnNp k3, Li/2. aND K3 R Fs

SO THAT BAR HANGS IN HORIZONTAL POSITION L|+-L_+.‘.__(La+[,)_?.-o

Stancs F w F: 4 ul'/z w2 1 w2

A > = e— IR —
: 2 : 2 L+——+———(lp+h)———=0
ky ks < ky
Wk k
ks = i3 ky = 0638 Nimm

—2Lkiky — Wky + 2Lhkky + 2hkyky + WKy

NOTE—equivalent spring constant for series springs:
kiks k. = 0.204 N/mm «— checks—same as (b) above

162
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The figure shows a section cut through the pipe. cap, (a) MINIMUM REQUIRED WALL THICKNESS OF CAST IRON

and rod. PIPE. lcmin
First check allowable stress then allowable
NUMERICAL DATA shortening:
E. = 12000 ksi E; = 14,000 ksi T
1 W, Ys(zd;ts)
W=2k d.=6in ,=Ein.

Weap = 8.018 X 107k
o,=5ksi 8,=002in.
w™
. - . —4 ok ‘Vl‘od = ’Yb (_d%Lr)
Unit weights (see Table I-1): 7y, = 2.836 X 10™* K/in." 4

; W, = 2482 % 10k
vp = 3.009 X 107* k/in.? od

I.=48in L, =42in. Wy =W+ Weap + Weoa W,=201k
=i W, N g
I mn. Apin = o Apmin = 0402 in.

a

9.9
A pipe = 1dc — (. — 21,7

; WL
Apipe = wt{d: — 1) t>—dt.-+B=0 B=#

W, wES,
tld. —t.)= pry B=0.142
Leta = a=0.128: i TN G

TO 4 < 2
t&—ddc+a=0 .= 0.021in. < minimum based on 8, and o,
d.—V dc2 — da . controls

t.= 3 t.=0.021in.

(b) ELONGATION OF ROD DUE TO SELF WEIGHT AND

PR
minimum based ALSO WEIGHT W

on oy,
o (w52
Now check allowable shortening requirement: &y =——————— 5,=0031in. <«
. . (57)
e E Amin e Ed,

(¢) MINIMUM CLEARANCE /1

- 2
= (). = < lare .
Amin = 0.447 in larger than value based on R =B+, s =005V,

o, above
WL,
Eb,

mid. — 1) =

163
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Problem 2.2-18

b—1.5m SHORTENING OF BAR BE
Alle Fpplpp (296 kN)(3.0 m)
Spr = = 5
EAgr (200 GPa)(11,100 mm*~)
= 0.400 mm

SHORTENING OF BAR CF
" Feplcorp - (464 KN)(2.4 m)

EAcp (200 GPa)(9.280 mm?)
= 0.600 mm

dcr

DISPLACEMENT DIAGRAM

Agg = 11,100 mm?
Acp = 9.280 mm?

E =200 GPa
LBE =30m
Lc[: =24m

B =00 KN; £ =300k Spp — 04 = 8¢p — Bpp Ordy = 2py — d¢r

FREE-BODY DIAGRAM OF BAR ABCD 84 = 2(0.400 mm) — 0.600 m

f—1.5m ——1.5m— =0200mm <«
(Downward)

2.1
op — 8¢cr = 'l—‘s'(scr — Opp)
12 7

P =400 kN Fpe Fer Py =360 kN = 5p =?6CF . EBBE
12 7

My =0~ = 3 (0.600 mm) — 3 (0.400 mm)
(400 kN)(1.5 m) + Fci(1.5 m) — (360 kN)(3.6 m) = 0 =0880mm <
F. 464 kN (Downward)

CcF=
EMC A 0
(400 kN)(3.0 m) — Fpe(1.5m) — (360kN}2.1 m) =0
FBE e 296 kN

164
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Problem 2.2-19

(a) DISPLACEMENT &p

Use FBD of beam BCD 3Mp=0 Rp= l[(25) (%L) (EL) + ;(L + %L)] = P <compression force

L L 8 in column CF
YFy=0 Rp= (2 E )(2 L) = 5 E — Rc = 3F <_compression force in column BA
L 4 4 4
3P
Downward displacements at Band C: ép = Rpf) = Tl 6c =Rcfr = Pfr
3
L+—-L
v 4 1P 9Pf; 1P 9Pfi | P
Geometry: ép = ép + (8¢ — 6p) R T R E(ZSJ‘Z - 9f)
o ) _ 3PH hi 4
(b) DISPLACEMENT TO HORIZONTAL POSITION, SO 8¢ = 8p and 3 Pfy or 7 =%
2
i 'Ed 2
EA; 4 or ﬂ_i(ﬁ) Ly _ag.4 ; _4d|2 ﬂ_i(ﬂ)’ with i 9
L, 3 2 3\A4) L 3| =, 3dY L 3\d; > 8
EA; q
ﬂ_i(z)z_zl Lo _ 2
Ly 3\8 16 Ly 16

(c) Ir Ly = 2 L, FIND THE dy/d; RATIO SO THAT BEAM BCD DISPLACES DOWNWARD TO A HORIZONTAL POSITION

ﬂ—2 d éc=28p f art (b (ﬂ)z—g(ﬂ) ﬂ—,[i'2—l225
il an ¢ = og [rom part (b). & ™~ L S0 dz_ 4()—.

(d) Ird) =(9/8) d; AND Ly/L, = 1.5. AT WHAT HORIZONTAL DISTANCE X FROM B sHOULD LOAD P/4 AT D BE PLACED?

d L LifA Ly (d>\? 2
Given —1—2 and —l=|.5 or £=—l(—2) Jl=—l(—2> =3(§) —2

d 8 Ly h L\A/ fi L\d 2\9/ 27
Recompute column forces Ry and R but now with load P/4 positioned at distance x from B.
9LP  Px
1 P\(3 3 P 16 4
R = = — — 1{-= - 4 —( =
Use FBD of beam BCD: 3Mp=0  R¢ L[(zL)(4L)<8L) 4(x)] I
OLP 2 Px
P\(3 P P 16 4
= = e | = + —— e e e R B
SFy=0 Ry (ZL)(4L) m R¢ n L

Horizontal displaced position under load ¢ and load P/4 so 8. = ép or Rcf: = Rpf.

19

© 2018 Cengage Learning®. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



9LP  Px 9LP _ Px

- +
16 4 7P 16 4 9Lf — 19Lf; L(9f — 191)
— fi=|— — ———— | fisolve.x = — =
L 4 L 4fy + 4f 4(fi + )
h
g— ..
L(9f; — 19f)) g =8
. 4(—‘+1)
h
1932 9
Now substitute f;/f> ratio fi bove: (=L 27 —365L E—IS-W
ow substitute fi/f> ratio from above: x=1L 4(32 +|) = 36 e -
27
166
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Problem 2.2-

Apply the laws of statics to the structure in its displaced position; also use FBD’s of the left and right bars alone
(referred to as LHFB and RHFB below).
OveraLL FBD: XFy =10 Hy —ki6d=0 S0 Hy = k6

EFV=O RA+RC=P

. L I Ly
SMy=0 kfa—0)-PZ +Rcla=0 Re=1-|P3 —kla—0)

2
& (h L2
LHFB: SMp=0 Hah + k(2 ) = Ra 5 ) + kol = 0) = 0
2 8 (h
= — *k=l=1+k =
RA L2|:k|5h Lz(z) L,(a 9)]
é(h Ly 21.8(h 3
RHFB: EMg— 0 —ﬂi(i) = Llﬁh + RC? =0 RC —L—Z[LE(E) 2 2 k[ﬁhj]

Equate the two expressions for R¢ then substitute expressions for Ly, k., ki, h and 8

L
l[P—z — k(e — 9)] - 1[;&9 ('—’) + k.&h] OR

Lyl 2 Ll 2\2
5 2b ) — bsin(0
-lf—z[P% - k(e — 0)] = [le [k (ol )2 eoslng) M;( ) + ky[2b(cos(A) — cos(a))](bsin(ﬂ))“ =0

(a) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE @ AND DISTANCE INCREASE 8
b=200mm k=32kN/m «=45° P=50N k=0 k=0
L, =2bcos(#) Ly =2bcos(a) 8=1L, —L; &=2b(cos(f) — cos(a)) h= bsin(0)

| L, | 1 ‘2b(cos(0) — cos(a)) bsin(8)
nlr 3 -ve-o] - [ = :

= o + ki [2b(cos(B) — cos(a))](bsin(()))“ =0

Solving above equation numerically gives IO = 35.1° | |8 =446 mm|

COMPUTE REACTIONS

R, —i[ké(’—l)i—kﬁl]—ZSN R —L|:PE k 8)|=25N
c = 2\5 18h| = T ) (a—0)|=

/
Ry = f [klﬁh + L%(E') + k(a — a)] =25N My=k(a—0)=0

2

Ry + R = 50N <check [Ry = 25N] [Re =25N]

(b) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE f AND DISTANCE INCREASE &

b=200mm k=32kN/m a=45 P=50N - p?

>~
I
|
e
S
]
o | =

Ly = 2bcos(0) Ly = 2bcos(a) =1L — Ly &=2b(cos(f) — cos(a)) h = bsin(9)
2b(cos(f) — cos(a)) bsin(O

L[pﬁ_k,(a_g)]-[i[k (cos(8) — cos(a)) bsin(B)

Ll 2 Ly 2 2

Solving above equation numerically gives |0 = 43.3"| ]6 = 8.19 mm|

COMPUTE REACTIONS

+ ki [2b(cos(0) — cos(a))](bsin(o))” =0

2 &(h 1 Ly 3 B
Rp= [L,,(z)u,ah]—ls.sN R= o [P > — k(a — 0)| = 185N

VA

2 5(h
R4 =L—[k16h + k;(;’) + kol — 0)] 315N Ma =k (a— 60)=1882N-m
2

Ry + Rc=50N < check [Ry=315N| |[Rc=185N] [M,=1882N-m|
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Problem 2.2-21

Apply the laws of statics to the structure in its displaced position: also use FBD’s of the left and right bars alone
(referred to as LHFB and RHFB below)

Overal. FBD XFy=0 Hy—ki8=0 so Hy=kd
SFy=0 Ry + R-=P

Iy 1 [ L
SMy=0 kfa—6)—P7 +Rcly=0 Rc =L—[P72 — k(e — 0)]
2

é(h L2
LHFB SMp=0  Hph+ k; g RA? + kla—0)=0
2 o(h
= — + k—| — 3 —
Ry I [k,&h kz(z) + k(a 9)]
6 (h Ly 2|.8(h
RHFB ZMB =0 —kE(E) = k|5’l 22 RC? =0 RC = L_ [LE(E) + L]Sh]

Equate the two expressions above for R¢ then substitute expressions for Ly, k., k1. hi, and &
1 L 2 o h
S e Xl = — e [ ey + -
L [P 5 k(a 9)] o [k 2(2) L,Bh] OR
Ly 2b(cos(0) — cos(a)) bsin(f

l[P—“—k,(a—O)]—[i[k (cos(6) (a)) bsin(0)
Ly 2 L, 2
(a) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE ) AND DISTANCE INCREASE 8

b= 8in. k = 16 Ib/in. o =45 P =101b kj =0 k,=0

Ly = 2bcos(8) Ly =2bcos(e) &=Ly —L; & =2b(cos(f) — cos(a)) h = bsin(8)

L 2b(cos(0) — cos(a))bsin(@)
—'—[P—l — k(e - 0)] - [—2—[k e i
Lyl 2 Ly 2 2

+ ky[2b(cos(8) — cos(a))](bsin(l)))“ =0

+ ki [2b(cos(B) — cos(a))](bsin(l-)))]] =0

Solving above equation numerically gives [f = 35.1°| [ = 1.782 in. |

COMPUTE REACTIONS
2|.8(h 1 Ly
=—|k=l=]4+k = =—|P—= —k _ =
R -[L2<2) Llah] 51b Re T [P 2 k(a —0) 5ib

2 h
Y R [
R, L [L,ah k (2

Ry+ Rc=101b < check [Ry=51b] [Re =51b]

)+k‘(a—0)]=5Ib My=k{a—0)=0
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(b) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE f AND DISTANCE INCREASE 8

k k
b=8in. k=16Ib/in. « =45 P=101b k|=5 k,—EbZ

L, =2bcos(#) Ly =2bcos(a) 6 =L, — Ly &=2b(cos(8) — cos(a)) h = bsin(8)

L%[P% — k(e — 0)] = [i [kZb(COS(g)z— coste) bSi;(o) + ki [2b(cos(0) — cos(a))](bsin(l)))” =0

L

Solving above equation numerically gives [ = 43.3°| [6 = 0.327 in.|
COMPUTE REACTIONS

27.8(h 1 [ L,
A 71 (RS B S N | T Cr | )
¢ Lz[ 2(2) : '] ¢ Lz[ T

2 5 (1
Ry = -L—[k,b‘h +k (5') + k(a — 9)] =631 My=kf(a—0)=12521ftIb
2

Ry + Rc=10011b < check [Ry=631b] |[Rc=3711b| (M, = 1.2521b-fi
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Problem 2.3-1

NUMERICAL DATA
P=3k Ly = 20in. L, = 50in. dy = 05in. dp = lin. E = 18000 ksi

(a) TOTAL ELONGATION

4PL, 3 PL, ;
8 = ———— = 0.00849 in. 5 = — = 0.01061 in.
wEdydp EEng
4

8 =28, + 8, =0.0276in. & = 0.0276 in.
(b) FIND NEW DIAMETERS AT B AND C IF TOTAL ELONGATION CANNOT EXCEED 0.025 in.
4PL, PlL, £ : :
2 + = 0.025 in. Solving fordg: |dg = 1.074 in.
‘h'EdAdg

()
E —dj
4 B
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Problem 2.3-2

L.=20m

A, = 4800 mm’
E.= 120 GPa
L;=05m

Ay = 4500 mm®
E, = 200 GPa

171

(a) DowNWARD DISPLACEMENT & (P = 180 kN)
PL; (180 kN)(2.0 m)

T EA. (120 GPa)(4800 mm?)

= 0.625 mm

_(PI2)Ly; (90 KkN)(0.5 m)

© EA; (200 GPa)(4500 mm?)

= 0.050 mm

8 =8, + 8, = 0.625 mm + 0.050 mm
=0.675mm <

e

3,

(b) MAXIMUM LOAD Prax (8max = 1.0 mm)

)
[.Omm

P... = (180 kN)| ——
max = ( )(0.675mm

>=267kN
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Problem 2.3-3

NUMERICAL DATA

A=040in2 P, =17001b

P> = 1200 1b P; = 1300 1b

E = 10.4(10°) psi

a = 60 in. b =24in. c=36in.

(a) TOTAL ELONGATION

1
- [(Py+ Py — Py)a+ (P, — P3)b + (—P3)c] = 0.01125in. [6 = 0.01125in] (elongation)

(b) INCREASE P3 SO THAT BAR DOES NOT CHANGE LENGTH

1
H[(Pl + Py — Ps)a + (Py — P3)b + (—P3)c| = Osolve, P; = 16901b  [So new value of P; is 1690 Ib,
an increase of 390 Ib.

(c) NOW CHANGE CROSS-SECTIONAL AREA OF AB SO THAT BAR DOES NOT CHANGE LENGTH Pz = 1300 Ib

Hpis Py P2t (h = P2+ (-py%| =0

A

A
Solving for Asp:  |Aap = 0.78 in2 T"’ = 1.951
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Problem 2.3-4

E = 200GPa

3 b 2
A = 6000mm- Ay = 5000mm- Ay = 4000mm™ L; = 500mm
PB = 50N PC = 250N PE = 350N

Intemnal forces in each segment (tension +) - cut bar and use lower FBD

NAB = —pB+PC+PE=550N

NBC = PC + PE=600N

Nep =P~

350N Npg = Pp=350N

Use force-displacement relation to find segment elongations then sum elongations to find downward displacements

L—
Nagly 4 Mgy
BB = =2292x 10 -mm  downward 6C = 6B - -
E-A,y EAy
)
fepy _4 Npe L3
=8+ ——=4667x 10 -mm = +

3

Axial displacement diagram - x origin at A, positive downward

8(x) = aB.Li if x<Ly

1
X—Ll

g + (3¢ ~ dg): if

ol

\
i

b + (bp = i) | ——

5

o

L

ép+ (8 —8p)-

L3

—x - (Ll + L))
———— | otherwise

Ly
Ll SXSLI'F—)

| LZ
X—’\Ll +_',‘

L,
f Ly +—<x<L;+1L,
1 N 1 2

J

4

7

=3792x 10" . mm

S ERSARAT

-mm
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Downward axial displacement (meters)

L e e L

position {rom support at top
I '/.

174
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E = 29000ksi A=824in’ L;=2in  Ly=20n  Lj=40n

Pg = 501bf P = 1001bf Ppy = 2001bf

Internal forces in each segment (tension +) - cut bar and use lower FBD

Npg = Pg+Pc-Pp=-150bf  Np¢ = Pe—Pp=-100-1bf Nep = ~Pp=-200-1bf

Use force-displacement relation to find segment elongations then sum elongations to find downward displacements

Nagihi i NacLy 5 Nepls

=5 -3 -
=———==1255% 10 “in o = + =-2092x 10 " =dp- + =-544x 10
ik c = % WHESST
upward upward upward
175
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Problem 2.3-6

e 77.0§ from Table I-1
3

m

E = 200GPa

b b 2
6000mm™ A, = 5000mm™ Az = 4000mm™ Ly = 500mm L, =14 L3 =1,

A

Pgp = 50N  Pe=250N  Pg = 35N

Internal forces in each segment (tension +) - cut bar and use lower FBD - weight per unit length = yA,

Pyp = —Pg + Pc + Pp = 550N Pgc = Pe + Pp = 600N Pcp = P = 350N Ppg = Pg = 350N

Now add weight per unit length - x origin at A, positive downward
( L, L,

\
Nap(x) = Ppg+ '*f-Al~(L1 -x)+ Ay Ly + A3 Ly Npe(® =Pge+ '~{~A2-lL1 + T_ - xJ + -1-A2-—2_ + Azl

Nep(®) = Pep + ¥-Ax(Ly + Ly —x) + v-A3-L3 Npg(x) = Ppg + vA3-(Ly + Ly + L3 —%)
Note that total bar weight is not small compared to applied loads W = 1-('A1-L1 + AyLy + Az-Lg) =577.5N
Use force-displacement relation to find segment elongations then sum elongations to find displacements
A
) BB
N X, = AX
Ag = 2B ix=4217x 107 *mm Ac =Ag =+ BC x=6463x 10" -om
EA, EA,
“0 1
L1+L1 (J..1+L')+L3
~ Nep(® i DE® g
AD = AC - dx=7843x 10 -mm AE = AD* dx=1051x 10 ~-mm
EA, E Ay
L, L1,
Compare to Li+—
Prob. 2.34 i
A A A A
-; =184 _—C =1.704 ——D =1681 —E =1534
2202107 #).-mm 3.792-(10™ 4. mm 4667010 *)-mm 68540107 %).mm

Axial displacement diagram including weight of bar - x origin at A, positive downward

6
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X
Njag(®)
Ax) = ——dx if x<14
E-A,
‘0
[ Npe
Np~(x L
BC . 2
AB— e dx 1fLISxSL1-T
-/Ll
® Nep® L
SCD\® 2
Ac + ———dx f Ly +— <x<Lj+L,
A 2 <
-2
Npg(®)
Ap + —dx if x2L{ +1y
EA,
"L1+L:

Downward axial displacement (meters)

= T p
229241077 68541077

| 1

position from support at top

e RN o e S X e S e R

0 51077 1x10~¢ Compare ADD's without (8) & with (A) weight of
bar (plotted horizontally)

A(x)

displacement (meters)

i

177
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Ibf

5 N =490 —
E = 29000ksi A = 824in” &
L, = 20in L, = 20in Ly = 40in
Pp = S01bf Pc = 100bf Py = 2001bf

Internal forces in each segment (tension +) - cut bar and use lower FBD
X ongin at A, positive downward

Pyp = —Pg + P — Pp = —150-Ibf Pgc = P — Pp = —100-1bf Pep = —Pp = —200-Ibf

Naaty = Bggre i ~x) il =) Rapl) =Pagr sy mgraals

Note that total bar weight is not small compared to applied loads W = Y¥-A(Ly =Ly + L3) = 186.926-Ibf

Use force-displacement relation to find segment elongations then sum elongations to find downward displacements

= '.A.B(x - X ‘.\Bc X s y
= dx=1135x% 10 6~m ISC = 8B + dx =2543x 10 6~m
E-A E-A
0 downward L downward
L1+L:+L3
: Nep(® -
8D=lsc - dx=-2311%x 10 “-m

EA
Li+Ly upward
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Problem 2.3-8

&
P 4 2 1LP 7PL
(a) & = — _—— = CaeaEeioy 6 = —
E\ o 3, | Gk 6 Ebl
4

(b) NuMmEericaL pata  E = 210 GPa L =750 mm Omid = 160 MPa

P Z 3
SO Opmid = 5 and i Zo’mid
— bt
4
T1LP 1L:{3
8=m or 6=E(Z(Im§d)=0.5mm
N A T P(1 2
(©) Bmax = bt“" + 3‘;’; or 5m=(a)(z>(l‘_l‘slot+ ._;lslo:)
4

3 1 Ly, : ;
or B = ( 7 Umid) ( = ) (L - % ) Solving for Ly, with 8, = 0.475mm
4E§,w T 3LU'mid

Omid

leol =

leo(
=24 mm |Lg, = 244 mm o 0.325

179
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Problem 2.3-9

& L
@ p=2 22, 2 |.mr
) E bt 3 6 Ebt
— bt
4
(b) E=30000ksi L=30in. o = 24Kksi
el o B
0 Omid = 3 - an B~ 3 Omid
4
L o n. [6=0021i]
= S Ebt or &= 6_ (4 amid) = 0.021in. 6 = 0.021in.
P(L-L loi leo P 1 <+
(c) amux = E bt s <3 3 b; or smax = (E) (E) (L . leol o Sleol)
4

3 1 > . . .
or By = (Z am,-d)(E) (L + %) Solving for Ly, With 8, = 0.02in.:

4E8, — 3Loy; E.
max — ~2Tmid _ 10 in, = = 0333

Ly =

180
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Problem 2.3-10

Py =400 kN
) fr=49
L ; L = length of each
| B Py =T20 kN column
Sl =375m
L 3 E = 206 GPa

A,p = 11,000 mm?
Age = 3,900 mm?

(a) SHORTENING 8¢ OF THE TWO COLUMNS
- ZN;L" _ NasL § Npcl
EA; EAyp  EApc
(1120 kKN)3.75 m)
" (206 GPa)(11,000 mm?)
(400 kN)3.75 m)
(206 GPa)(3.900 mm?)

éac = 3.72 mm €=

1.8535 mm + 1.8671 mm = 3.7206 mm

(b) ADDITIONAL LOAD Py AT POINT C

181

(SAC')max = 4.0 mm

6y = additional shortening of the two columns
due to the load £,

0p = (84C)max — Oac = 4.0 mm — 3.7206 mm
= 0.2794 mm
TR 1 INY

+ -
EApp EApc  E \App  Apc

Also, 8y =

Solve for Py:

Ay = @( AapApc )
L \Aup + Apc
SUBSTITUTE NUMERICAL VALUES:
E =206 X 10° N/im* &,=0.2794 X 10 *m
L=375m Asp=11,000% 10 *m’
Ape = 3.900 X 107¢ m®
Py=44200N = 442kN <«
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Problem 2.3-11

Numericaldata E = 30-(106)psi P = 50001b L = 4ft d; =075m  dy =05m

P
SLlNY = L} =00589.in 5, = 005891
E | = 3 2
(&M %)
Pat(b) Vol = [g-dl' + g-dz')-L =3063Lin° =063 A=
PQL) .. _—
= =0.0501-in 5p = 0.0501.
Part (c) 2502
q=12507  L=48
12 : 5 8
5, = &L o PL ooomorm  |Scams = =0993
)E (— 4 ] E.(E.d;’ a %
Tk

182
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Problem 2.3-12

NUMERICAL DATA
dy =100 mm d> =60 mm
L=1200mm E=40GPa P=110kN

6, = 8.0 mm

(a) FIND dpax IF SHORTENING 1S LIMITED TO &,

2

L
4

,}lmlh

L
gty
T ) A
—4"(d|2 = dmuz) .

Set & to 8,. and solve for dpay:

Eb,mwd\*d»* — 2PLd>* — 2PLd,*
dmnax = d) ) 2 2
Ed wd\“dy" — PLdy™ — 2PLd\"

dpaxy = 23.9mm <

(b) Now, IF d . IS INSTEAD SET AT d5/2. AT WHAT DISTANCE
b ¥rROM END C SHOULD LOAD P BE APPLIED TO LIMIT THE

BAR SHORTENING TO §,; = 8.0 mm?

o-i4- ()]

No axial force in segment at end of length b; seté = 8,

and solve for b:

183

o[ (e 2]

h=416 mm <

(c) FINALLY IF LOADS P ARE APPLIED AT THE ENDS AND
dimax = d>/2. WHAT 1S THE PERMISSIBLE LENGTH X
OF THE HOLE IF SHORTENING IS TO BE LIMITED TO
8, = 8.0 mm?

5=——+
E| A A A

Set & = &, and solve for x:

Ed, L ] 1
AgA — ) |~ AL
["‘( P 2A3) g

A — Ay
x = 183.3 mm «—
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Problem 2.3-13

AFD LINEAR

) o0) = % o(y) = f:‘ o(L) = % = g
o(0) =0 So linear variation, zero at bottom, P/A at top (i.e.. at ground surface)
NL) = f 0 =§ (%)

08| ]

0.6 - o
a(y)

fly) is constant
and AFD is linear

(c) N(y) = fimy

.t -2
N(y) = Afo(l L)dg e

Compressive stress
in pile

NO)y=0

o

184

a(0) =10

08 &

al(y)

0 |
0 0.5 1
y

fly) is linear and
AFD quadratic

o(L) =f30= PIA
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Problem 2.3-14

NUMERICAL DATA

P=5kN E.= 120 GPa
L,=18mm Ly=1L,
Lz =40 mm

d,;=222mm ;= 1.65mm

dys =189 mm 5= 1.25mm
7v=30MPa oy =200MPa

FS, =2 FS, = 1.7
TY

=g e 15 MPa
oy

0a=F_S(, Og = 117.6 MPa

(a) ELONGATION OF SEGMENT 2-3-4

LIPS ’ V2
Ay =;l 03 — (d s — 215)7]

w
Az = deza_z — (ds — 26)1

Ar = 175.835 mm”> Az = 106.524 mm?

5 P(L2+ L4+ L3)
USTTN A A

824 = 0.024 mm <«

185

(b) MAXIMUM LOAD P, THAT CAN BE APPLIED TO THE
JOINT
First check normal stress:

W
A= zl d’s — (dos — 215)7]
A; = 69.311 mm> < smallest cross-sectional area
controls normal stress

Praxe = 0aAy  Ppago = 8.15kN < smaller than
P ax based on shear below so normal stress controls

Next check shear stress in solder joint:
Agn = mdysla A = 1.069 X 10° mm’
Poaxe = TAAsh  Proaxr = 16.03 kN

(¢) FIND THE VALUE OF Ly AT WHICH TUBE AND SOLDER
CAPACITIES ARE EQUAL

Set P,,,, based on shear strength equal to P, based
on tensile strength and solve for L,:
L. . M -~ - S

Ta(7d p5)
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Problem 2.3-15

P
(a) Sancs D Fy=0 Ry = =i
¥

(b) Draw FBD’s CUTTING THROUGH SEGMENT | AND
AGAIN THROUGH SEGMENT 2

Ny =

|

< tension N = < tension

27

() FIND X REQUIRED TO OBTAIN AXIAL DISPLACEMENT AT
JOINT 3 OF 85 = PL/EA

Add axial deformations of segments 1 and 2, then
set o 84 solve for x:

Nix " No L — x) PL
ElA EA EA
4
B R,
Zx - 2( I’a.ﬂ
EiA EA EA
4
3=l oL o
2 2 3

(d) WHAT 1S THE DISPLACEMENT AT JOINT 2, 657

3
E-A
4

N].\’
o =

E-A
4

ko

[}
w o
==

186

(e) 1k x = 21/3 AND P/2 AT JOINT 3 IS REPLACED BY BP,
FIND B SO THAT 85 = PLIEA
2L

X

3

substitute in axial deformation expression above
and solve for B

2L
[(1 + B)P}ZTL BP(L - -3-)

Ny=(1 +B)P N»=pBP

. P
= ZI
4
lPLs + 118 PL
9 EA EA
8+ 11B)=9
1
B = TR
B = 0.091
(f) Draw AFD, ADD—see plots for .r=-l31

No plots provided here
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Problem 2.3-16

W = Weight of bar

(b) ELONGATION OF BAR (h = ()

(a) DOWNWARD DISPLACEMENT 8¢ 5, — WL
Consider an element at dis- B~ SFEA
e Ik tance y from the lower end. T —
¥ L
h Elongation of upper half of bar (h = 5)
B
1 s _ 3WL
Ny = g MDD _ Py i
o) = T T Tm T L Elongation of lower half of bar:
L . Wydy w WL 3WL WL
Oc = j;ds = jh FAL =m(l‘2 - 1) Biower = OB — Bypper = 2FA  SEA = SEA
W . 5. & Bupper  3/8
& =—(L° — h* — =—=—=3
c=2zar @ — M e 178
(d) NUMERICAL DATA
¥, = 77 kN/m® Yo = 10 kN/m® L = 1500 m A = 0.0157 m? E =210GPa
In sea water:
WL o o
W= (y, — vwAL = 1577.85kN 8 = Jpa = 359 mm 7 = 2393x10 Y
In air:
WL é A
W= AL = 1813.35kN = ——=412 —=275%X10
(7s) SEA mm T 1

187
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Problem 2.3-17

t = thickness (constant) From Eq. (1): L Tk (Eq. 3)
x Lo+ L Ly by
b=bl—) b =b (Eq. )
Lo Lo ]
Solve Eq. (3) for Lg: Lg = L( ) (Eq. 4)
A() = bt = by r(f) Fq =N — 4
0
L R S I Substitute Egs. (3) and (4) into Eq. (2):
Pdx PLgdx 5= __PL—ln_; (Eq. 5)
© EAQx)  Ebix Et(by — b)) b
Lo+l LotL (b) SUBSTITUTE NUMERICAL VALUES:
PLy dx . .
5= d =_E-Z—; — L=5ft=60in. t= 10in.
x
Lo g P=25k b, = 4.0in.
_PLo, fBTE_PLy Lo+l Eq.2) by = 6.0in. E =30 % 10° psi
Ebt ', Ebt Lo From Eq. (5): 8 = 0.010in. <«
188
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Problem 2.3-18

= 200kN L=2m t = 20mm bl = 100mm b: = 115mm E = 96GPa
bl -+ b‘)
Bar width at B at L/2 by = = =107.5-mm
i
Axial forces in bar segments (use RHFB) Npp = 2P-P=200-kN Npc = 2P= 400-kN
L
NAB > b, )
Axial displacement at B g = ———In| — | =0937-mm
Et(b"-bB) \ °B /
< i
Axial displacement at C b =g+ = .1n| — | =2.946-mm
E-t (bB - bl] t bl

189
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Problem 2.3-19

Axial displacement at B

Axial displacement at C

= 2.P=100-kip
.. K
NaBT (b))
= ——In — | =0.087mn
E-t-(b: -bll '\ |J1 ).
L
“BCS " by
= dg + : ~In — | =0.261-n
B =bg) by

190

E = 16000ks1
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Problem 2.3-20

E = 72GPa Py = 200kN L=2m

t = 20mm by = 100mm b, = 115mm
3 2
Agc =byt=2x10"-mm
L 1,
Py— ‘b \ Py-—
If only load P, is applied at C by = & T N T 5p 4 -2
2, =——In — |=1294 e el
i Et({by=by) (b € E-Apc
Now apply both P, (to the left) and P, _at C and solve for P, s.t. axial displacement at C = 0
Given
‘ T, L
SRk Yy T
—In| — | + — =0 I-'ind{Pl) =414.651 kN
Et{by-bj) [by) EApc
Axial displacement at B with both loads applied as shown
Let Py = 414.651kN Check
g L ‘ L L
EE~B)5 (b, B~Fil2 6\ T
by = — ol — | =-1.389-mm ——',lu[—‘ s+ ——=-0m
Et{by—by) (b Et(by-by) (b)) EApc

leftward

191
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Problem 2.3-21

(dg-dy
d._x = 41n dB = 8mn Pi= 45k.ip GA = 0.02mn d(‘{) = d_;\— I '—L‘— -X
Ly 2 .
Alx) = :-d(x)' E = 10400ks1
L
de=58, expand integral to obtain following expression i . A =8y
E-A(x) & w-E-dA-dB &
Y0
Solving for L L=——T—3,=9681f
4P :
192
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Problem 2.3-22
L=1Sm r=3mm  E=72GPa a= é = 4.5.mm a5 = 130MPa

Ay -m r3 = 4071 .504‘mm2 Use formulas in Appendix E, Case 15 for area of slotted segment

{ 3 3 5 f \ ) A,
a = acos{ 21445 b= Jr‘ -2 " =3571Smm A, = 21 u—gj = 3425196 mm" r’ = 0.841
\ T} o~ -
\ g 1
Stress in middle half is known so use to find force P P =05 A) =616.535 kN
L. L
P‘: P";‘
Compute bar elongation now that P is known d = z.E— - — = 4143 mm
A
l ]
193
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Problem 2.3-23

ELEMENT OF BAR
Ny |
__dy
Ny f
W = weight of cone

ELONGATION OF ELEMENT dy

Nydy  Wydy 4W
v A s

= = vdy
EA, EApL 4d ZRLT
N, = axial force acting on element dy ELONGATION OF CONICAL BAR

Ay = cross-sectional area at element dy ] AW L 2WL

TERMINOLOGY

6=

. = yay =

Ap = cross-sectional area at base of cone wd® EL J, wd* E
o

d”

4

V = volume of cone
Apl. V= volume of cone below element dy

I

EA”' y W, = weight of cone below element dy
Y, A, yW

L W ) =i— G W 2

=g %

194
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Problem 2.3-24

y = cross-sectional area at distance v
bZ
= (B,) = ?(H + 0.5y

SHORTENING OF ELEMENT dv
Pdy Pdy

By

e
° E\— J(H + 0.5y)°
e ( )

SHORTENING OF ENTIRE POST

1 M
- d‘.
6= / dd = PH, - =~
Ep2 Jy (H + 0.5y

dx |
Square cross sections: (@ + bx) I bla + bx)

b=widthat A PH2 i 1 ]II

From Appendix C: /

1.5h = width at B - EbiL (0.5)H + 0.5y) Jp
b, = width at distance ¥ PHT 1 1 ]
= -
v B 0.5)1.5H 0.5H
= b+ (156 — b)=- e
H _2PH
g S
=2+ 05y) 3Eb
H
195
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Problem 2.3-25

y .
L L L | & ifr
Al 2 2 4l e
A\ /A.T FREE-BODY DIAGRAM OF HALF OF CABLE
PN /Q/ L oa SM, =0 A
i 0 — | l i
T T T T g Y
ITTTTI T T T e Bty
gl?
¥ =
‘F Vs 8h
B
/T T Hp 3 Frorizontat = 0
2R =l Eq. 1
Hol " 1 8= % )
e o ST S F erticas = 0
e d b ddode L
L | Vg = 4 (Eq. 2)
R 2
Equation of parabolic curve:
i 4hx?
J L’_)
FREE-BODY DIAGRAM OF SEGMENT DB OF CABLE &b Tds
¥y Va EA
1) ds = V(@ + @y = dx,|1 + (ﬁ)‘
: dx
=dr[1 + (%)
L-
i
64h°;
—dx |1+ L’f (Eq. 6)

= gx

TENSILE FORCE T IN CABLE

L- -
T=\VTh+ = (‘;7) + (g

2
_gl? 641’y
8h I
ELONGATION d& OF AN ELEMENT OF LENGTH ds

“/
dy

e

(a) ELONGATION & OF CABLE AOB

Tds
8—/d6—/a-

Substitute for T from Eq. (5) and for ds from
Eq. (6):

1 fql? 64h3x3)
= —{8,‘ |+ = Jax

For both halves of cable:

s [0 o),
EAJy Sh 1A

LJ 2
gt (1 L )
ShEA 374
(b) GorLpeN GATE BRIDGE CABLE
L = 4200 ft h=470ft

g = 12,700 Ib/ft  E = 28.800,000 psi
27.572 wires of diameter d = 0.196 in.

4

A= (27.572)('})(0.]96 in.)* = 831.90 in.

Substitute into Eq. (7):
8=1337in=1LI14ft <

196

(Eq. 7)
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Problem 2.3-26

(2) ELONGATION & FOR CASE OF CONSTANT DIAMETER HOLE

d(l) = dA(l + ﬁ—) A(L) = %d({)2 < solid portion of length L — x

AlL) = %(d(é)2 — dy®) < hollow portion of length x

. P 1 _£ L—x 4 L 4 ]

&= E(/ A(D) dg) = EM wd(()* &+ ./;.—x w(d)? — dy?) 2

L—x | L 1 |

6=£ / ™ QL d€+/ T X > &
L S]] L Hlle( e 2)] -]

2 L 1
b g e * 4,,32““/ " OF_ 2"
- X)mdp~ A I S )
A L EllaC+ )] -4

2 E
A In(3 —In(L—x) + In(3L—x
8=—P[4 L ,+(4 L, 2L(,),+2L : ) ,( ))]
ElL (=2 + x)wdy” ardy” wdy” wdy”
1 5
—ln(—L) + ln(— )
: P4 L In(3) 2 2
ifx=112 B=— | W—+2 =
E\ 3 7d; wdy wdy

Substitute numerical data:

6 = 2.18 mm «—

(b) ELONGATION & FOR CASE OF VARIABLE DIAMETER HOLE BUT CONSTANT WALL THICKNESS f = d4/20 OVER SEGMENT X

d({) = d,q(l + —i—) AL) = ;d(ﬁ)z < solid portion of length L — x
T 2 dy\? .
A() = 77 d(g)- — | di&) — ZE < hollow portion of length x

P ( / 1 ) . /L“* 4 /L 4
6=—| [—at 6=— 5 di + &
E\J A®) El e wad) ""‘w[ dwy? - (d(g) - 2ﬁ) ]

20

26
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L—x L /
it / 2 dg+/ - £ —dt
Bl afhas L-xw[[d (1 +£)]‘ 2 [d (. +£) s dH
o] by L y L i L) “20
P 12 L In(3) + In(13) + 2In(dy) + In( L)
5=—|4 = + 4—— + 20L =
E|l (-2L + X)ywdy*~  wdy” wdy*

2In( dy) + In(39L — 20x)
201—— ]

2

wdy”
if x = L2

P4 L In(3) + In(13) + 2In(dy) + In( L) 2In( d4) + In(29L)
=— = 0L = — 20L =

E\3 7dy* wdy” wdA”
Substitute numerical data:

6 = 6.74 mm «—

198

© 2018 Cengage Learning®. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



) 3

P; = 2.5kip P, = 1kip M = 25kipin  E = 29000ksi  Aj = 025in" A; = 0.15in
Find pin force at B - use FBD of bar BDE ¥Mp =0 B, = l_ ‘[Pq-(liin) - M] = 0-kip
7 2m*t -~
No pin force at B so bar ABC is subjected force P, at C only - i ( 201 L, 35m) 0.027-in
CUE |\l Ay T
’ - downward

199
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Problem 2.3-28
acts upward on ABC

Find pin force at B - use FBD of bar ABC IM, =0 B, = l-(3-P»L) B,—>9P
: ° L ' so downward on
3 DBF
Vertical displacements at B and F
N P-9.P 8§ P 5 BDT d — = d d
N PPy = — —_— ownwar
BD i iy °B EA
L
Ngr T
=P 8- = b 3 5~ — S downward
c=9BE g C 3 :

NpF =
Axial force (N(y)) and displacement (d(y)) diagrams - origin of y at D, positive upward (rotated CW to honz. position below)

) £ L. X1 . .
N(y) = |Ngp if y<L 8(y) = [NBD'H = q if y<L 8(0) -0 ¥L)——4
\2-EA /]|
N otherwise f \ ( 5
BF =~ F, \—l . (4L 35
+ Npp(y—-L)| — otherwise & — | - —— =-3.889
[513 BF (Y~ L) 3.EA)U ‘ 3 ) 9
times PL/EA
T T 5 | :
ok i
N(y)
— 1
1 1
-1 05 1

200
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Problem 2.3-29

Find pin force at B - use FBD of bar ABC XF, =0 B, = 2P upward at B on ABC so downward on DBF

Axial forces in column segments (tension is positive)

Npg = P Ngg = P-B,—-3P s0 AFD is constant and compressive over each column
- segment

Vertical displacements at B and D (positive upward)

Nap Nype
BF , 3.LP DB, 5.L-P :
5B = bl YR e 5D = BB + — 5 — so ADD is linear and downward over
2-EA 4-EA EA 4+EA  each column segment

201
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Problem 2.3-30

Use FBD of beam ABC - find pin force at B YF.=0 B, =2P upward on ABC so downward on DBF
Axial forces in column segments (tension is positive)
Npg = 0 Ngg = -B,— 2P so AFD is 0 over DB and constant and compressive over

column segment BF
Vertical displacements at B and D (positive upward)

R
"\ it
BES LP LP _
by = =y by =8 — - so ADD is linear over BF and constant
2-EA 2.EA 2-EA over column segment DB, both
downward
202
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Problem 2.3-31

Centrifugal force produced by weight W>

W, 2
= (_')(L‘”-)
4

AXIAL FORCE F(x)

=L Ww? Wolw®
Fx) = d +
=x gL g

® = angular speed

2 2
A = cross-sectional area L C ol x2) + i

E = modulus of elasticity 8
ELONGATION OF BAR BC

/"F(r) dx

g = acceleration of gravity

F(x) = axial force in bar at distance x from point C

Consider an element of length dx at distance x from

L 2
point C. [ g [ A
To find the force F(x) acting on this element, we must )
find the inertia force of the part of the bar from distance = WiLe® [/ Lode= / 7 dx] WalLw? dr/
x to distance L, plus the inertia force of the weight W-. 2gLEA 2EA [y
Since the inertia force varies with distance from point C, _ Wil o® N Wallo®
we now must consider an element of length df at dis- 3gEA gEA
tance &, where ¢ varies from x to L. 122

== + (W +3W) —
Wl) 3ema T M 2

Mass of element d = 1(—
L\ g

Acceleration of element = &’

Centrifugal force produced by element

2

= (mass)( acceleration) = d

203
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Problem 2.4-1

d;=025in.  E,= 15 X 10°psi
d,=028in.  E, =30 X 10°psi
d;=035in. A, = -Z—(d_% — d3) = 0.03464 in 2

L=40in. Ay= g-d% = 0.04909 in.2
(a) DECREASE IN LENGTH (6 = 0.003 in.)
Use Eq. (2-18) of Example 2-6.

b=t o
EA; + EzA,

P.= (EsAs + EsAb)(%)

204

Substitute numerical values:
EA; + EyAp = (30 X 108 psi)(0.03464 in.z)

+ (15 X 10° psi)(0.04909 in.%)

= 1.776 X 106 1b
0.003 in.
P = (1.776 X 10°1b (—)
( \ 40in.
=13301b <«

(b) ALLOWABLE LOAD
oy =22ksi op = 16 ksi

Use Egs. (2-17a and b) of Example 2-6.
For steel:

I P = (E.A, + Ey A2
FTEA T EGA N Rt
P, = (1.776 % 108 lb)(LkS;) = 13001
30 X 10° psi

For brass:

PEy PR A, R ALY
0 T ——— =
b EsAs+EbAb s sy bbEb
s d

P. = (1.776 X 10 lb)(ﬁ) — 1890 Ib

15 % 10° psi

Steel governs.  Pyjow = 130010 <
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Problem 2.4-2

PL

8 —_——
E A, + EzA

or

P=(E;A; + EbAb)(%)

Substitute numerical values:

E,A, + EyA; = (72 GPa)(765.8 mm?)

+(100 GPa)(490.9 mm?)
= 55.135 MN + 49.090 MN
= 104.23 MN

P = (10423 MN)(M)
=~ 350 mm
= IM2kN <«

A = aluminum (b) ALLOWABLE LOAD

f=bus 0a=80MPa o5 = 120 MPa
L =350
s Use Egs. (2-17a and b) of Example 2-6.

d, =40

a T For aluminum:
dp, = 25 mm PE, o,

gias  Sele g g E,,A,,)(—)

Aa 3 %(dﬁ 293, di) @ EaAa + EbAb @ ata Ea

sy LS P, = (10423 MN)(E;(;L(;IE:) = 1158kN
- =72GPa E,=100GPa A, = %d,”, For brass:
= 490.9 mm? PE, oy,
(a) DECREASE IN LENGTH L E A, + ExA, B=de® EbAb)(El:)
(8 = 0.1% of L = 0.350 mm) B, = (10423 MN)(120 MPa) R
100 GPa

Use Eq. (2-18) of Example 2-6.
Aluminum governs. Py = 116 KN <—
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Problem 2.4-3

)
E = 29000ks1 A=8mn

Use superposition - select Ay as the redundant

2.5kip-(6£t) =

Released structure with actual load P at C dyq = =7759x%x10 m  upward
w5l EA

Released structure with redundant A, applied at A 8py = A‘[ A Gﬁ) 3 HOR 4.655% 10 4._‘f1
S : EA EA kap
Compatibility equation Sns 4+ 8xn=0 solve for redundant A ‘ a1 1.667-ki
A1+ %42 y e A P
EA
Statics B}_ = —(-\ + 2.5kip) = -0.833-kip
-B_.(6ft) -A_(3ft) §
Axial displacement at C X SNEE AT it upward ... or L =2586x 10 “.,‘n

EA E-A

use either extension of segment BC or compression of AC to find upward displ. &,

206
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Problem 2.4-4

=X
P = 10kN E = 200GPa oy = 400MPa FSy =2 0, = —/— =200-MPa
F
Static equilibrium - cut through cables, use lower FBD (see fig.)
) % ; A 3

a=15m b=15m ag =atan —|=45deg
b D
)

ac = atan[ = b) =26.565-deg

My =0

Tl-sin(an) + 2-T2~sin(czc) = P(2)
A A

&y

Compatibility - from figure, see that Ac =2Ag

Cable elongations

S —dgsaiog) e A i 6]
s0 5, = 2-{ Sm(%) ]‘81 2-[ SmfaC) ] =1.26491
© |\ seg)) sinfop)

Force-displacement relations for cables

2 2
Ly =ya +b"=2121m

Ly
& o TEeof £ a—
1 =T 1 ~za,

ST sinfog-) ) [ £ f, IZ
where T,-f, = 2| — ( c) Ty or Ty =2- m(ac iyt Ty andA;=A;so -
7 \sifep), 27 7 sinfeg) /[ £ L

Substitute T, expression into equilibrium equation and solve for T, then solve for T,

2-f;-sinfag) 2-s1nf o
5| =[ = 5 SR or T, = (LB} P =14058-kN
L f>-sinfag)” + 4-fpsmloc)” sin(aB)z i 4{1__1]'@(0(')3
" 2
P eaal ¢ L
i i om 2 i .o | i Ty = 11.2474N
= " sinfog) ) [ Ly

Use allowable stress g, to find minimum required cross sectional area of each cable

Tl 2 T2 bl bl
Ap = — = 70290 mar Ay = — = 56233 mar s0 Aleqd = 70.3mm”
a a
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Problem 2.4-5

2 ]

Oys = S0ksi  oyp =60ksi  Aj=12in" Ay =6in L =20in E, = 29000ksi Ej = 10600ksi

Axial stiffnesses of cylinder and tube - treat as springs in parallel

E A, e Ej A, : ;
s 4 kip AA 3 kip - 4 kip
= =174x10  — k, = =3.18x 100-— kr =k +ky=2058x 10—
k = S - T =k+ky »
Each "spring" cames a force in proportion to its stiffness
k, ky
PS(P) = —-Pfloat,5 — 0.84548-P PA(P) = —Pfloat.5 — 0.15452-P
kr kp
Maximum force in each component is govemed by its yield stress
P.(P) 70457 solve P 5
O'W(P) e float.5 — DOV E ovs(P) — 50ks1 _— 709.65-1n"-ksi = 709.65-kip
) 2 ] oat. >
£ in2
PA(P) 7575 solve. P
A 0.025753-P : Do i 3
o . A(P) = —— float.5 — el o..A(P) — 60ks1 _ — 2329.8-mn"-ks1 = 2329.8-kip
VA A 2 vA float. 5
Ay i at,

So the allowable load P is limited by yield stress in steel cylinder P, = 709.655kip
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Problem 2.4-6

FREE-BODY DIAGRAM OF END PLATE

EQUATION OF EQUILIBRIUM

EFhoﬁz=0 Pa+Pp—P=0

EQUATION OF COMPATIBILITY
64 =g

FORCE-DISPLACEMENT RELATIONS

A, = total area of both outer bars

AL FgL
8y = B =
EsA; EpAp
Substitute into Eq. (2):
Py L - PpL
E Ay EpAp

SOLUTION OF THE EQUATIONS
Solve simultaneously Egs. (1) and (4):

_ EAgP
EjAy + EpAp

EpApP
Py BAB

Substitute into Eq. (3):
PL

d=0=0p=——"T—
” # EsAp + EpAp
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87 EaAy + EgAg

()

(2)

(3)

4)

(5)

(6)
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STRESSES:
_Bh__ Eap
g Ay EAAA + EBAB
Py EpP
op

" A ExAy+ EgAg

(a) LoAD IN MIDDLE BAR

P EgAg
P EsAs + EpAp  EjAy +1
EpAp
Ay 1+1 4
Glem—2A =3 A=2T2-=
Ve e, A 15 3
B _ ! L _3
- P m—— —

(¢) RATIO OF STRAINS
All bars have the same strain

Ratio =1 <

(7



Problem 2.4-7

(a) REACTIONS AT A AND B DUE TO LOAD P AT LJ/2

d\? 3,
Arc = 3[ d* - (;) ] Arc = —omd

4 2 16
T 5
Arp = —d*
Select Rp as the redundant: use superposition and a compatibility equation at B:
L
P P(7 - 't) P ?L x
. X X
ifx=L12 dpla = + OBl = +
EAzc EAcp E\ 3 2 LEE
o2y L
16 4
2..2x+ 35
Bpia = <P—5—
3 Enm
L L
P— P
ifx=L/2 d -5 é . é e L
x= Bib = Blb = Blb = 3
EAxc 3..% 3 End
E\ —md~
16
The following expression for & p, is good for all x:
R - R , -
5m=_B(L+u) o Bl R B
E\Aye  Acp E\3 » 7mp
16" 4
RB( 16 x L= .t)
op=— ——— + 4 ———
PUE3 2l T ad
Solve for Rg and R4 assuming that x = L/2:
" (3 pt 3L)
e 3 md? -1 _2x+ 3L
Compatibility: Opia + 0 =0 Rp, = % = 5 Rp, = TP L S
__’ + 4 =
3 md- wd-
A check—ifx =0, Rg = —P/2
Statics:  Rua= —P—Rpa  Ryy— —P——-p=3L  p Pp L o
e oM o ST 2% ESE % g hgal
A check—if x = 0, Ry, = —Pf2
210
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Solve for Rp and R, assuming that x = L/2:

i

Compatibilit Sapifm=0 R 3 md” R 2Bk

ompatibility: , = = _

paubuity Bib B2 Bb (16 = L—x) Bb T+ 3L
= >+ 4 )
3 wd* wd”
A check—if x = L. Rz = —P/2

Statics:  Rap=—P—R R—P(_m) i

e 3 e w x+ 3L M L
(b) FIND & AT POINT OF LOAD APPLICATION: AXIAL FORCE FOR SEGMENT 0 170 L/2 = —R; AND & = ELONGATION OF THIS SEGMENT
Assume that x = L/2:

Lo _(_73 f 31_)( z-x
= x 2

8=_RAu X 2 8, = = 3r +"_’r

“ E \A A S D il

AC cB \ T wd” 1
2x + 3L
80 Ty Tr o oy
(x + 3L)Ewd”
8 P

Forx = Li2. 6a=7LE1r .

ASSUME THAT X = L/2:

L ( x+1L )5
(—R'“’)z x+3L)2 8 (x+L\ L
op = ———— &y =—r—— &y = — —
EAsc 3 ,) 3" \x + 3L/End?
_7Td'
16
8 L
forx= L2 oy, =—P = < same as 8, above (OK)
7 Emd-

(c) For WHAT VALUE OF x is Rp = (6/5) R,?

Guess that x < L/2 here and use Rp, expression above to find x:

-1 _2x+ -3 — Ox —
| *_3L_£(_ L )= Sdplex—3L . 0 . 3L o

2 x+ 3L N2 x+ 3L 10 x+ 3L 10
Now try Rp;, = (6/5)R,5. assuming that x = L/2

- - —2L +

2PL _E(_px L)=0 2p7U+ Ik o o2
x+3L 5 x + 3L 5 x + 3L
So, there are two solutions for x.
211
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(d) FIND REACTIONS IF THE BAR IS NOW ROTATED TO A VERTICAL POSITION, LOAD P IS REMOVED, AND THE BAR IS HANGING
UNDER ITS OWN WEIGHT (ASSUME MASS DENSITY = p). ASSUME THAT X = L/2.

3 ) m »
Apc=—md  Acp=—d
AC 16 K CB 4

Select Ry as the redundant; use superposition and a compatibility equation at B

from (a) above. compatibility: &g + 8 =0

Rp( . R Rp(14 L
om = ; Ly t) Forx= L2, ép =—B(——)

Axc Acp E\ 3 74’
IN Ly,
I Nac cB
ép| = dt + d
B Jo EAxc : L EAcp ¢

L L
Where axial forces in bar due to self weight are Wy = pgA,c— Wep = pgAcp—
(assume ¢ is measured upward from A): - -

5

- L L e -5
Nac = [P.&’ACB2 + PgAAc(z C)] Apsc =g 7d Acg =", d
Nep = —lpgAcs(L — )]

-1 5 3 5 1 1 2
Nac=—pemd’' L — epgmd|SL -1 Neg = —|zpemd(L — D

=" gl ipgmﬂ(lL - g)

g Pem 16 2
dp =/ 3 dt + /
0 E( rdz) 5

16

2 R [ e 1}) -7 L? 7
dp1 ( u P s P8 L dp S PR 0.58

Compatibility: &g + 8px =0

-7 I?

%)
D
3 End®

Statics: Ry = (Wpe + Weg) — Rp

3 ,)L T H\L 1 2 ]
Ra = —ard” + —d - - - d-L
A [[Pg( 16 K ) P3<4 )2] 3 P

R s md* L —
A 321)8'

1
Rp =3 pemd’l. <
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Problem 2.4-8

P = 200kN L=2m t = 20mm by = 100mm b, = 115mm  E = 96GPa
Select reaction R as the redundant; use superposition [ 3.1
P' sl ’,b \
2
axial displacement at C due to actual load P at B 81 = —’J Vo2 s
ia vl I
e w0
- 5 75 (b))
axial displacement at C due to redundant R, dcr =Rg|————In —
- Bt —8)
3- 2.L
5 & [/ b3 ) 3 mm
———————mrLJ=9m6xw--—T
o ; —b¢1
Compatibility equation 8c1+8cp =0 solve for R Re == 7 Y =-120-kN

Statics YF =0 Ry = ~P+ R) =-80-kN
Negative reactions so both act to left

Compute extension of AB or compression of BC to find displ. 85 (to the right)

| =)

e s
s ] U S
ALEPW2—bH

ﬂ = 0.466-mm or -RC-!Vi-h\{‘EW = 0.466-mm
}'J I-E-t-(bz—bl) \_bl J

b
].nl(—2
by )

213

© 2018 Cengage Learning®. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Problem 2.4-9
i by = 2.5in E = 10400ksi

P = 20kip L = 3ft

5
ABC = bl-t =0.5m"

GINS
= — | =0.029-1n

Select reaction R, as the redundant; use superposition
S o ;

C1 (
Etf bl - ba\'e) bave

axial displacement at C due to actual load P at middle of AB

I

> by
axial displacement at C due to redundant R, 6(" =R T S—— 1\ Sl Y =
Be(by=bg) Lb) Bdue

L I
. 2 (b2) 2 s el B
flexibility constant for bar —l.n1 — |+ =6.551x10 ~—
E~t~(b3 —bl) '\bl ) E'ABC kip
-9,
o =—4454kip

Compatibility equation Sy +8cp =0

In

solve for R Rc =
L

| E

LE"'(I’: -by)

Statics YF=0 Ry = —P+ Re) = —15.546-kip
Negative reactions so both act to left

Compute deformations of AB (two terms, more difficult) or deformation of BC (easier) to find displ. 85 (to the right)

(£ . -
4 1 bl ) ( A ).4 vbave -2
Ry : -— - =1542x 10 -in
Et(by =Dyee) Oave E-t(byre = Dy) by
L
Py 55
or -R¢- =1542x10 "
E-Agc
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Problem 2.4-10

L "
P=12kN  d,=30mm b=100mm s .
E\A| + EbA;
L = 500 mm dy = 45 mm ¢ = 300 mm =
Rod: E, = 3.1 GPa = ().81815 mm
Sleeve: E» = 2.5 GPa (From Eq. 2-16 of Example 2-8)
] wd? R 0=Wuc+8cp=191mm
Rod: 4, = = 706.86 mm" (b) SLEEVE AT FULL LENGTH
Ay = gl — g = 2 B (£)=0.818|5 (500'""')
Sleeve: A; I{d% d}) = 883.57 mm al )= mm){ 05—
EIAI + EzAz = 4.400 MN = |.36 mm -
(C) SLEEVE REMOVED
(a) ELONGATION OF ROD PL
Ph &= ﬁ = 2.74 mm —
Part AC: ¢ = —— = 0.5476 mm 121

E\A,
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Problem 2.4-11

AREAS OF CABLES (from Table 2-1)
Middle cable: Ay, = 0.268 in.
Outer cables: Ag = 0.119in.”

(for cach cable)

FIrsT LOADING

=12 k(F.ach cable carrics—?—or-l k.)

SECOND LOADING
P, = 9 k (additional load)
Fot Py Fo

Py=9k
EQUATION OF EQUILIBRIUM
2Fen=0 2P+ Py —P>=0 (1)
EQUATION OF COMPATIBILITY
Sy = 8y (2)
FORCE-DISPLACEMENT RELATIONS

Pul. b L

e B
MEAM 0= Ea,

(3.4)

SUBSTITUTE INTO COMPATIBILITY EQUATIONI

Pl _Fol. Py _ Fo
EAy EAg Ay  Ap

Sorve simurtaneousty EQs. (1) anp (5):
Ay 0.268 in.?
- () - 22l
Pu= B Ay + 240 0.506 in.’
- 4767k
5 “( A, ) & k)(o.ll9in.3)
@ T\ Ay + 249 0.506in.%

= 2117k

(5)

FORCES IN CABLES

Middle cable: Force = 4k + 4.767k = 8.767 k
Outer cables: Force = 4k + 2.117k = 6.117k
(for each cable)

(a) PERCENT OF TOTAL LOAD CARRIED BY MIDDLE CABLE

8.767
Percent = —"-l_k—k“w%) - 41.7% =

(b) STRESSES IN CABLES (o0 = P/A)

RISIR ansmny

Middle cable: oy = ——
0.268 in.”

117
Sl k, =5l4ksi

Outer cables: og = ——5
0.119in.~
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Problem 2.4-12

Ar Az . (R Py=255kN  Pc=17.0kN
N\ g ] - =
o C ; T = i L; =200 mm L, = 250 mm
R 1 P D} A =840 mm*  A; = 1260 mm?
m = meter
I L; L1
| SOLUTION OF EQUATIONS

Substitute Egs. (3). (4), and (5) into Eq. (2):

R R 1
"(238 095—) "( 198.413—)
E m

FREE-BODY DIAGRAM

A B c D R
—@( I98.413—l—) + —2(238.095L) =0
. E m E m
EQUATION OF EQUILIBRIUM
SFo =0 = < Simplify and substitute Pp = 25.5 kN:
1
Pp+Rp—Pc—Ry=0o0r RA(436.508;) + RD(238095Lm)
Ry—Rp=Pp— Pe-=85kN (Eq. 1)
S Fa = 5.059.53 kN/m (Eq. 6)

EQUAT]ON OF COMPATIBILITY

8 ,4p = elongation of entire bar (a) Reacrions Ry anp Rp

B = Big -t B+ Dol (Eq. 2) Solve simultaneously Eqgs. (1) and (6).
FORCE-DISPLACEMENT RELATIONS From (1): Rp = Ry — 8.5kN
RuL, Substitute into (6) and solve for Ry:
dap = H 4(238 05 —) (Eq. 3)
1
RA(674.603;) = 7083.34 kN/m

g o A —Fpily

G EA; Ry=105kN <

R i P { Rp =Ry —85kN=20kN <
A B
- E( 198.413 F) = E( 198-413;) (Eq. 4) (b) COMPRESSIVE AXIAL FORCE Fpe
Fpc =Pp— Ry = Pc— Rp=150kN <

B pames)
v (Eq. 5)
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Problem 2.4-13

NUMERICAL DATA

5

n=6 dy=05in. o,=14ksi A= %d,,z = 0.196 in.2
(a) FORMULAS FOR REACTIONS F
L
2( 4 ) L
Segment ABC flexibility: f; = FA " 2EA
(3)
S 4 L
Segment CDE flexibility: f5 = =—
1 EA
EEA

Loads at points B and D:
Pp=-2P Pp =3P

(1) Select Ry as the redundant; find axial displacement 8; = displacement at E due to loads Py and Ppy:

L L L
(Pe+Po)y  Poy Py 5pp
8| = + + =
EA EA 1 2EA
—EA
2
(2) Next apply redundant R and find axial displacement 8, = displacement at E due to redundant Rg:
3LRg
& =Re(h + ) =—;

(3) Use compatibility equation to find redundant Ry then use statics to find Ry:

sp -5
5l+52=050|Ve-RE=—T RE=TP

2P 2P 2P 5P
h="Rp—B=fo="3 =gz |a=g| =g

(b) DETERMINE THE AXIAL DISPLACEMENTS &8p. 8, AND &p AT POINTS B, C, AND D), RESPECTIVELY.

<%)(§) LP (2P_2.TP>(§) LP (%)(9 SLP

B 8. = by + - - -
B R 77 B EA 6eA P EA 6 EA

leftward to the right

to the right

13
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(C) DRAW AN AXIAL-DISPLACEMENT DIAGRAM (ADD) IN WHICH THE ABSCISSA IS THE DISTANCE X FROM SUPPORT A TO ANY
POINT ON THE BAR AND THE ORDINATE IS THE HORIZONTAL DISPLACEMENT & AT THAT POINT.

AFD for use below in Part (d)

Axial Force Diagram (AFD)
AFD is composed of 4 constant segments, so 2
ADD is linear with zero displacements at -
supports A and E. > 1
E
§ Nx) 0
,_.C: — RA
5 =1
< Ry
-2
0 0.25 0.5 0.75 1
X

Distance x (times L)

Plot displacements 8p. 8. and 8p from part (b)
above. then connect points using straight lines |
showing linear variation of axial displacement J 5

Axial Displacement Diagram (ADD)

Between points S BRI ""““7\"'"'?—
SLP 3
Buax =8p Bmm = —— 1o the right P 0.5
6FEA &8 /
2 é)
Boundary conditions at supports: = /
d4=06p=0 3 0
C R .. ~ 3
2 6
-0.5
0 0.25 0.5 0.75 1
x
Distance (times L)

(d) MAXIMUM PERMISSIBLE VALUE OF LOAD VARIABLE P BASED ON ALLOWABLE NORMAL STRESS IN FLANGE BOLTS
From AFD, FORCE AT L/2:

4

Fax =3P and  Fry = no,Ap = 16493k
3

Poax =5 Frax = 1237k [Py = 12.37K
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(a) STRESSES AND REACTIONS: SELECT R| AS REDUNDANT AND DO SUPERPOSITION ANALYSIS (HERE ¢ = (! DEFLECTION
POSITIVE UPWARD)

d=50mm dy=60mm d;=5Tmm d;i=64mm A = % (d>y? — d,?) = 863.938 mm?

E = 110 MPa g 5
Ay = (d? - d3?) = 665.232 mm?
SEGMENT FLEXIBILITIES Ly=2m Ly=3m
f =i=00”105mmfN fi= Ly = 0.041 mm/N }i=05l3
L ER, “ EAy Lo

TensILE stress (o) is known in upper segment so Ry = o X A, o = 10.5 MPa Ry = 01A; = 9.07kN
Sia=—Pfr BSyp=Ri(fi +1) Compatibility: 8y, + 81, =0
h+h

2

Solve forP: P = R,( ) = 13.73kN

|

(]

Finally, use statics to find R»: Ry = P — R} = 466 kN oy =

= TMPa < compressive since R, is
positive (upward)

[P =1373kN| [R; =9.07TkN| [R, =4.66kN| |0, =7MPa|

(b) DISPLACEMENT AT CAP PLATE
8. = Rifi = 190909 mm < downward OR &.= (R;)f, = 190.909 mm < downward (neg. x-direction)
Ocqp = 6. =0.191m 8cap = 190.9 mm
AFD and ADD: R = 9.071 Ry = 4.657 Ly=2 A =863938 A;=665232 E=110
Ly=3

NOTE: x is measured up from lower support.

Axial Force Diagram (AFD) Axial Displacement Diagram (ADD)

-5x10-9
N(x) ox) _1xi0* \\

-1.5%107 \ /

~\

-5 -2x10%
0

X X

(c) UNIFORM LOAD Q ON SEGMENT 2 SUCH THAT R, = 0
P = 13.728 kN Ry = oA = 9.071 kN ILh=3m
P—- R
L,

= 1.552 kN/m

q = 1.552 kN/m

Equilibrium: R} + Ry =P — qL; < set R; = 0, solve forreq’d g q=
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Problem 2.4-15

Pipe 1 is steel.
Pipe 2 is aluminum.

EQUAT'ON OF EQUILIBRIUM
EF\m=0 Ry + Rp=2P
EQUAT'ON OF COMPATIBILITY

Sap=08ac+6cr=0

(Eq. 1)

(Eq. 2)
(A positive value of 8 means elongation.)

FORCE-DISPLACEMENT RELATIONS

R4L
EA,

Ry(2L)
EA,

Sac = dpe = — (Egs. 3. 4))

221

SOLUTION OF EQUATIONS

Substitute Egs. (3) and (4) into Eq. (2):

RiL _ ReCD) _

EiA, EA,

Solve simultaneously Egs. (1) and (5):

s 4E. A P = 2E AP
EA, + 2EA, EA, + 2EA,

0

(Eq. 5)

(Egs. 6. 7)

(a) AXIAL STRESSES

Rp _ 2E P

As  EA, +2EA,
(compression)

Ry _ 4EP
Ay EA, +2EA;

(tension)

Aluminum: o, =
(Eq. 8)
(Eq. 9)

Steel: o, =

(b) NUMERICAL RESULTS
P=12k A,=892in? A;=103in’
E,=10%x10°psi  E, =29 x 10° psi
Substitute into Eqs. (8) and (9):
a, = 1,610 psi (compression)

-

-—

o, = 9.350 psi (tension)
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Problem 2.4-16

Numerical data:

W =S800N L =150 mm
a =50 mm ds =2 mm
dy =4 mm Eg¢=210GPa

Ey =70 GPa

0g; =220MPa o, = 80 MPa

ds2

=13

LI A
A4A S

Ax = 13 mm’ As = 3 mm?

(a) Pgajlow AT CENTER OF BAR
One-degree statically indeterminate - use reaction (R,) at top of aluminum bar as the redundant

compatibility: 8, — 8, =0 Statics: 2Rs + Ry =P+ W

P+W/( L
8 = 3 ( I ) < downward displacement due to elongation of each steel wire under P + W if
sAs aluminum wire is cut at top

L L
6 = RA( JEA + A ) << upward displ. due to shortening of steel wires and elongation of aluminum
=578 ATA wire under redundant R,

Enforce compatibility and then solve for Ry:

P+ W( L )
2 EsA EjA R
6, =06, s0 RA=—SS RA=(P+W)# and UM=—A
L + L EsAy + 2EgAg Ay
2EAs  ExAq
Now use statics to find Rg:
EAp
P+W—-—(P+W)———m—
_PAW-R L _ P+ W+ 2E-A s B
$ 2 5 2 2 EpAp + 2EgAg
Ry
d = —_——
an 085, As
Compute stresses and apply allowable stress values:
Sills EAy + 2EA;  °% ExAp + 2EsAs

Solve for allowable load P:

EsAy + 2E EjAy + 2EGA
Py = O—M(“TSAS) -W P, = U&(%) — W (lower value of P controls)

Py, =1713N Pg, = 1504N < P, is controlled by steel wires
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(b) Payow IF LOAD P AT X = a/2

Again. cut aluminum wire at top, then compute elongations of left and right steel wires:

e (e B)) e BB
IL=\'a " 2 )\ EsAg R NE T TN EAS

d1.+ 6 p P+W( L

2 T &

8 = ) where 8; = displacement at x = a

Use 8, from part (a):

2 L
= +
& R"( 2E¢Ag EAAA>

So equating 8, and &,. solve forRy: Ry=(P + W)

EAAA
EjAy + 2EgAg

A same as in part (a)

3P W Ry . : oy ,

Rg; = 3 + iy < stress in left steel wire exceeds that in right steel wire
E Ay
P+ W

wow : EpAp + 2EgAg
Rsp=—+——

4 2 2

_ PEjA4 + 6PEsAs+4WEAg B PE,,A,,+6PESAS+4WE5AS( | )
e 4E,A4 + 8EsAs %5 4E4A,+ 8EsAg A

Solve for P, based on allowable stresses in steel and aluminum:

0sd(4AsEAAA + B8ESASY) — (AWEsAs)
E AAA + 6E SAS

Ps, = 820N < steel controls

Py, = Pia=1713N < same as in part(a)

(C) Pyjjow IF WIRES ARE SWITCHED AS SHOWN AND X = a/2
Select R4 as the redundant; statics on the two released structures:

(1) Cut aluminum wire—apply P and W, compute forces in left and right steel wires. then compute displacements
at each steel wire:
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P E
By geometry, 8 at aluminum wire location at far right is o) = (; + ZW)(H)
s

&~

(2) Next apply redundant R, at right wire, compute wire force and displacement at aluminum wire:

SL L
Ry =—-Ry Ryp=2R, &= R"( EsAg . EAAt)

(3) Compatibility equate 8,, 6, and solve for R4, then Pyjyoy for aluminum wire:

P L
— 4+ 2W
. 2 EgAg . EJApP + 4E AW . Ry
ATy P AT 10R AL T 2EAy. e T
EsAs  ExAp
E P + 4E;,W
o

A =~ 10E4A, + 2EsAg

A 10E Ay + 2EgAg) —4E, W
Aa = E,

A

Paa=1713N

(4) Statics or superposition—{find forces in steel wires, then Py, for steel wires:

£ E AP + 4E AW
2

P
==+ ==+
Rst Rs Rst. 10E4A, + 2EgAsg

2

6E A P + PEgAg + 4E ApuW

Rg = < larger than Rgp. so use in allowable stress
10E4Ap + 2EsAs calculations
P P EAA4P + AE, AW
Rp==+W—2R Rp==+W-— :
- AR % o O SE,Ay + EgAg
_ 3E\ANP + PEAs + 2E AW + 2WEAg
Sk 10E,A, + 2EdAg
Rg;. 10E A + 2E5Ag 4E AW
Osa=—— Py, = o5.As -
Ag 6E A, + EgAg 6E Ay + EgAg

20—
_ IO"SaASEAAA + 20‘50.145 ES 4EAAAW Psa =703N z

Py
3 6EA) + EgAg A steel controls
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Problem 2.4-17

FREE-BODY DIAGRAM (a) AXIAL FORCES
(Plate at right-hand end) Solve simultaneously Egs. (1) and (3):
PE, PE,

P

“E+E PTEE

(b ECCENTRICITY OF LOAD P
Substitute P, and P> into Eq. (2) and solve for e:

_ bHE-Ey)
EQUATIONS OF EQUILIBRIUM 2= —2( E,+ Ey)
SF=0 Py +P,=P (Eq. 1)
(c) RATIO OF STRESSES

sw-om= pesn(2)-n(2) -0 @2 oA _Ba A_E

2 - V"= a T s B B
EQUATION OF COMPATIBILITY
8, =2,
BL_PAL B _ R
HA EA B B (Eg.3)
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Problem 2.4-18

NUMERICAL DATA

L=25m b=0.71 L=1715m E=210GPa A = 3500 mm’ P = I185kN 0y = 60°
o, = 150 MPa

FIND MISSING DIMENSIONS AND ANGLES IN PLANE TRUSS FIGURE

Xx. = bcos (04) =08875m  y.= bsin(fy) = 1.5372m

bsin(@
2 iy so 0= asin (M) — 37.94306°
sin(fpg) sin(f4) 16

e = 180° — (B, + Op) = 82.05694°

oo Sin0C) = 285%6m  or = Vp? + 12 — 2bLcos(0c) = 2.85906 m
A

(a) SELECT By AS THE REDUNDANT, PERFORM SUPERPOSITION ANALYSIS TO FIND By THEN USE STATICS TO FIND REMAINING
REACTIONS. FINALLY USE METHOD OF JOINTS TO FIND MEMBER FORCES (SEE ExampLE 1-1)

dpy = displacement in x-direction in released structure acted upon by loads P and 2P at joint C:

dpy = 1.2789911 mm < this displacement equals force in AB divided by flexibility of AB

Oy = displacement in x-direction in released structure acted upon by redundant B: dpx2 = B, E_CA

E
COMPATIBILITY EQUATION: Opx1 + 0px2 =10 S0 By = - Spy1 = —328.8kN

Statics: ZFy =0  Ay= —By — 2P = —41.2kN

SMy=0 B, %[ZP(bsin(BA)) + P(bcos(fy))] = 256.361 kN

2F,=0 A,=P - B,=-T1361kN
REACTIONS:!
[A, = —412kN] [A, = —714kN]| B, = —329kN| (B, = 256kN|

(b) FIND MAXIMUM PERMISSIBLE VALUE OF LOAD VARIABLE P IF ALLOWABLE NORMAL STRESS 1S 150 MPa

(1) Use reactions and Method of Joints to find member forces in each member for above loading.
Results: Fyp =0 Fpc = —416.929 kN Fae=8240 kN

(2) Compute member stresses:

—416.93 kN 82.4kN
UAB=O Ope = T = —119.123 MPa TAC =

= 23.543 MPa

(3) Maximum stress occurs in member BC. For linear analysis, the stress is proportional to the load so

Prax = = P = 233kN So when downward load P = 233 kN is applied at C and

9BC horizontal load 2P = 466 kN is applied to the right at C,
the stress in BC is 150 MPa
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Problem 2.4-19

Bar | ALuMiNuM

FREE-BODY DIAGRAM OF RIGID BAR

- - E, = 10 X 10° psi EQUATION OF EQUILIBRIUM
?" g SF=10
g d] =04 in. Fl AE, Fl Yot
s 2F,+F,—W=0 (Eq.1)
— L; =40 in.
[ { : E 7 FuLLy sTRESSED RODS
] o = 24,000 psi W F, = oA, F; = oA,
‘-;._‘ 1 Bar 2 MacNesim g
r wd] d3
| E; = 6.5 % 10° psi A|=1;l A2=%
. dy =17 L,=? Substitute into Eq. (1):
o> = 13.000 psi wd1 >
l W=172001b 20.(—') § az(" 2) -w
4 4
Diameter d, is known; solve for d;: = F>L, (Lz) _y
, AW 20yd} 2Ty AR (Eq.3)
A - (Eq. 2) ) - .
) g} Substitute (4) and (5) into Eq. (3):
SUBSTITUTE NUMERICAL VALUES: (L, ) (L'_))
: 973 N7 ) T2\ 7
5 4(72001b)  2(24,000 psi)(0.4 in.)> Ey E;
d3= (13.000 psi) 13,000 psi Length L, is known; solve for Ly:
02 .72 2 E;
= 070518 in.2 — 0.59077 in.? = 0.11441 in. i ,_,(Z'E’) (Eq. 6)
d = 0.338in. < 2

EQUATION OF COMPATIBILITY

6, =82

(Eq. 3)

FORCE-DISPLACEMENT RELATIONS

5 _FRLy (
|—E1Al—01

L|)
E,

(Eq. 4)

227

SUBSTITUTE NUMERICAL VALUES:

24,000 psi)(6.5 % 10° psi)
13.000 psi /\ 10 x 10° psi

L, = (40 in.)(

= 48.0 in.
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Problem 2.4-20

NUMERICAL DATA

a = 250 mm
b = 500 mm
¢ = 200 mm
k; = 10 kN/m
ky = 25 kN/m

o ke
Oy = 3 =arad

FREE-BODY DIAGRAM AND DISPLACEMENT DIAGRAM

dp

228

EQUATION OF EQUILIBRIUM
IMp =0+ — Fy(a) — P(c) + Fp(b) =0 (Eq. 1)

EQUATION OF COMPATIBILITY

84y dp ;
—_—=— Eq.2
AT (Eq. 2)
FORCE-DISPLACEMENT RELATIONS

Fy Fp .
8:1 5 kr] op = _k_g— (Eqs- 39 4)
SOLUTION OF EQUATIONS
Substitute (3) and (4) into Eq. (2):
Fy Fp ,
T3 = by (Eq. 5)
SorLvE siMUuLTANEOUSLY EQs. (1) aND (5):
s ack P P bckaP

AT Py + bk D™ 2%k + b%s

ANGLE OF ROTATION

F, bcP é P
. . S S

ky ok, + b%, b a%k, + b,

MAXIMUM LOAD
f
= —(a%; + b*ky)
¢

Omax
[

Poax (a*ky + b%ky) <«

SUBSTITUTE NUMERICAL VALUES:
/60 rad
Poa = ——"%1(250 mm)X(10 kN/m)
200 mm
+ (500 mm)*(25 kN/m)]

= 1800N <«
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Problem 2.4-21

.ueW': EQUATION OF COMPATIBILITY
—_— 5. &p
—_—=— 2
o (Eq. 2)
2h FORCE-DISPLACEMENT RELATIONS
T-h Th(2h)
D B ac=ﬁ esD="(T (Egs. 3. 4)
-‘5&:@
SoLuTION OF EQUATIONS
d l P Substitute (3) and (4) into Eq. (2):
Teh  Tp(2h To 2T
L —! e AR e il (Eq. 5)
cEA dEA c d
TENSILE FORCES IN THE WIRES
h=18in.
; Solve simultaneously Egs. (1) and (5):
2h =36in.
- " 2¢PL dPL oy
- 5 = = S. O,
i T+ P+ ‘
d=50in. TENSILE STRESSES IN THE WIRES
L = 66in. Te 2cPL i 8)
e e T e e "
E =30 X 10° psi €T A Al +dd
A=00272in?
op = i @B (Eq. 9)
P=3401b D S ) q.
FRFE—BODY DIAEERM DISPLACEMENT AT END OF BAR
Tp (1‘;) 2hTD(3) 2hPL2
dp=8pl—=) = —)=——F——— (Eq.10)
R EA EAQ2C +d%) q
TC SUBSTITUTE NUMERICAL VALUES
262 + d* = 2(20 in.)* + (50 in.)* = 3300 in.?
boa D{ B 2ePL 2(20 in.)(340 Ib)(66 in.)
: ks Ak (@) oc = 2 2= o o 9
: { At +dbH (00272053300 in2)
Ry P = 10000 psi
DISPLACEMENT DIAGRAM dPL (50 in.)(340 Ib)(66 in.)
on = =
i & B i DT Al + 4 (0.0272in2)3300in2)
= 12500 psi <
8¢ 2hPL?
\Dida= s
55 EAQ2c + d%)
N B 2(18 in.)(340 Ib)(66 in.)*
EQUATION OF EQUILIBRIUM (30 X 10° psi)(0.0272 in.23300 in.?)
IMy =0 ™ Te(c) + Tp(d) = PL (Eq. 1) —00198in.
229
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Problem 2.4-22

Remove pin at B; draw separate FBD's of beam and column. Find selected forces using statics D;.-
From FBD of column DBF J_—o
L D"
¥Mp = Dy— =0 D, =0
YFy =Dy~ By =0 By =Dy A, B, By
— I
M_,\ B Bx
From FBD of beam ABC y Y op
YFy = Ay =By =0 Ay =0
L D, R
IMp =My -2P =0 M, = 2P I
D, Rf
EP_V = B_v -2P=0 By = 2P
Remove reaction R to create the release structure; find B'-"
vertical displacement at F due to actual load 2P at C
L B,
B‘\"—
72 P-L
MaS5E Hmtm
Apply redundant R to released structure; find vertical displacement at F D_v
R - R; s —J.—'
-Rp— Fo
2 2 L R 3L
B.=0 &, = - — . s by = —Rp—— D
y F27 2kA  Ea F2° "Flayra 28A) T2 Fura =
Compatibility equation - solve for R¢ B
PL i
EA -
+ & =0 Rivee——— - SRR »
%1 + 9p2 F (L) = B,
\4+EA l
Finally solve for reaction D, using FBD of DBF
XYF 0 D. B.-R D, 2P 4P D, 2 P
¥ e ¥ 3 ¥ 3
R
230
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Problem 2.4-23

Numerical properties (kips. inches):
d.=225in. dy, = 1.75 in. d, = 1.25 in.

E. = 18,000 ksi Ep = 16,000 ksi

E; = 30000 ksi

P=9k

EQUATION OF EQUILIBRIUM
3Fwn=20 P+ Py +P.=P
EQUATIONS OF COMPATIBILITY
85 = 8y 8. = 8
FORCE-DISPLACEMENT RELATIONS

P, P
o T g
SOLUTION OF EQUATIONS
Substitute (3). (4). and (5) into Egs. (2):

EpAp EA.

P.=P,
c SEJAS

&=P’E5A,

SoLve smurLTaNeousLy Egs. (1), (6). anp (7):

P.=P Esds =395k
A A BoA
EpAy
=P =20
B "E,A, + EyAp + E_A, —
P.=P EcA =303k
€T S AF By P B A
P+ Py +P-=9 statics check
COMPRESSIVE STRESSES
Let 2FA = EA; + EpAp + EA.
k. PE, ;
05:7‘—;:—2—5; oy = 3.22 ksi =
PE
0,,=%=2E: op=1716ksi <«
k. PE, :
o, = A—r =S o= 1.93 ksi —

(Eq. D)

(Egs. 2)

(Egs. 3.4.5)

(Egs. 6.7)

231

aw
A, = 5d;

= Wpp . D
Ab_4(db dy)
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Problem 2.4-24

Remove R; to create released structure, use superposition to find redundant R = y-dir reaction at F
Released structure under actual load; use FBD of ABC to find pin force B,

IMy =0 B, = % (3 PL) B,— 9P acts upward on ABC so acts downward on DBF
. 3 -B,L 9L
Find vert. displ. of F in released structure under actual loads bpy = — Spy = downward
2-EA 2-EA
[+ 1
Apply redundant R, and find vertical displ. at F in released st i L et
vertical displ. at F in released structure = Rp | = = — —
Re 2 Fk EA 2EA J > SR
Gk 27 :
Compatibility equ. 8¢, + 8z, =0 R = '6F£ L ey
- 5 5
6 EA
Now use statics to find all remaining reactions FBD of DBF ¥Mg =0 o Dy =0
- (Y. \
Entire structure ¥, = 0 A, =0 EMp =0 A= %{ -39[‘—3"]] A, — 6P
18P 3
EFy = 0 Dy=Rp+3P-A, Dy———

¥ 5
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Problem 2.5-1

The rails are prevented from expanding because of

AT = 120°F — 60°F = 60°F
their great length and lack of expansion joints,
i . o = Ea(AT)
Therefore. each rail is in the same condition as a bar _— s
with fixed ends (see Example 2-9). = (30 X 10" psi6.5 X 10 "/"FX60°F)
3 . . o=1170psi <«
The compressive stress in the rails may be calculated
as follows.

233
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Problem 2.5-2

INITIAL CONDITIONS

L,=60m To = 10°C

L, = 60.005 m Ty =10°C

ag =23 X 10°%°C as =12 X 107%°C
FINAL CONDITIONS

Aluminum pipe is longer than the steel pipe by the
amount AL = 15 mm.
AT = increase in lemperature
8, = adAT)L, 8; = a(AT)L;
80 Lﬂ )

14 J
_...| Aluminum pipe

P

{

‘ e Steel pipe
|

v c)(l“E’

AL '8, L

From the figure above:

8q+La=AL+8;+ L,

234

or, a(AT)L, + L, = AL + a(AT)L, + L,

Solve for AT:
- AL +A(L; —L3)
aaLa = a_vLs

AT

Substitute numerical values:
oy — oLy = 659.9 % 107% m/°C

ISmm + 5mm

" 659.9 X 1075 mP°C = 30.31°C
T=T + AT = 10°C + 30.31°C
—403°C —
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Problem 2.5-3

A

S = steel A = aluminum
W=7501b

d” e
As = 2 = 0.012272 in."

E, = 30 % 10° psi
EA; = 368,155 Ib

ag = 6.5 X 107 %°F

a, = 12 X 107¢°F

L = Initial length of wires

W=7501h

8, = increase in length of a steel wire due to temper-
ature increase AT

= a, (AT)L
& = increase in length of a steel wire due to load
Wr2
WL
T 2EA,

83 = increase in length of aluminum wire due to tem-
perature increase AT

= a, (AT)L

For no load in the aluminum wire:
5; + 82 = 83

WL

+—=

a(AT)L A a (AT)L
or

w
AT

N ZEsAs(aa e as)

Substitute numerical values:

. 750 1b
(2)(368.155 Ib)(5.5 % 1075FF)
= I85°F «—

NOTE: If the temperature increase is larger than AT,
the aluminum wire would be in compression, which is
not possible. Therefore. the steel wires continue to
carry all of the load. If the temperature increase is less
than AT, the aluminum wire will be in tension and
carry part of the load.
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Problem 2.5-4

NUMERICAL PROPERTIES
d,= 15 mm dp, = 12 mm d,, = 20 mm f. = 10 mm fwatl = 18 mm
T, =45MPa  a=12(10"%) E=200GPa

(a) TEMPERATURE DROP RESULTING IN BOLT SHEAR STRESS & = aAT o=EaAT

L
T2 : : 2 P
Rod force = P = (EaAT)—d,” and bolt in double shear with shear stress 7=— 7=
. A Ty
ik
_ 2 {E ATEdZ] _EaAT(ﬁ)Z
Tb_‘n’dbz(a )49 =3 4,
75 = 45 MPa
27y dy\? " T,
=\ — AT = 24°C P=(EaAT)—d,- P = 10kN
E(1000)ax \ d, 4
P 1000
Urod = |Umd = 57.6 MPa
L)
4
(b) BEARING STRESSES
P
2
BoLT AND CLEVIS Ope = —— O = 42.4 MPa
dpt,
P
WASHER AT WALL. Oy, = ————————— |Fpy = 74.1 MPa |
w 2 2
z(d“' . dr )

(c) If the connection to the wall at B is changed to an end plate with two bolts (see Fig. b), what is the required diam-
eter dj, of each bolt if temperature drop AT = 38°C and the allowable bolt stress is 90 MPa?
Find force in rod due to temperature drop.

AT = 38°C pP= (EaAT)%d,z

K 2 —-6\1,
P =200 GPa (15 mm)?[12(107°)|38) = 16116 N P = 16.12kN

Each bolt carries one half of the force P:

16 12 kN
2

— = 10.68 mm) dp = 10.68 mm

%(90 MPa)

dp =

236
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Problem 2.5-5

(a) ONE DEGREE STATICALLY INDETERMINATE—USE
SUPERPOSITION SELECT REACTION Rp AS THE
REDUNDANT: FOLLOW PROCEDURE
Bar with nonuniform temperature change.

AT,
AT g

At distance x:

‘.3
ir-sn(5)

REMOVE THE SUPPORT AT THE END B OF THE BAR:

Consider an element dx at a distance x from end A.

dé = Elongation of element dx
3
5 = a(AT)dx = a(AT})(z—S)dx

= elongation of bar

3
5= /dB /a(ATB) (x—3>dx=%u(ATB)L

COMPRESSIVE FORCE P REQUIRED TO SHORTEN THE BAR BY
THE AMOUNT &
EAS 1

= T = —EAa(Aﬁ;)

COMPRESSIVE STRESS IN THE BAR
P Ea(ATp)

. =—=
A 4
(b) ONE DEGREE STATICALLY INDETERMINATE—USE
SUPERPOSITION.
Select reaction Ry as the redundant then compute
bar elongations due to AT and due to Rp

L
opg = QATB4—

1 L
om = RB(I + ﬁ)

due to temperature from above

Compatibility: solve for Ry 85, + 6 =0
L
—| @AT;
" (sary)
‘ (L N L)
k EA
EA
Rp = —alATp

So compressive stress in bar is

Rp Ea(ATp)
UC = — o, =

R
kL

NOTE: o, in part (b) is the same as in part (a) if spring
constant & goes to infinity.
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Problem 2.5-6

) 5] o
A = 2.01090mm") = 2180-mm" T o e AT =45 a=12l109 L=3m E = 205GPa

Assume that beam and spring are stress free at the start, then apply temperature increase AT. Select R as the
redundant to remove to create the released structure

Apply AT to beam in released structure 8¢y = «AT-L = 1.62-mm
L 1) L 1 mm
Apply redundant R S¢n = [— - — — +—=0578—
¢ c2=Rc\Ea i) EA &k ¢
Compatibility equation and solution for redundant dcy+ 80y =0 Re = _(Q'ATAL)\ =-2.802kN
= L 1
o D e
[ EA k J
: . : Re i
Axial normal compressive stress in beam o = — =-1285MPa
A
: ; = Rel Re
Displacement at B using superposition og = + -AT-L =1.601-mm — —-1.601-mm

E-A
elongation of beam is equal to shortening of spring

238
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Problem 2.5-7

6

=AY al
E = 29000ks1 o = 6.5-10 AT =20 A =824m” L = 10ft

Select reaction Ry as the redundant; remove Ry to create released structure. Use superposition - apply AT to released
structure, then apply redundant. Solve compatibility equation to find Ry then use statics to get R,

‘ ) L

85y = € AT-L =0016in oy =8y,
Compatibility bgy+dgy =0  solveforRg Rp = %‘(O-ATL) =-31.065kip negative so Ry acts to left
Statics Ry+Rg =0 so Ri—8g=21005kw

R
Beam is in uniform axial compression due to temperature change; compressive normal stress is or = TB =—377-ksi
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Problem 2.5-8

NUMERICAL DATA
d; = 50 mm d> =75 mm
Ly =225mm L[> =300 mm
E=60GPa a=100x 107%°C
AT = 30°C k =50 MN/m

(a) COMPRESSIVE FORCE N, MAXIMUM COMPRESSIVE STRESS

AND DISPLACEMENT OF PT. C
2 n ! R
Ay =—d;” Ay =—dy)
Ve 2= F %
One-degree statically indeterminate—use Ry as
redundant
ép = «AT(Ly + L)

5 —R(—L' + Lz)
BT EA) T A

Compatibility: &g, = 8p2. solve for Rp
B aAT( Ly + Ly)
T ” Ly
EA, EA;
N=518kN <

Maximum compressive stress in AC since
it has the smaller area (A; << A,):

N=RB

Oemax = 74— Ormax = 26.4 MPa
1

Displacement 8. of point C = superposition of
displacements in two released structures at C:

240

, L
8¢ = aAT( L)) — RBE_Al

8¢ = —0314mm < (—)sign means joint C moves
left

(b) COMPRESSIVE FORCE N. MAXIMUM COMPRESSIVE
STRESS AND DISPLACEMENT OF PART C FOR ELASTIC
SUPPORT CASE
Use Ry as redundant as in part (a):

681 — aAT(Ll + Ln__)
8p, = R (i gLy l)
Bai B By EAy K

Now add effect of elastic support: equate dp) and 8,
then solve for Rp:

aAT(L; + Lj)
Kg.= Ly i L, 1 W=%s
EA) FA, k

N
Cemax = = Ocmax = 1591 MPa <
1
Superposition:

Ly 1)
8¢ = @AT(Ly) — Rff —— + —
C (Ly) EA, r

d¢c = —0.546 mm < (—) sign means joint C
moves left
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Problem 2.5-9
- 6| 5 3 5 1.
AT = 20 o = 13-(10 6' E = 10400ks1 L = 3ft bl =2in bz = 2.5in t=—m

Select reaction R, as the redundant; remove redundant to create released structure; apply temperature increase and

then apply redundant to get displacements at joint C in released structure.

{' L L "
5 ATL=936x 10 i e . m[b-’. 3
= aAT-L=936x1 -1 iy = f——ln — | + ———
& €2 C{E~t-(b2 “b;) | b E-(bl-t)J
L L
5 (b, 5 :
.;-hl — [+ ———=6551x 10 3-‘#
E~l’-{b2 —bl) ltbl E-(brt) klp
Write compatibility equation then solve for R
—(a-AT-L) &1 400k

Rc~= =

dc1+9cp =0 =
-

to|

b>
\b1)  Efbyt)

Et(by=by)

Statics Ry +Rc =0 Ry = R =1429-kip

I |
% 3 &2 2 A b? ) L =]
Displacement at B using superposition bg = Ry ————In| — || + «AT-= =2656x 10 in
] E-t-[b:—bl) \b1/ 2
" joint B moves to right
Re s L
OR — AT — =-2656x 10 -1n
E(b;t) 2
shortening of BC
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Problem 2.5-10
AT =30 a= 19-‘,10 6) L=2m t = 20mm by = 100mm by = 115mm  E = 96GPa
Select reaction R, as the redundant; remove redundant to create released structure; apply temperature increase and
b, E
Lol 2 | - g6 07 .2
by

i C
then apply redundant to get displacements at joint C in released structure
( 3L 2L ]
£ RC[_Et(b»—bl} Et-(by - by)

6(1 = oAT-L =1.14mm
=-117457-kN

Write compatibility equation then solve for R~
—{o-AT-L
8¢y + 8¢y =0 Re = —
L h.(bz
{E"'(bz =by) b H
Statics RA"’ RC =0 RA = _RC' =117.457 kN
3L
: ; S b)) 3L
Displacement at B using superposition g = Ry|————Inl — || + ¢ AT— = 0-mm
TLEHby=by) (b)) >
- no elongation of AB
— b, .
OR Re- = e | P
E-t |b1 B bl) bl 5
no shortening of BC
2 3 2 -
Extra - find displ. at x = 2L/5 by s = -;-(b2 -by) by 5—105mm
2.L
S bﬁ \ 2 L
B , ).
Syt = - - — || + -AT-=
L3 7 A Et(by -~ by ) { bars J 5
( 2L L
b, = [ by

OR S m{— + e m{ L | R L .
€L Et{oy-by) Et(by s —by) 3
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Problem 2.5-11

dl d2
A !

&

s
| L—T—Lz—l
I L

Ly=36in. [>=12in.

ELONGATION OF THE TWO OUTER PARTS OF THE BAR

&) = adATXL; - Lp)
= (6.5 % 10 %/°F)(500°F)(36 in. — 12 in.)
= 0.07800 in.

ELONGATION OF THE MIDDLE PART OF THE BAR

The steel rod and bronze sleeve lengthen the same
amount, so they are in the same condition as the bolt
and sleeve of Example2-10.Thus, we can calculate the
elongation from Eq. (2-21):

(a,E A, + apy Ex ApXATL,
EA, + Ep A

5y =

243

SUBSTITUTE NUMERICAL VALUES
a,=65%X107°F a,=11X% 107%°F
E, =30 10°psi  Ep= 15 % 10° psi
dy = 1.0in.

Ay = 434,2 = 0.78540 in 2

d, = 1.25in.

A = -:-(dzz — dy?) = 044179 in?

AT = 500°F L, = 12.0in.

8, = 0.04493 in.

TOTAL ELONGATION
8=8,4+86=0123in. <«
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Problem 2.5-12

AT=15  ap=230107° L=18Sm  r=36mm  E=72GPa 2= =d4Smm

Ay = 1\’-1’2 = 4071 A504-mm2 Use formulas in Appendix E, Case 15 for area of slotted segment

(a 2_ 3 2( _ab 2 A
o - acost-} - 1445 Dumyr —a =3571Smm A, = 2.1 {a-—’] = 3425196 mm r = 0.841
r o :
1

T

Select reaction R, as the redundant; remove redundant to create released structure; apply temperature increase and
then apply redundant to get displacements at joint C in released structure.

L L L L
T4 2 T4 2 -3 mm
ey = apr AT L =062l mm  §qy = - —_— e = 672 % 10 T—
1T c2=Rel Ea; " Eag EA; EA > KN
. oy ; -(apATL
Write compatibility equation then solve for R. R s <0 R (ot ) - 024174
- " & L
‘s B
EA; Ed J
Statics Ry+Re =0 Ry = =R = 92417kN
‘ el Re
Thermal compressive stress in solid bar segments oy = 1— =-22.698-MPa
1
and in slotted middle segment oy = ;\E = =26,982-MPa
2
244
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Problem 2.5-13

% {‘ég‘losm % 2.0 in.

| 1.0in. x 2.0 in.

7
Diameter of pin: dp = Tgin. = 04375 in.

Area of pin: Ap = %dp2 = 0.15033 in.2

Copper: E. = 18000 ksi «, = 9.5 X 107 /°F
Aluminum: E, = 10,000 ksi

a, =13 X 107%FF

Use the results of Example 2-10.

Find the forces P, and P, in the aluminum bar and
copper bar, respectively, from Eq. (2-19).

Replace the subscript “S™ in that equation by “a” (for
aluminum) and replace the subscript “B” by “¢” (for
copper), because « for aluminum is larger than « for
copper.
(a, = a NATE AL E A,

Eﬂ Aﬂ + E(‘ A(’
Note that P, is the compressive force in the aluminum
bar and P, is the combined tensile force in the two
copper bars.
(a, — a, NATE A,
E A,
E A,

bo=F=

P,=P. =
1 +

o \? l_h_"WOSmeOm

Copper A]ummum

Area of two copper bars: A, = 2.0 in.?
Area of aluminum bar: A, = 2.0 in.>
AT = 100°F

SUBSTITUTE NUMERICAL VALUES:

(3.5 X 10" PFX100°F)(18.000 ksi)2 in.>)
ROE
10/\2.0

FREE-BODY DIAGRAM OF PIN AT THE LEFT END
P

———e —C

P, =P, =

= 4,500 Ib

Py
e
V = shear force in pin
- P2
=22501b
7 = average shear stress on cross section of pin
v 2,250 1b

T Ar 0.15033in2
7= 150ksi <«

245
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Problem 2.5-14

7
Steel Bolt \
Brass Sleeve

Subscript S means “sleeve”,
Subscript B means “bolt”,
Use the results of Example 2-10.
os = compressive force in sleeve
Equation (2-20a):
s (s — agNANEgEg Ay
EsAs + EpAp
Sorve For AT:
oEgAg + EgAp)
(as — ap)Es EgApg

(Compression)

AT =

or

s ( a EsAs)

AT = |
Eglas — ap)\ EpAp

SUBSTITUTE NUMERICAL VALUES:

os =25MPa

d=36mm di=26mm dg=25mm
Es=100GPa  Ep=200GPa

as=21 X 107%°C  ap=10X%107%C

m 2 2 m 2
As =:(d§ —dj) = I(620mm )

EgAg
EpAp

Ap= %(d,,)z - %(625 mm?) 1 + = 1.496

25 MPa (1.496)
(100 GPa)(11 % 10°%7C)
AT =34°C  «

(Increase in temperature)

246
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Problem 2.5-15

FREE-BODY DIAGRAM OF FRAME

EQUATION OF EQUILIBRIUM

SMc=0"

P(2b) — Ty(2b) — Tyb) = 0 or 2T, + Ty = 2P (Eq. 1)

DISPLACEMENT DIAGRAM

8a A

(S)

EQUATION OF COMPATIBILITY
64 = 255

(a) Loap P oNLY
Force-displacement relations:

(L = length of wires at A and B.)
Substitute (3) and (4) into Eq. (2):

LE 2%k

EA EA

or Ty=2Tg

Solve simultaneously Egs. (1) and (5):
R

Numerical values:

P =35001b

~Ty=4001b Tp=200Ib <

(Eq. 2)

(Eq.3.4)

(Eq. 5)

(Egs. 6. 7)

(b)

(c)

AT

LoAD P AND TEMPERATURE INCREASE AT

Force-displacement and temperature-displacement

relations:

8—TAL+ AL
A= T a(AT)

dép = TLL + a(ATL
EA
Substitute (8) and (9) into Eq. (2):
E + a(AT)L = @ + 2a(AT)L
EA EA
or Ty — 2Ty = EAa(AT)
Solve simultaneously Egs. (1) and (10):

T = —;1413 + EAa(AT)]

T = %{P — EAa(AT)]

Substitute numerical values:
P=5001b EA =120,0001b
AT = 180°F
a =125 X 1076°F

In =%(2000 Ib +2701b) = 4541b <«

Ip =§(500 Ib —2701b) =921b <«

WIRE B BECOMES SLACK
Set Tp = 0in Eq. (12):
P = EAa(AT)
or
. P 500 Ib

EAa (120,000 Ib)(12.5 X 10~°FF)
= 333.3°F

Further increase in temperature:

AT

247

= 333.3°F — 180°F
= 153°F <«

(Eq. 8)

(Eq. 9)

(Eq. 10)

(Eq. 11)

(Eq. 12)
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Problem 2.5-16

FREE-BODY DIAGRAM OF BAR ABCD

From Table 2-1:
Ap =767 mm> E = 140GPa

Ta 3
AT = 60°C Ac= 173 mm~
a=12X107°°C
A B D EQUATION OF EQUILIBRIUM
gy .] e A YR _ _
Ran { 28 m ‘ M, =0 Tp(2b) + TH4b) — P(5b) =0
Ray ip or 2Tg + 4T¢ = 5P (Eq. I)
Ty = force incable B T = force in cable C
dg=12mm d-=20mm
DISPLACEMENT DIAGRAM SUBSTITUTE NUMERICAL VALUES INTO EQ. (5):
= =—1733
" 2k o 1 & W L Ty(346) — T(76.7) 1,338.000 (Eq. 6)
in which T and T~ have units of newtons.
SoLvE sMuLTANEOUSLY EQs. (1) AND (6):
35 Ty = 0.2494 P — 3.480 (Eq. T)
s Te=1.1253 P + 1,740 (Eq. 8)
¢ in which P has units of newtons.
CompaTiBILITY: Sowve Egs. (7) AND (8) FOR THE LOAD P:
S = 26y (Eq. 2) Pr =4.0096 Ty + 13.953 (Eq.9)
P-=0.8887 T — 1,546 (Eq. 10)

FORCE-DISPLACEMENT AND TEMPERATURE-DISPLACEMENT
RELATIONS

85 =2~ 1 o(ATIL (Eq.3)
B EAg a(AT) Eq.

éc = TecL + a(ATL (Eq. 4)
6= A, af Eq.

SussTITUTE EQs. (3) aND (4) inTo EQ. (2):

TcL 2TpL

— + =—+

FAc a(ATL A, 2a(ATL

or

ZTBAC 7 TC‘AB 7= —EQ(AT)AB AC (Eq. 5)

ALLOWABLE LOADS
From Table 2-1:

(TB)UI.T = l02.000 N (TC)UI.T = 231.000 N

Factor of safety = 5

(Tp)aiow = 20400 N (Te)aow = 46.200 N

From Eq. (9): Py = (4.0096)(20,400 N) + 13.953 N
= 05700 N

From Eq. (10): Pc = (0.8887)(46,200 N) — 1546 N

= 39500 N
Cable C governs.
Payow = 39.5 kN =

248
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Problem 2.5-17

Numerical data:

L=25in. d=2in. &=0.008 in.

k=12x(10° Ibfin. E = 16 X (10°) psi

a=96X(107%/°F AT =S50°F

A =%d2 A =3.14159 in 2

(a) ONE-DEGREE STATICALLY INDETERMINATE IF GAP CLOSES
A=aATL A =0.012in. <exceeds gap

Select R4 as redundant and do superposition

analysis:
L l
dyu=A4A Spn=Ry)| —+—
w=a sa=r(E+1)
Compatlblllly. SM + 8,42 =06 6,42 =6 — 8‘,”
5 — A
Ry=—" = —3
A L l Ra 006 Ib
— + A
EA k

249

Compressive stress in bar:

_ RA = — 057 s
ime T iorees psi

(b) ForcE IN sPRING  Fy = R
STATICS
Ry +Rc=0
Re= —Ry
Rc=30061b <

(¢) FIND COMPRESSIVE STRESS IN BAR IF kK GOES TO INFINITY
FROM EXPRESSION FOR R4 ABOVE, 1/k GOES TO ZERO

5 — A Ry
= = —8042 Ib =—
RA L RA 21 o &
EA
o=—2560psi —
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Problem 2.5-18

b

Initial prestress: o, = 42 MPa

Initial temperature: 7, = 20°C

E =200 GPa

a=14x10"°rC

(a) STRESS or WHEN TEMPERATURE DROPS TO 0°C
T, =0°C AT=20°C

NOTE: Positive AT means a decrease in temperature
and an increase in the stress in the wire.

Negative AT means an increase in temperature and a
decrease in the stress.

Stress o equals the initial stress o plus the additional
stress o> due to the temperature drop.

250

oy = Ea(AT)

o =0, + 03 =0 + Ea(AT)
= 42 MPa + (200 GPa)(14 X 107%°C)(20°C)
=42MPa + 56 MPa =98 MPa <«

(b) TEMPERATURE WHEN STRESS EQUALS ZERO
o=01+o0=0 o+ Ex(AT)=0

o

B

(Negative means increase in temp.)

i 42 MPa _—
(200 GPa)(14 X 10~%°C

T=20°C +15°C =35°C <«
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Problem 2.5-19

<
o= 15 pi= Rin A = 085m Ap =45m

=
Il

20mn E, = 29000ks1 Ep = 10600kst

Select force in tube as the redundant. Cut through aluminum tube at right end to expose intemal force F, to create

released structure. Apply n tumns of tumbuckles to released structure to find relative displacement between ends of cut
tube

8 =2np=0.187in Note that n tums of a tumbuckle moves ends together by factor of two

Now apply pair of internal forces F+ to ends of tube then again find relative displacement. Force F, shortens both cables
and elongates the tube.

L K ) L 15 —4 1
8 = I-‘A{ s = s = —825x 10+ 2
EpAy  2ECA; Epx-Ap  2E.A kip
S
Compatibility equation 8y +8 =0 solve for F Fp = % =—227.282 kip
Exdy  2EgA
; ; —F5 ,
Statics - force in each cable = F_ 2F,+Fp =0 Fe'= — = 113.641 kip
4 . Fol
Shortening of aluminum tube dp = =-0.0953-1n
Exfp
251
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Problem 2.5-20

2L L o [
R
1A P B
L = length of bar
s = size of gap
EA = axial rigidity
Reactions must be equal; find 5.
COMPATIBILITY EQUATION
6, —8,=5 or
2PL  RpL
ﬁ E =8 (Eq l)

EQUILIBRIUM EQUATION

R4 = reaction at end A (to the left)

Ry = reaction at end B (to the left)
P=Rs+ Rp

252

FORCE-DISPLACEMENT RELATIONS

L %)

== 4
aln

nin.

Reactions must be equal.

~

.'.RA=RB P=2RB Rp=—
Substitute for Ry in Eq. (1):

ro

NOTE: The gap closes when the load reaches the
value P/4. When the load reaches the value P, equal

to 6EAS/L, the reactions are equal (R4 = Rg = P/2).
When the load is between P/4 and P, R, is greater than
Rp. If the load exceeds P, Ry is greater than R,.
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Problem 2.5-21

(a) FIND REACTIONS AT A AND B FOR APPLIED FORCE P,
First compute P;. required to close gap:

E\Ay
Ly

Statically indeterminate analysis with Ry as the
redundant:

L, L,
opi=—5 dp=Rp _E|A1 + s

Compatibility: ép, + 65, =0

P =

s P1=2314k <

s
Rp = = 55.
B ( I T ) Rgp =552k s
—+
EA, B
RA = -RB €«
(b) FIND REACTIONS AT A AND B FOR APPLIED FORCE P>
E-A,
Ph=——5 P,=1451k <
L
2

Analysis after removing P, is same as in part (a), so
reaction forces are the same

(c) MAXIMUM SHEAR STRESS IN PIPE | OR 2 WHEN EITHER

Pl OR Pg ﬂ

A
IS APPLIED T v = Tl Tmaxa = 13.39ksi <

P

A .
T maxh = 5 Tmaxp = 1944 ksi <

(d) REQUIRED AT AND REACTIONS AT A AND B

ATreqa = ATreqs = 65.8°F —

aly + al,

253

If pin is inserted but temperature remains at AT
above ambient temperature, reactions are zero.

(e) IF TEMPERATURE RETURNS TO ORIGINAL AMBIENT TEM-

PERATURE, FIND REACTIONS AT A AND B

statically indeterminate analysis with Rg as the
redundant Compatibility: 85, + 65, =0
Analysis is the same as in parts (a) and (b) above
since gap s is the same, so reactions are the same.
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Problem 2.5-22

With gap s closed due to AT, structure is one-degree
statically-indeterminate: select internal force (Q) at
juncture of bar and spring as the redundant. Use super-
position of two released structures in the solution.

de1 = relative displacement between end of bar at C
and end of spring due to AT

Sy = ¢AT(Ly + Ly)
8,011 1s greater than gap length s

d.on = relative displacement between ends of bar and

spring due to pair of forces Q, one on end of
bar at C and the other on end of spring

Bre2 =Q(i+i) + 2

EA, © EAy) T ks

Compatibility: 8.y + 8 =8 Opp =5 — 8y
srell =8 QAT(LI + Lg)
s —aAT(L; + L,)
3 Ly ” Ly " |
EA] EA, k3
EAAqks
LiAskz + LyAks + EAA;
[s — aAT( Ly + L,)]

Q=

(a) REACTIONS AT A AND D
Statics: Ry=—Q Rp=20
—s+ aAT(L; + L;)

-
YL, Lo 1

EA;  EA, k;
RD=_RA &

(b) DisPLACEMENTS AT B AND C
Use superposition of displacements in the two
released structures:

8p = aAT(L;) — R (i) —
B 1 A EA]
53 = aAT( L|) B
[—s+ aAT(L; + L3)|( L )
Ly L, | EA,
EA,  EA; " ks

254

6c=aAT( L, + L,) —
o) -
N\ EA, = EA,

dc=aAT(L, + L) —

[—s + aAT( L, + LQ)]( L L,
L Ly 1 EA;  EA;

+_
EA, ' EA; k3
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Problem 2.5-23

EquiLisrium EQUATION

i p=7001s  *Mpin=0 <
Z : TAb) + Tg(2b) = P(3b)
> ¢ Tg e We+Te=3P (Eq.1)
L=801in,
TC S ——]
P=7001b
A =0.03in?
E = 30 % 10° psi
Ly = 79.98 in.
Le=79.95 in.
DISPLACEMENT DIAGRAM Combine Egs. (3) and (5):
Sp=280in. — Lp = 0.02in. T-L
" _ ” . 24 =Sc+? (Eq.7)
Sc =80in. — LC = 0.05 in.
/ Eliminate & between Egs. (6) and (7):
Sp EASp  2EAS,
B \ oo e B C Fa.§
3 N 25 B c I L (Eq. 8)
s 5
= y '7/ é Solve simultaneously Eqs. (1) and (8):
S¢ . I =£+EASE_2EASC
—é—-‘ AT 5L 5L
.. L3P 2EASy 4EASC
. ; C=i5 5L 5L
Elongation of wires:
B = Sp + 25 (Eq. 2) SUBSTITUTE NUMERICAL VALUES!
EA
Sc=8-+8 (Eq. 3) 3L 2250 Ib/in.

FORCE-DISPLACEMENT RELATIONS
Tp=28401b +451b —2251b=6601b <

Ip L Te L
53=-E; 8C:EX (Egs. 4.5) Tc=4201b—901b +4501b=7801b <
SOLUTION OF EQUATIONS (Both forces are positive, which means tension. as
Combine Egs. (2) and (4): required for wires.)
Bt =Sp + 28 (Eq. 6)
EA

255
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Problem 2.5-24

P
l Steel plate

1 e

s = e L=

’l L2, '. '.

I - .‘ ,l.
t .C d« E

¥ o B S

e

)

P, ‘e

s = size of gap = 1.0 mm

L = length of posts = 2.0m

A = 40,000 mm?
Oallow = 20 MPa
E =30GPa

C = concrete post
DOES THE GAP CLOSE?

Stress in the two outer posts when the gap is just
closed:

—E —E(i)— 300P)(l'0mm)
SelS Y\ 20m

= 15 MPa

Since this stress is less than the allowable stress, the
allowable force P will close the gap.

256

EQUILIBRIUM EQUATION
p 2P, + P, =P (Eq. 1)

COMPATIBILITY EQUATION
\

Tl

8, = shortening of outer posts

6, = shortening of inner post

81 = 82 X (Eq 2)
FORCE-DISPLACEMENT RELATIONS
e R Egs.3,4
T Tl a7 (g
SoLuTioN OF EQUATIONS
Substitute (3) and (4) into Eq. (2):
L LT . A _Eas (Eq. 5)
BA & ~ ¥ ) 9

Solve simultaneously Egs. (1) and (5):

EAs
P=3p - —
YL

By inspection, we know that P; is larger than Ps.
Therefore. P; will control and will be equal to o, A.

Batow = 3030100 A — T

2400 kN — 600 kN = 1800 kN
IL.8§MN <
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Problem 2.5-25

The figure shows a section through the pipe. cap and rod

NUMERICAL PROPERTIES

Lcr'

E I
E.=12,000ksi t.=lin. p=52 X (10 ) in. n =

d,

(a)

=48in. E; =30000ksi  Ep = 14.000 ksi

4

FORCES AND STRESSES IN PIPE AND ROD

One degree statically indeterminate—cut rod at cap
and use force in rod (Q) as the redundant:

b1 = relative displacement between cut ends of
rod due to 1/4 turn of nut

Sell = —Np Ends of rod move apart, not
together, so this is (—).

relative displacement between cut ends of
rod due pair of forces Q

(L + 2t L. )
den =0 -+
EpArod Ec'Apipc
5

W
r2 Apipc = I(da2 —Hd:)

6rel‘.’

A.ﬂ

Arod -

-

3 1
=—Iin. d, = 2— in. d,=6in. d;=5.625in.

257

Aoa =0.196in? A, = 3.424in?

Compatibility equation: 8,y + 8p = 0
np
¢= L + 2t. L.
EbAmd E(‘Apipc
Q=0672k Fu=0
Statics:  Fpipe = —Q
F -
Stresses: o, = == o.= —0.196 ksi
pipe
F,
o =-"4 o, =342ksi <«
Apd
(b) BEARING AND SHEAR STRESSES IN STEEL CAP
F,
o)== L op=2T4ksi
2@ —d?
F,
ro=—20 . —0285ksi <«

wd, .
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Problem 2.5-26

= 4
Vi N\

L J

L =200 mm

P=1.0mm

E, = 200 GPa
A, = 36.0 mm?’ (for one bolt)
E, =175GPa
A, = 960 mm’

n = | (See Eq. 2-22)
EQUILIBRIUM EQUATION

ks

| o — J

F

P, = tensile foree in one steel bolt
P, = compressive force in plastic cylinder
Py =2P,

(Eq. )

COMPATIBILITY EQUATION

P,T Pﬂl IP,l
4 np
—
silL 2, |l

8, = clongation of steel bolt
6, = shortening of plastic cylinder
8; + 8, =np (Eq.2)

FORCE-DISPLACEMENT RELATIONS

(Eq. 3.Eq. 4)
SOLUTION OF EQUATIONS
Substitute (3) and (4) into Eq. (2):

PL | Pl
EA,  EA,

np (Eq. 5)

Solve simultancously Egs. (1) and (5):

2pE, A E,A,
b= TEA, + 264

STRESS IN THE PLASTIC CYLINDER
B,  2mpE,AE,
% =2, UE A, + 25,4y
SUBSTITUTE NUMERICAL VALUES:
N = E A, E, = 54.0 X 10" N¥m’

D = EA, + 2EA,; =216 X 10°N
_2mp N) . 2(|)(l.0mm)(N)
L (D 200mm \D

=250MPa <
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Problem 2.5-27

/ 2 ‘»ﬁ\ L= 10in.
p = 0.058 in.
E, = 30 % 10° psi
s P - s

Ay = 0.06 in.’ (for one bolt)
E, = 500 ksi
Ap=15in?
n = 1 (see Eq. 2-22)
EQUILIBRIUM EQUATION
P, = tensile force in one steel bolt
P, = compressive force in plastic cylinder

P, = 2P, (Eq. 1)

COMPATIBILITY EQUATION
8, = elongation of steel bolt
8, = shortening of plastic cylinder

&, +6,=np (Eq.2)
| 2

p| Pl
np
) iR

s P s

FORCE-DISPLACEMENT RELATIONS

PL L

-t
E,A,

Fy PR
: "EA,

(Eq. 3, Eq. 4)
SOLUTION OF EQUATIONS
Substitute (3) and (4) into Eq. (2):

rL hL
—
EI’AI’

= np (Eq. 5)

E.I’ A L

Solve simultaneously Egs. (1) and (5):
2npE;AE A,

b=TE 4, +25,4)

STRESS IN THE PLASTIC CYLINDER
b, 2np E;AE,

A, LE,A, + 2E,A,)

(f,,=

SUBSTITUTE NUMERICAL VALUES:
N = E,A;E, = 900 X 10° Ib%in.’
D = E,A, + 2E,A, = 4350 X 10° Ib

B 2_np(ﬂ) B 2(1)(0.058in.)(ﬂ)
%=7T\p/" " 10m \D

=2400psi <
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Problem 2.5-

The figure shows a section through the sleeve, cap. and e Edbz Ay Eldlz ol 2“)21
bolt. 4 4
NUMERICAL PROPERTIES Ap = 19.635 mm’ A} = 263.894 mm’

W 2 2 2
- =% p=10mm AT =30°C Ay =71d? = (d = 2] A;=131.947 mm
E.=120GPa  a,.= 17 X (107%)/°C (a) FORCES IN SLEEVE AND BOLT
E, = 200 GPa a; = 12 X (1076y°C One-degree statically indeterminate—cut bolt and

use force in bolt (Pp) as redundant (see sketches):

18.5 MPa 5 =26 mm dy, = 5 mm

Li=40mm fi=4mm L,=50mm #=3mm

Tai
d 6p1 = —np + a,AT(Ly + L, — 5)

dy=25mm d; —2t; =17 mm d> = 17 mm

5 _P[L1+L2-5+L,—S+L2—s+ s ]
LI E,A, EA, Fd; " BlAy+ A3
Compatibility: Op +0p =0
—[—np + «a AT(L; + L — 3)]
[L|+L2—S Ly =s L, — 5 5 ]
+ + -
EAp E A E A3 E. (A + Ap)

Py =

Sketches illustrating superposition procedure for statically-indeterminate analysis

260
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i/8=np

[ Cap
1° SI superposition analysis using
Actual internal force in bolt as the
AT indeterminate redundant
Ly structure
under load(s)
-~
7 =
AT
Sleeve
e
b" Bolt Two released structures (see below) under:
(Dload(s): (2) redundant applied as a load
el ¥
e S=np

S

AT B I&P

5

relative
displacement
across cut bolt, J, Apply redundant
due to both dand internal force P, &
Cut AT (positive if pieces find relative
bolt move together) dsplaoe‘_me_-m
| I across cut bolt,
Relative I
displacement 882
across cut bolt, 8,
due to Py, (positive
if pieces move
together)
L
(b) REQUIRED LENGTH OF SOLDER JOINT= 3 [[,1 — 5 3 Ly —s i s
(o ¥
o i I E.A, E A, E. (A} + Ay)
5 ) -
Ag 8, = —0.064 mm
Py
Sread = Sreag = 25.7 mm &s =8, + &
s wdp‘aj 7
(c) FINAL ELONGATION

6, = 0.35 mm

—

sleeve (8y)

Li+ L,—s
8 = P,,(%) 5, = 0.413 mm
¥

&7 = net of elongation of bolt (6) and shortening of
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The figure shows a section through the tube, cap. and
spring.

Properties and dimensions:

1
d,=6in. t=—in E=100ksi
™ 2 2 . 2
A=gld} - (d,—20%]  A=2307in’
Ly =12125in. > L = 12in. k= 1.5K/in.

Spring is 1/8 in. longer than tube
3

=L —-L 8 =0.125 in.

<

a; = 6.5(107%)°F
AT =0

a, = 80 X (107 ®)°F

< note that Q result below is for
zero temperature (until part(d))

(a) FORCE IN SPRING F, = REDUNDANT Q

L
5= ma

8, = relative displacement across cut spring due to
redundant = Q(f + f;)

Flexibilities:  f = %

8, = relative displacement across cut spring due to
precompression and AT = 8 + o ATL, — a, ATL

Compatibility: 8; + 8, =0

262

Solve for redundant Q:
-6 + AT(—a, L, + a L)
- f+1 A
<— compressive force in

spring (Fg) and also
tensile force in tube

k

F,= —0.174k

(b) F;=force intube = —Q <
NOTE: If tube is rigid. Fy = —k& = —0.1875k

(¢) FINAL LENGTH OF TUBE

Li=L+8,4+38, < i.e., add displacements
for the two released structures

to initial tube length L

—

Li=L— Qf + afAT)L

(d) Ser Q@ = 0 10 FIND AT REQUIRED TO REDUCE SPRING
FORCE TO ZERO

L= 1201 in.

o
ATy = ———————
— (—arly + L)

ATreqa = 141.9°F

Since a; = ay, a temp. increase is req’'d to expand
tube so that spring force goes to zero.
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Problem 2.5-30

Steel wires L = length
o = initial stress in wires
- 0 -2 _ compa
A

A, = total area of steel wires

A, = area of concrete

E;=12E;

P, = final tensile force in steel wires

P. = final compressive force in concrete

EQUILIBRIUM EQUATION STRESSES
Py= P, (Eq. 1) P ap
COMPATIBILITY EQUATION AND Os = 'A' y EA -
FORCE-DISPLACEMENT RELATIONS R £ AS
i
8 = initial elongation of steel wires P o
=i
oL o “TATALE T
EA, E A, E.
8, = final elongation of steel wires SUBSTITUTE NUMERICAL VALUES!
e = 620 MP LAy .
EA %o = T BT AT
83 = shortening of concrete 620 MP
o, = —— "2 _ 500 MPa (Tension)
- L {raps 2
EA, 50
8 — 8, =203 or 620 MPa
. = ——— = 10 MPa (Compression) €
o P P 7750 + 12
;‘L__fl”:_‘L_ (Eq. 2. Eq. 3)

E;, EA; EA,
Solve simultaneously Eqgs. (1) and (3):

opAy
E Ay
E.A.

P;=P.=
1 +
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Problem 2.5-31

The figure shows a section through the tube, cap, and
spring.

Properties and dimensions:

1
d,=6in.  t=gin  E=100ksi

L=12in.> L, = 11.875in. k= 15K/in

= 6.5(107% < a, = 80 X (1079

Pretension and temperature:
Spring is 1/8 in. shorter than tube.
d=L—-L, 6 =0.125 in. AT =0
Note that Q result below is for zero temperature (until
part (d)).

1 L
=% "7Ea

(a) FORCE IN SPRING (F}) = REDUNDANT (Q)

Flexibilities:

Follow solution procedure outlined in Prob. 2.5-29

A = %[ d{-’) s (do - 2’)2] solution:
&+ AT(—akL| + a,L)
A, = 2307 in? T .
Fr=0.174k <— also the compressive force in the (d) SeEr Q = 0 10 FAND AT REQUIRED TO REDUCE SPRING

tube

(b) ForRcEINTUBE F; = —Q = —0.174k <

(c) FINAL LENGTH OF TUBE AND SPRING  Ly= L + 8,
+ 8.,

Li=L—0f,+ a(ADL L;=11.99in. <

FORCE TO ZERO
S
(—eyLy + alL)
AT opa = —141.6°F

ATrch=

Since «, > ;. a temperature drop is required to
shrink tube so that spring force goes to zero.
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Problem 2.6-1

MAXIMUM LOAD—TENSION

2.01in.
P - # ﬁ_f Prax1 = 0,A Praxi = 43500 Ibs

MAXIMUM LOAD—SHEAR

1.5in. Praxs = 21,4 Praes = 42.600 Ibs

NUMERICAL DATA Because 7w i less than one-half of oy0w. the shear

.2 . stress governs.
A=13in-~ o, = 14500 psi

7. = 7100 psi
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Problem 2.6-2

P & P=35kN Poax = 27 | —d ic?
& { . } =->- max = 27 4 4_ min
2
dmin = P
TTa

NuUMERICAL DATA P = 3.5kN o, = 118 MPa

T = 48 MPa dmin = 6.81 mm b 35
Find P, then rod diameter.
since 7, is less than 1/2 of o, shear governs.
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Problem 2.6-3

A=25in X 40in. = 10.0in.?
Maximum normal stress:

P

O'I=I

267

Maximum shear stress:

oy = 3600 psi Tute = 1200 psi
Because 7, is less than one-half of o,. the shear stress
governs.

T max or Py = 2A1y,

2.
24

Poax = 20100 in.2)(1200 psi) = 24,0001b <
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Problem 2.6-4

T l@ |d q T 7, =60MPa A=Td
| T
X = 27a
NUMERICAL DATA AT, = =
@
d=242mm T=098N 7
a=195(10 ®°C E=110GPa o= =460 deop)
(a) AT, (DROP IN TEMPERATURE) (b) AT AT WHICH WIRE GOES SLACK
- Increase AT until o = 0:
o ==~ (EaAT) Tm,=% ——
" EaA
- Eall AT = 9.93°C (increase)
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Problem 2.6-5

e a -+

1

NUMERICAL DATA

|
d =—in. T=37Ib a=106X (0 %F
E=15x(10°psi AT = —60°F

w9
A=—d"

4
{a) Tmax (DUE TO DROP IN TEMPERATURE)

T
. 'Z' — (ExAT)
Tmax = _5— Tmax = 2

Toax = 10.800 psi <

269

(b) AT, FOR ALLOWABLE SHEAR STRESS
T = 10000 psi
T

i 27,

Ea
ATmax — _49.9:1: S

AT =

(¢) AT AT WHICH WIRE GOES SLACK

Increase AT until o = 0:

e
EaA

AT = 75.9°F (increase) <—

AT
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Problem 2.6-6

(@d=12mm P=95kN A §4L=Ln|x104m3

P
o, = = = 84 MPa

>
(b) {Tmax = :’i = 42 MPa| On plane stress element rotated 45°

-

(€) ROTATED STRESS ELEMENT (45”) HAS NORMAL TENSILE STRESS 0°/2 ON ALL FACES, — T (CW) ON +X-FACE, AND
+Tinay (CCW) ON + V-FACE

Uy

Tolyl = Tmax Oy = 7 Oy = Oy)

On rotated x-face: oy = 42MPa|  [r,) = 42 MPa]

On rotated y-face: oy = 42 MPa

(d) 0 = 22.5° < CCW ROTATION OF ELEMENT

oy - o-,cosw)z = 71.7MPa < onrotated x face o, = a,cos(o + %) = 12.3MPa < on rotated y face

EQ.2-28b 74 = —Tax sin(20) = —=29.7MPa < CW on rotated x-face

On rotated x-face: [0 = 71.7MPa|  [r4y = —29.7MPa|

On rotated y-face: |or,; = 12.3 MPa
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Problem 2.6-7

(b) MAXIMUM SHEAR STRESS

| | r The maximum shear stress is on a 45° plane and
equals o/2.
(o8
Elongation: 6 = 0.00120 in. Tmax = TX =9000psi <
(2 in. gage length) -
F S (c) STRESS ELEMENT AT ) = 45°
R e U
Strain: £ = L= 2 = 0.00060 9,000 9.000
Q g =45°
Hooke’s law: o = Ee = (30 X 10° psi)(0.00060) S0 =13
= 18,000 psi %000 2,000
(a) MAXIMUM NORMAL STRESS 9,000

9,000

oy is the maximum normal stress. ) . )
NOTE: All stresses have units of psi.

O = 18.000psi <
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Problem 2.6-8
(@ a=175(10"%) AT=50 E=120GPa
0, = —EaAT = ~10SMPa 7y = —== —S25MPa < at f = 45°

(compression) Element A: o, = 105 MPa (compression);
Element B: 7,,,,, = 52.5 MPa

(b) 75 = 48 MPa

Oy
Eq. 2-28b T - Tsm(ZO)
2
: =10 ) : o
SO 6= Easm( = I) = 33.1° < CCW rotation of clement g = 33.1

ay - U‘mos(())2 = =738 MPa < on rotated x face

=
oy - u'_,cos(l) + %) = —31.2MPa < on rotated y face

272
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Problem 2.6-9

P = 10kip L =3ft A= Sm2 6 = 35deg
Normal compressive stress o= = =-1.25ksi
A
Plane stress transformations 0g(8) = g -cos(8)” og(6) = —0.839-ksi o'e( 0+ g ; =—0411kst
{ \
7o) = —Gx-sm(e)-cos(e) Tg(0) = 0.587 ks ‘l'e:l 0+ %] =—0.587 kst

Rotated stress element
\

A%
Q A 5%/\

Q.
/ A\ 3
\“‘%\
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Problem 2.6-10

b —
Lals AL Do Ares acsrlin s 45deg  E = 200GPa
Compressive thermal stress o1 = EaAT = 60-MPa
Support reactions Ry = opA=T2kN Rg =R,
: Ry
Plane stress transformations o, =—= —60-MPa
. A
R / <D
og = O'X-cos(e)' = -30-MPa 0‘X~C05:\9 - -:l;; =-30-MPa Tg = —O'X»sm(e)»cos(e) =30-MPa

Rotated stress element

be
q)Q
/ 1/@ 45
We?
/7
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Problem 2.6-11

NUMERICAL DATA
L=10ft b=071L P=49k o,=l4ksi 7,=75ksi A =587in>
(a) FOR LINEAR ANALYSIS, MEMBER FORCES ARE PROPORTIONAL TO LOADING
Fic = % 1559 = 21.826k Fup = 3—’;62.2 - 87.08k
(solution for P = 35k) i

P
Fgc=35(-789)  Fpc= —110.46k

r r
Normal stresses in each member:  oy¢ = —"‘“—‘ = 3.718 ksi OAR = -Aﬁ = 14.835ksi
: . Fpe X
From Eq. 2-31: opc= g == 18.818 ksi

P -'f;—‘ = 1.859 ksi TR = ol = 742 ksi

0 -
b ™ %‘ = —9.41 ksi

(b) o, < 2 X T, so normal stress will control: lowest value governs here

MimBer AC: Povor = —f-((raA) = 184.496 k Posxs = ’—P—(ZTGA) = 197.675k

Fac Fac

P P
MeMBER AB: Py = = (0,A) = 346243 K Pose = =—(27,A) = 49.546 k

Fap Fan

P P
MeMBER BC: |Poao = | = | (0,A) = 365K Poaxr = || (27,A) = 39.059k
Fpc Fge
275
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Problem 2.6-12

NUMERICAL DATA

d=32mm A=Z4

4
P=190N A = 804.25 mm’
a = 100 mm
b = 300 mm

(a) Starics—FIND COMPRESSIVE FORCE F AND STRESSES
IN PLASTIC BAR

Pla+ b
)
a

F=T760N

F
o= X o, =0945MPa  or o,=945kPa
From (1). (2). and (3) below:
Omax = Oy Omax = —945 kPa
o'x
Tmax = 472 kPa e —472 kPa

(1 a=0° oxy=—945kPa <
(2) 6 =22.50°

On +x-face:

Ty = o‘_,rcos(ﬂ)2
oy = —807kPa <—

Ty = —o,Sin(@) cos(f)
To=334kPa <

On +y-face: =0+ %

o = oc0s(h)’
og = —138.39 kPa

Ty = —o,sin(f)cos(f)
79 = —334.1 kPa

(3) 8 =45°
On +x-face:

09 = ocos(B)’
0y = —472kPa <«

Ty = —0sin(f)cos()
179 =472kPa <

On +y-face: 0=0+ %

Ty = chos(fl)2 o, = —472.49 kPa
Te = —oSin(@)cos(8) Ty = —472.49 kPa

(b) ApD SPRING—FIND MAXIMUM NORMAL AND SHEAR
STRESSES IN PLASTIC BAR

Aas bis
> Myin =0

P(400) = [2k5(100) + k8(300)]

4
Force in plastic bar: F= (u)(?%)

F=§P F=304N

Normal and shear stresses in plastic bar:

F
s S o, = 0.38
Omax = —378kPa  <—
UX
Tmax = 5~ Toax = —189kPa  <—
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Problem 2.6-13

NUMERICAL DATA

b=15in. h=3in. A=bh AT = (160 — 68)°F
AT = 92°F

A=45in?  ogp,=—1700psi

a =60 X (107%)°F

E = 450 x (10°) psi

(a) SHEAR STRESS ON PLANE PQ
Statically indeterminate analysis gives,
for reaction at right support:

R = —EAaAT R=—111781b
R
o= T oy = —2484 psi

O pg
UX

cos(0)? =

Using oy = o,cos(0)*:

o
0= acos(,/ ”") 9 =34.2°
UJ

Now with 8. can find shear stress on plane pg:

Tpg = —0sin(f)cos(f) Tpg = 1154 psi «—

Op4 = acos(f)’ Opg = — 1700 psi

Stresses at 8 + #/2 (y-face):

P 2
o, = o-xcos(() + —-)

5 oy = —784 psi

(b) STRESS ELEMENT FOR PLANE PQ

,\%wé‘
St
S | 9=34.2°
‘\A(@v
)
ot

/\/\

(c) MAXIMUM LOAD AT QUARTER POINT 0, = 3400 psi

7, = 1650 psi 27, = 3300 < less than o

so shear controls

Statically indeterminate analysis for P at L/4 gives
for reactions:

—P -3
Rpy = 2 Rpp = 1

(tension for 0 to L/4 and compression for rest of bar)

From part (a) (for temperature increase AT):
Rm = —FEAaAT RL[ = —FAaAT
Stresses in bar (0 to L/4):

3P Uy
o= —EaAT—l-K Tr,m=2—

277

Set Tmax = 74 and solve for Ppax:
_ —EaAT | 3P
T U RA
44
Prax1 = T(21-,, + EaAT)
Praxi = 34,704 1b

—EaAT 3P
o 2 sA
1650 psi < check

Tmax

3P,
o,=—EaAT + 4':”

o, = 3300 psi < less than o,
Stresses in bar (L/4 to L):

P o
0‘_‘.=—EGAT—K Tmax='?{

Sel Tmax = 74 and solve for Ppaya:
Poaxa = —4A(—21, + EaAT)

Porax2o = 14,6881b <« shear in segment (L/4

to L) controls

—EaAT Pn :

BT o é’:" Tmax = — 1650 psi
PmaxZ ’ 7
o= —FEaAT — 1A oy = —3300 psi
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Problem 2.6-14

]
%

q

NUMERICAL DATA

g 55(1) rad
120

b= 18 mm h =40 mm
A=bh A=T720mm’
Opga = 60MPa 754, = 30 MPa
a=17x(107%°C E=120GPa
AT = 20°C P=15kN

(a) FIND AT jax BASED ON ALLOWABLE NORMAL AND
SHEAR STRESS VALUES ON PLANE pg

—o,
Ea
Tpg = —0sin(f)cos(f)

oy = —EaATqax

ATy =

Opy = o cos(9)’
Set each equal to corresponding allowable and

solve for oy

O pga
(r l B R ———
T cos(0)?

Tpga
—sin(#)cos(0)
Lesser value controls, so allowable shear stress governs.

oy = 18238 MPa

o = 0,y = —63.85 MPa

—Ox

Ea

AT =

€

ATmax = 31.3°C

(b) STRESSES ON PLANE PQ FOR MAXIMUM TEMPERATURE

oy = —EalATqax oy = —63.85 MPa
G = o'_,cos(l))2 Opg = —21.0 MPa &
Tpg = —0xsin(@)cos(f) Tpg =30MPa <«

278

(c) ADD LOAD P IN +X-DIRECTION TO TEMPERATURE
CHANGE AND FIND LOCATION OF LOAD

AT = 28°C

P = 15 kN from one-degree statically indeterminate
analysis, reactions R, and Ry due to load P:

Ry=—(1—-B)P Rp=PP

Now add normal stresses due to P to thermal
stresses due to AT (tension in segment 0 to BL.
compression in segment BL to L).

Stresses in bar (0 to BL):

R
0, = —EaAT + =1 =

Shear controls so set 7,,,x = 7, and solve for 3:

TmaJ(

(1 — B)yP

—EaAT +
“« A

2%,

A
B =1~ 727, + EaAT]

B=-5.1
Impossible so evaluate segment (8L to L):

Stresses in bar (8L to L):

RB o
0r= —EaAT ——= Ty =2—‘
set Tmax = 74 and solve for Py

P

27, = —EaAT — EA—

—A
B = T[—Z'ra + EaAT]|

-

B =062
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Problem 2.6-15

NUMERICAL DATA (2) Check tension and shear on brazed joint:
P=5k a = 36° o, = 13.5ksi Nac Nac d 4 Nyc
= = ead =1l o
7a = 6.5 ksi AT T ™ oy
4
Tr (] - . .
0= 5~ a 0=54 Tension on brazed joint:
oja = 6.0 ksi Topes)
70 = 30 ksi Set equal to o, and solve for o, then d 4
o
Tensile force Nac using Method of Joints at C: o= (j; ~ oy = 17.37 ksi
cos(f)”
P
Nic = tension i
A€ a0 : e g b Mac g =065in
~ =\ 7 o, ais

Nac=577k <

Minimum required diameter of bar AC: Shear on brazed joint

7o = —osin(@)cos(0)
(1) Check tension and shear in bars: 7, << ¢,/2 so shear
o, Tja 3
i o = b= =—631k
controls T, 5 O ‘—(sm(ﬂ)cos(ﬂ)) l Ox St
Nac - 4 Nyc X
2r,= =€ 0y =27,=13 ksi lrega = J;U—"x lreqe = 1.08in. <«

Nac y
Angd = o Arega = 0.44in?

/4 :
dmin = ";‘Aqu dmin = 0.75 in.
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Problem 2.6-16

¥
P \ P
——
4
«
10° = a = 40°

Due to load P: o, = 4.9 MPa

(a) STRESSES ON JOINT WHEN @ = 20°

"
[ s

: ,/‘\‘90"—&

#=90°—a=70°
Oy = Oy cos’0 = (4.9 MPa)(cos 70")z
0.57MPa <
Ty = —0y Sin @ cos 6
(—4.9 MPa)(sin 70%)(cos 707)
—1.58 MPa <

(b) LARGEST ANGLE @ IF 70w = 2.25 MPa
Tallow = —0y Sin f cos @

The shear stress on the joint has a negative sign. Its
numerical value cannot exceed 7a0w = 2.25 MPa.
Therefore,

—2.25 MPa = —(4.9 MPa)(sin #)(cos @) or sin @ cos
6 = 0.4592

1
From trigonometry: sinficosfl = 5sin 26
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(c)

Therefore: sin 20 = 2(0.4592) = 0.9184

Solving: 20 = 66.69° or 113.31°
0 =3334" or 56.66°
a=90"—40 s = 56.66° or 33.34°

Since @ must be between 10° and 40°, we select
a =333 <

NOTE: If « is between 10? and 33.3°,

| 7| < 2.25 MPa.

If « is between 33.37 and 40°,

| 76| > 2.25 MPa.

WHAT IS @ if 79 = 207?

Numerical values only:

| 7| = o sinfcosh |og| = o, cos’0
7| _,

T

o, sin @ cos @ = 200570

sin@=2cosf or tanfh=2

0 =6343° a=90°—4¢

a=266° <

NOTE: For &« = 26.6” and # = 63.4°, we find
oy = 0.98 MPa and 74 = —1.96 MPa.

70 :
Thus,|—| = 2 as required.
L]




Problem 2.6-17

5,000 psi

0

10,000 psi

78
5,000 psi

(a) ANGLE f) AND SHEAR STRESS Ty
oy = 0, COs%0
oy = 10,000 psi

__og 10,000 psi

- i = 2
cosf cos“f

(1

Oy

PLANE AT ANGLE f + 907

og + 90° = o Jcos(d + 90")]2 = | —sin 0]2
= o, sin’0

gy + 90° = 5,000 psi

oo+90° 5,000 psi
L (2)
sin“@ sin@

Equate (1) and (2):
10,000 psi 5.000 psi

2 R )
cos~fA sin~f

281

1 1

tan’g = 3 lanf=—5 =352 <
From Eq. (1) or (2):

o, = 15.000 psi

Te = —oy sin f cos @

= (— 15,000 psi)sin 35.26")(cos 35.267%)
=—7.070psi <€

Minus sign means that 7, acts clockwise on the plane
for which 6 = 35.26°.

5.000

10,000 —~%
: y =35.26°
7.070 /\ \\ 42_6 6

S
\
\ o =

\ 7070
10,000 \/

5,000

NOTE: All stresses have units of psi.
(b) MAXIMUM NORMAL AND SHEAR STRESSES
Tmax = 0y = 15,000 psi €

. O - < P
Toiisik —?—7,500p51
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Problem 2.6-18

—(-—4754 + 650) _

o =T73.1 MPa oy = 65 MPa

a0y
6 = acos| {|— # = 19.5°
UX

Find # and o, for stress state shown in figure.

>
o
= W
so  sin(f) = \ 1= Z—o / \34{5@ 6=30°

79 = —0ysin(f) cos(f) \
By i . =
Ux \ Oy N Oy \
\> oy 0y
0_, & Fx - Fx Now find o and 7, for 8 = 30°:
(2)2 - (6—5)2 Og = 00080 gy =549MPa
o o o Ty = —0,sin() cos(f) T9=—3L7MPa <
6_5. 3 F— 92 + 2 2 =0 m 2
oy oy o) o9 = o,cos(o + 5) g = 183MPa <«
282
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Problem 2.6-19

Eq. (2-29a)
oy = o',c0520
B =30°
PLANE pg: o) = o.c0s 0, oy = 7500 psi
PLANE 73: 0, = 0,c0s°(0, + B) o5 = 2500 psi
Equate o, from o and o3:

oy o

- (Eq. 1)

00520| i COS2(0| + B)

Oy ™
or

.
cos“f, oy cosfl ay

—  (Eq.2)

cos(0; + B) “acost; + B Voo

283

SUBSTITUTE NUMERICAL VALUES INTO EQ. (2):

cosé 7500 psi V3
= - =V3=17321
cos(f, + 30° N 2500 psi

Solve by iteration or a computer program:
0, _— 300

MAXIMUM NORMAL STRESS (FroM EQ. 1)

oy 7500 psi
. = UI = =
s coszal cos? 30°
= 10,000 psi €

MAXIMUM SHEAR STRESS

Ty
T —

Tmas = 5000 psi
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Problem 2.6-20

\/ (a) DETERMINE ANGLE @ FOR LARGEST LOAD
0
£ ( p\ 1 Ey | P Point A gives the largest value of o, and hence the
q largest load. To determine the angle # correspon-
ding to point A, we equate Egs. (1) and (2).
B MR 50MPa  3.0MPa
A = 225 mm? cos?®  sinfcosh

On glued joint: oy, = 5.0 MPa 30
tan f = % 8 =3096" <

Tallow — 3.0 MPa

ALLOWABLE STRESS 0 IN TENSION (b) DETERMINE THE MAXIMUM LOAD

% oy 5.0 MPa , From Eq. (1) or Eq. (2):
0y = 0,c0570 O= —am % (n

Cos Cos” 5.0 MP: 3.0 MP:
o i N L T Y
Ty = —0sin 6 cos cosf sin 6 cos 6
2
Since the direction of 74 is immaterial, we can write: Prax = 03A = (6.80 MPa)(225 mm’)
To| = orsin O cos =153kN <
or
I | 3.0 MPa

a‘x - = (2)

sin f cosf  sinf cosf

GraprH oF Egs. (1) anp (2)

ox |54
(MPa)
10
5 -
0
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Problem 2.6-21

NUMERICAL DATA
a= 55(]0'6) E = 400 ksi L=2f AT = 100 k = 18 k/in. b= 0.75in. h=15in.

-

oy = —950psi o, = —1000psi 7, = —560psi Ly=15ft A=bh f=—=5556x10 " in/lb

k
(a) FiNnp ) AnD T,
e R 177
B ohmiiant (R A S oy 73 = —1077.551 psi  |— = 0.939
0..\'

L
e LNEE
(EA) d
oy
0= acos(\ /7) = (.351 cos(20) = 0.763 = 20.124°
X

2
a,(cos(l))2 = —050 psi or %(l + cos(20)) = —950 psi o, = o-_,cos(ﬂ + %) = —127.551 psi

f = 0.351 0 = 20.124° o, = —1077.551 psi 20 = 0.702

Ty = —osin(f)cos(f) = 348.1 psi or T = _70‘ sin(20) = 348.1 psi

[7o = 348 psi| [0 =20.1°|

(b) FiNp 0y AND 0y,

2
Oy = ¢r_tcos(0)2 oy = cr_,cos(ﬂ + %)

lle = —950 pSll Ia_\,l = —127.6 pSIl

(c) GiveNn L =2 ft, FIND K 5

o, A .
Kmaxl = 3 = 156251b/in. << controls (based on o)j4y,)
—aATL — oA (a)
27,A .
or Kmax2 = L = 19444444 Ib/in. < based on allowable shear stress
—aATL — 27,A (E;)

[k mex = 15625 Ibfin.

(d) GIVEN ALLOWABLE NORMAL AND SHEAR STRESSES, FIND Ly

k = 18000 Ib/in.
R —aATL A
o, = 72 o,A = Z— Liact = U"—mu_ = L.736ft < controls (based on o.y)
— | + —| aAT + —=
(EA) ! (“ E>
27,A(
or Ly, = A = 2.16 ft < based on T},

270)
(aAT - £

Loae = 1.736 1

21
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(e) Finp AT, GIVEN L, k, AND ALLOWABLE STRESSES kK = 180001b/in.

(G +1)

Al = —————= 92.803°F < based on oy
L
'a + f]27,A
AT 0 = T = 103.939°F < based on Ty,

AT, = 92.8°F

286

L=2ft

AT = 100

Oy

— 1000 psi
To = —560 psi
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Rotate stress element CW by angle 8 to align with glue joint (see fig.)

0 = o — 90deg = —53-deg
Plane stress transformations o, = L A= b3 = 3500.mm2
A
=
og = 0,cos(8)” Tg = —0-s1(0)-cos(8)

Equate o, and T, to allowable values and solve for P - min. P controls

Oy Ppaxl = OpA=2875kN
T el -sin(45deg)-cos(45deg) P = E-A. =35.625-kN < shear in wood controls
max ~ | A o S g maxl':""'
o_-A
Prax3 = —— =26.597&N
cos(0)”
Tga-A

OO . SR~
maxd- " _i(6)-cos(8)

287
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Problem 2.7-1

5P P P
- & }-—v»
A B [ D
ke ) L . L_ |
6 | 2 ( 3 l
P=6k (a) STRAIN ENERGY OF THE BAR (Eq. 2-40)
L=52in. . EN'ZLi
E =104 % 10° psi 2EA;
A=1276in2 1 ,(L) ,(L) ,(L)]
— 3P = —py3( = 2 =
2FA (3P) 6 +(—2F) 5 + (P) 3
INTERNAL AXIAL FORCES
Nag=3P  Npc=-2P Negp=P . P2L( 2) . 23P2L
LENGTHS 2EA\ 6 12EA

L L, L (b) SUBSTITUTE NUMERICAL VALUES!
Le=2 Iee=5 b=y

- 23(6 k(52 in.)
12(10.4 X 10° psi)(2.76 in.%)

= [25in-lb <«
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Problem 2.7-2

(@) STRAIN ENERGY OF THE BAR (b) SUBSTITUTE NUMERICAL VALUES:

Add the strain energies of the two segments of the

bar (see Eq. 2-20). P=27kN L= 600mm
v NIL; _pl(uz)[ by ] d=40mm E=105GPa
=2 2R gy ) 5(27 kKN?)(600 mm)
- )
= e - - = 3 .
7k (44- d*/  AwEd’

= 1036 N- m = 1.036)] <
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Problem 2.7-3

105t E =30x10°psi

H
A=155in> P, =40k

P: - P_; = 60Kk
To find the strain encrgy of the column, add the strain
energies of the three segments (see Eq. 2-40).

290

Upper segment: Ny = =P,

Middle segment: N, = —(P) + P,)
Lower segment: N3 = —(Py + Py + P3)
STRAIN ENERGY

N2L;

U= Z3c;

= SIAPY+ (P + B+ (B + B+ P

H
[Q] = (40k)* + (100k)? + (160 k)? = 37,200 k?

2EA = 2(30 % 10° psiX15.5 in.%) = 930 x 10°Ib

o (105 ft}(12 in/ft)

= [37.200 k?)
930 % 10° Ib

= 5040 in.-lb
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Problem 2.7-4

Q P (c) Forces P AND Q ACT SIMULTANEOUSLY
E _— ] PXL2)  PU
B ¢ Segment BC: Up = ot )

| L | L | E
| L | L | 2FEA 4FEA
P+ QL2
(a) Force P acts ALONE (Q = 0) Segment AB: Uyp = S LA 2QEi4( )
P PZL € :
Ui =55 _PA POL . QL

" 4EA T 2EA ' 4EA
(b) Force Q acts ALONE (P = ()

_Quny QL P POL QL

= = = + Uppg=—t +
2T T2EA 1A Us=Usc + Uan =250 + 2pa * 2mA

(Note that Us is not equal to U, + Us. In this case,
Uz = U, + U,;. However, if Q is reversed in direction,
U; << U, + U,. Thus. U; may be larger or smaller than
Ul + U2)
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Problem 2.7-5

STRAIN ENERGY PER UNIT VOLUME

DATA:
- . PL
Weight ~ Modulus of  Proportional U= ‘ Volume V = AL
density elasticity limit 2EA
Material (Ib/in.3) (ksi) (psi) P
Mild steel 0.284 30,000 36,000 e e
Tool steel 0.284 30.000 75.000 B
Aluminum 0.0984 10,500 60.000 U op
Rubber (soft)  0.0405 0.300 300 U=V =2
At the proportional limit: At the proportional limit:
2
u = up = modulus of resistance uw == L (Eq. 2
. 2yE
IPL
=g (Eq. 1)
2 RESULTS
STRAIN ENERGY PER UNIT WEIGHT g (psi) i, (in.)
o o B S Mild steel 22 76
Y=g WAURN =i Tool steel 94 330
: . Aluminum 171 1740
y = weight density Rubber (soft) 150 3700
Uy =—= o’
YW 24E
292
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Problem 2.7-6

| L I
B = 60° 3P =0 T, A7
Lap=Lpc=1L —Fypsin B+ FpesinB =0
sin B = V312 Fap = Fpc (Eq. 1)
cos B=1/2 SFiy=0—
FREE-BODY DIAGRAM OF JOINT B —Fapcos B — Fpccos B+ P =0
P
. P 1
. I Fap=Fpr=—"7=7—"=—=P Eq. 2
B B ~ BC ™ % cos B 2(172) . 2)
N\
\\
Fas MFac

Axial forces: Nag = P (tension)
Npe = —P (compression)

(@) STRAIN ENERGY OF TRUSS (EQ. 2-40)

N, (NaPL  (NpeL P
U=Zopa: " 264 " 24

293

(b) HORIZONTAL DISPLACEMENT OF JOINT B (EQ. 2-42)

5y = 2U 3(__1'%) 2rL
B~ p " P\EA
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Problem 2.7-7

Lpc 120
= = —in. = 2 i
Lap s A in. = 69.282 in.

2EA = 2(30 X 10° psi)(2.4in.%) = 144 X 10°1b

FOrCES Fap AND Fpc IN THE BARS
From equilibrium of joint B:

Fap =2P> = 1800 Ib

| Lgc L, Fpe= Py — P, V3 =3001b — 1558.8 1b
¥ P
Py =3001b Force P, alone P alone P, and P>
§ai i Fas 0 1800 Ib 1800 Ib
Ao 2A i3 Fis 300 Ib —1558.8 Ib —1258.8 Ib
E = 30 x 10° psi
Lpc = 60in. (a) Loap P; ACTS ALONE
B =30° (FgelLge (300 Ib)%(60 in.)
U = =
I 2EA 144 % 10°1b
sin B = sin 30° = — )
2 =0.0375in-lb <
cos B = cos 30° =?
(b) LoAD P> ACTS ALONE 1 ;
£ = —— (1800 1b)*(69.282 in.)
= L (FagLag + (FocL ] G
1= —( AB)Lap + (Fpc)~Liac
T + (—1258.8 Ib)%(60 in.)
. 2 2
= 374 ¢ 1800 1b)*(69.282 in.)
_319.548 X 10° Ib-in.
+ (—1558.8 Ib)}(60 in.)] 144 X 10°1b
=222in-Ib <«
612 ;
_ 370.265 X 10”Ib™in. _ 2.57 inlb- < NOTE: The strain energy Us is not equal to U, + Us.

144 X 108 Ib

(¢) LoAps P; AND P> ACT SIMULTANEOUSLY

U =2m

(Fap)lLag + (FBC)ZLBC]
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Problem 2.7-8

(¢) FORCES IN THE SPRINGS

3w W
F|=3L5=-ﬁ)— Fr = |.5k5=-,$ o

W

(d) NUMERICAL VALUES

ky = 3k
' W= 600N k= 7.5N/mm = 7500 N/mm
ky = 1.5k
kz=k w2 w2
. u=5k52=5k(——) -
8 = downward displacement of rigid bar 10k 20k
2
For a spring: U = -k—-f— Eq. (2-38b) =24N'm=24]) <«
(@) STRAIN ENERGY U OF ALL SPRINGS &= % =80mm <«
I
ks* Ska%\ | ks
U=2(3—-)+2(i—)+£§- = 5k8? — 3w
- 2 = Fy = E = 80N +—
(b) DispLACEMENT &
wé W
Work done by the weight W equals e Fr= o 9N <«
Strain energy of the springs equals 5k5° W
rgy prings eq r-Yoan -
Wé A W
S =k and §=Tp NOTE: W = 2F + 2F; + F3 = 600 N (Check)
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Problem 2.7-9

A 8 o Apply this integration formula to Eq. (1):

E ! bx) Jl_r 7 i p? 1 ; [b’ _ -me]]:

Xl | d 2B — b — b3 L2
l | P ~-L ~L ]
- —lnb -~ —Inb
- E[(bz-b.) NEmean
e .
’ U-Lm-‘ -
A(x) = th(x) 2E0by — By) by
-r[b; _&—Tﬂ] (b) ELoncanon or e sk (Eg, 2-42)
(3) STRAIN ENERGY OF THE BAR 5-%.-%“% —
(NP —— : o
U= SEAG (Eq. 2-41) NOTE: This result agrees with the formula denived in
- Prob, 2.3-17.
< Fre 2 /‘L -
o 2B 26ty by — by — byt
Y A S |
From Appendix C: /a+b.( bln(a+bx)
296
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Problem 2.7-10

P
[__] ‘ s=1.0mm
i
g
il
i )
s= 1.0 mm
L=10m
For each bar:
A = 3000 mm’
E =45GPa
EA
— =135 X 10°N/m
L
(a) LoAp P REQUIRED TO CLOSE THE GAP
1 l.& i dP = &6
n general, =~ an =5

For two bars, we obtain:

A= 2(%) = 2(135 % 10° N/m)(1.0 mm)

P, =270kN <

(b) DisPLACEMENT 8 FOR P = 400 kN

Since P = P, all three bars are compressed.

The force P equals P, plus the additional force
required to compress all three bars by the amount
4 — 5.

P=P + 3(%)(8 —5)

or 400 kN = 270 kN + 3(135 x 10° N/m)
(6 — 0.001 m)

Solving, we get 6 = 1.32l mm <—

297

(c) STRAIN ENERGY U For P = 400 kN

EA8®
U=
z 2L
Outer bars: &= 1.321 mm
Middle bar: 6=1321mm—=s
=0.321 mm

U= %{ﬂ1.321 mm)? + (0.321 mm)?*]

= %(135 % 10® N/m)(3.593 mm?)
= 243N'm = 243] «

(d) LOAD-DISPLACEMENT DIAGRAM

2431 =243 N'm

M"L—

400 KN)(1.321 mm) = 264 N-m

e =

Pé
The strain energy U is not equal to i because the

load-displacement relation is not linear.

400
300 '
Load P P
(kN) 200 Foa
100 4 / 8=10mm
] / &=1321 mm
P
T 1 T I
0 0.5 1.0 1.3 2.0

Displacement & (mm)

U = area under line OAB.

Pé
— = area under a straight line from O to B. which is
larger than U.
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Problem 2.7-11

ka

ky

5)
Force P required to close the gap:
Po=kis (0
FORCE-DISPLACEMENT RELATION BEFORE GAP IS CLOSED
P=kx O=x=s)0=P=Py) (2)

FORCE-DISPLACEMENT RELATION AFTER GAP IS CLOSED

All three springs are compressed. Total stiffness equals
k, + 2k,. Additional displacement equals x — 5. Force
P equals Py plus the force required to compress all three
springs by the amount x — .

P = Py + (ky + 2ka)(x — 5)
= kis + (k; + 2k2)x — kis — 2kas
P=(k +2kx—2kss (x=5):(P=Py) (3)
P, = force P when x = 2s
Substitute x = 25 into Eq. (3):
Py =2(k) + k2)s 4)

(a) FORCE-DISPLACEMENT DIAGRAM

B
) "
. _ Slope = k; + 2k,

Y - +— Displacement x
0 \ ¥ 2s

‘Slope =k

(b) STRAIN ENERGY U; WHEN X = 2§

U, = Area below force-displacement curve
- A A

1 l |
=275 + Ros + (A — R)s = Rs + hs

= k152 + (ky + k2)32

Uy = 2k + ko) < (5)

P&
(c) STRAIN ENERGY Uj IS NOT EQUAL TO 2—

%
2
(This quantity is greater than U,.)

Foré = 25:? =

U, = area under line OAB.

Pi(25) = Pis = 2(k; + ky)s*

298

Ps
T = area under a straight line from O to B, which

is larger than U,.

P3
Thus, — is not equal to the strain energy because
the force-displacement relation is not linear.
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Problem 2.7-12

DIMENSIONS BEFORE THE LOAD P 1S APPLIED

From triangle ACD:
d=%\/L3— b = 329.09 mm m

DIMENSIONS AFTER THE LOAD P IS APPLIED

Lo = 760 mm %= 380 mm

b = 380 mm

B Let x = distance CD

Let L; = stretched length of bungee cord

k = 140 N/m
Ly =760 mm
From triangle ACD: e TN o I,
g’ or L,=Lo+m' B+ 4xt = b + 4

L b\-

3]' = (5) + 2 (2)
P

LD=(I —I)Vb2+4xz (7

x

L= Vb* + ax? 3)

EqQuiLIBRIUM AT POINT C

Let F = tensile force in bungee cord

C: P
P=80N

P b\
=E |+(Z) (4)

ELONGATION OF BUNGEE CORD
Let & = elongation of the entire bungee cord

£ p B ~
k2% 4x°
Final length of bungee cord = original length + &
P b’
Li=Ly+dé=0Li+—/1 +— (6)
1=1L Ly " 1
SOLUTION OF EQUATIONS

Combine Egs. (6) and (3):

P b~
Li=Lytfl +—="V§ + 4
2k 4x-

This equation can be solved for x.
SUBSTITUTE NUMERICAL VALUES INTO EQ. (7):

(80 N)(1000 mmlm)]
4(140 N/m)x

760 mm = [l —

x V(380 mm)® + 422 (8)
760 — ( - —'42'857) 144,400 + 40 ©)
X

Units: x is in millimeters
Solve for x (Use trial-and-error or a computer program):

x = 497.88 mm

(a) STRAIN ENERGY U OF THE BUNGEE CORD

52
U=% k = 140 N/m P=80N
From Egq. (5):

P/ b*
8=i I+E=305.81mm

1
U= 5(140 N/m)(305.81 mm)? = 6.55 N-m

U=655] <
(b) DiSPLACEMENT 8 OF POINT C

8c=x—d=497.88 mm — 329.09 mm

= 1688 mm <
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(c) COMPARISON OF STRAIN ENERGY U WITH THE [

Load i
QUANTITY Pd/2 P | Large
U=6551 S / displacements
Péc 1 R
— = —{80N)(168.8 mm) = 6.75] A
2 2 o : .5-\
The two quantities are not the same. The work done by ’ Smali
the load P is not equal to P8 /2 because the load- 0 displacements
5 z & . P i ‘B
displacement relation (see below) is non-linear when 0 -
the displacements are large. (The work done by the o¢ Displacement
load P is equal to the strain energy because the bungee
cord behaves elastically and there are no energy
losses.)
U = area OAB under the curve OA.
P3¢ > 3 i
- = area of triangle OAB, which is greater than U.
300
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Problem 2.8-1

W=1501b
h=20in. L=40ft=48in.
E = 30 x 10° psi A =075in?

301

(a) DOWNWARD DISPLACEMENT OF FLANGE

WL =
Oy = TA = (L00032 in.

Eq. (2-53):
[+(+3)]
Onax =041+ |1 +—
oy
=0.0361in. <«

(b) MaxiMuM TENSILE STRESS (EQ. 2-55)
1 2

Oy = —— = 22,600 psi

L
(¢) ImpacT ractor (EQ. 2-61)

Bmax  0.0361 in.
8,  0.00032in.

= []3 <

Impact factor =
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Problem 2.8-2

(@) DOWNWARD DISPLACEMENT OF FLANGE

WL
8 =5 = 003957 mm

2
EQ. (2-53) By = a,,[n + (1 + 82) ]

s

= 6.33 mm -

(b) Maximum TENSILE STRESS (EQ. 2-55)

Eb
P -T"‘“- 359MPa <«

(c) ImpacT FacToRr (EQ. 2-61)

M = 80 kg ) e 8 max 6.33 mm
W = Mg = (80 kg)(9.81 m/s?) T8y 003057 mm
= 7848 N - 160 —

h=05m L=30m

E=170GPa A = 350 mm’

302
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Problem 2.8-3

W =501b h=20in.
L=30ft=236in.
E = 30,000 psi A=025in’
(a) DO\\'N\M\RD DISPLACEMENT OF FLANGE
WL
8, = H{ = 0.00024 in.

2% 12
Eq. (2-53): 6y = 8,,[| + (I + -6—) ]
st
=0.0312in. <«

(b) Maximum TeNnSILE STRESS (EQ. 2-55) (¢) Impact pacTOR (EQ. 2-61)
Eamu . 5,“., 0.0312in.
= = 26'(xx) e o = =
Tmax L psi Impact factor 3, 0.00024 in.

= |30 <«

303
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Problem 2.8-4

W=S50N h = 200 mm k = 90 N/m

(a) MAXIMUM SHORTENING OF THE SPRING

A\ 172
EQ. (2-53) 8y = ,,[l+(l+ﬂ) ]

st

=215mm <

k

d
T
I'x
-

304

(b) ImpacT FACTOR (EQ. 2-61)

Impact factor =

8 max 215 mm

5,  55.56 mm
=39 «
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Problem 2.8-5

(a) MAXIMUM SHORTENING OF THE SPRING
:
| W 101b
_r T emm— T e— A 1 s
! 2 T D
- 8

20\'2
Eq. (2-53): &y =8,,[l - (l +—) ]
k by
=92lin. +
(b) ImpacT FacTOR (EQ. 2-61)
Omax  9.211n.

Impact factor = —— = -
P 5, 20in.

W=101b h=12in. k = 0.5 Ib/in. =46 <
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Problem 2.8-6

WHEN THE RUBBER CORD IS FULLY STRETCHED!

_ EAS®  EA 5
T By 21.0”“ Lo

CONSERVATION OF ENERGY

Wil EA 7
KE=U % = Z_LO(LI Ly)
, _ BEA Lo — Loy
Y= _(WLO 1 o)
g=981ms> E=20MPa oFA
A=16mm’> L;=200mm V=il - LO’\} Wio =
Ly =90mm  W=450mN SUBSTITUTE NUMERICAL VALUES:
WHEN THE BALL LEAVES THE PADDLE (9.81 m/s”) (2.0 MPa) (1.6 mm~)
o v = (700 mm)
Wy~ (450 mN) (200 mm)
KE = = 13.1m/s <

2g
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Problem 2.8-7

E =16 % 10° psi
aiow = 2500 psi (= T

Find hpax
STATIC STRESS
W 45001b )
; O = ';1' L “3._10 in2 = 39.79 psi
; L MAXIMUM HEIGHT g
AL EqQ. (2-59): 0pp = aﬂ[l + (| + E)m]
I Loy
or
o, 2 n
4 UL:‘- -1= (1 - —L’;—i)

Square both sides and solve for A:

Lo,
,,=;,m=;m_*<_‘im_2) -

2E \ oy
W = 4500 Ib d=12in. SUBSTITUTE NUMERICAL VALUES:
L=15ft=180in. - (180in.)(2500psi){ 2500 psi . 7)
wd? 5 2(1.6 X 106 psi) \39.79 psi
A=—=113.10in."
4 = 855in. —

307

© 2018 Cengage Learning®. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



Problem 2.8-8

'@’“_ STATIC STRESS
LRV, W 3434N

'E' i 5 = 8.585 MPa

40 mm~
MiNiMUM LENGTH Lgyin

b 12
Eq. ( 2-59): xrw-a,,{l + (l +%§) ]

L or
W - P ( ME)'Q
el Y Y Ey e
2 T Ty Loy,
/ Square both sides and solve for L:
i h
- Eho
é L= Laia= 20w -
: Oons(Tpax — 20%)
- SUBSTITUTE NUMERICAL VALUES:
W= Mg = (35 kg)(98l WSZ)_ 3434 N L 2(130 GPa) (1.0 m) (8.585 MPa)
aun —
A = 40 mm® E = 130 GPa (500 MPa) [500 MPa — 2(8.585 MPa)|
=925m +

h=10m Tyt ™ Ty = S00 MPa
Find minimum length L.
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Problem 2.8-9

STATIC STRESS
W 100 1b
Oy =—=——= 250 psi
* A 0080in? E

MINIMUM LENGTH Lpsin

Eq. (2-59): Omax = cr,,[l " (l . g_h_g)uz]

mc\\.\\‘\‘\\\\‘i\\ .

Loy,
L or
w - O o ; (l " ZhE)IfZ
Oy Loy

Square both sides and solve for L:

h
2Eho
L == L . -
0 (T max — 204

SUBSTITUTE NUMERICAL VALUES:

_2(21 X 10° psi) (45 in.) (1250 psi)
™ (70,000 psi) [70,000 psi — 2(1250 psi)]

=500in. <«

‘&\i\\\\\\\"‘\\%\\ﬁ&\i

W= 1001b L
A=0080in?  E=21x10°psi
h=45in Catiow = Omax = 710 ksi

Find minimum length L.
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Problem 2.8-10

k = 8.0 MN/m W= 545kN

d = maximum displacement of spring
d = 8,, = 450 mm

Find ¥max.

KINETIC ENERGY BEFORE IMPACT

STRAIN ENERGY WHEN SPRING 1S COMPRESSED TO THE

MAXIMUM ALLOWABLE AMOUNT

 kpx  kd?
2 2
CONSERVATION OF ENERGY
Wl k5, kd®
=l 2, T
) k

Wig

v=vw=d.v

SUBSTITUTE NUMERICAL VALUES!

8.0 MN/m

Vmax = (450 mm)\/

= 5400 mm/s = 54 m/s <«
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Problem 2.8-11

B e I Y

k=11201b/in. W =34501b Conservation of energy
2 2
v =7 mph = 123.2in/sec kE=vu W _ Bomax
¢ = 32.2 f/sec? = 386.4 in./sec> 22 2
Find the shortening 8, of the spring. Solve for dmax: Omux = &k &=
g
KINETIC ENERGY JUST BEFORE IMPACT
, n SUBSTITUTE NUMERICAL VALUES:
My Wy* - 7
Rl % [ (345011b) (123.2 in./sec)’
e (386.4 in./sec?) (1120 Ibfin.)
STRAIN ENERGY WHEN SPRING IS FULLY COMPRESSED
% = 110in. <
i iy
2
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Problem 2.8-12

SOLVE QUADRATIC EQUATION FOR & max:

w2 (2 ()

-2 (2"

VERTICAL HEIGHT

h=C+L+ 8

WL 2EA "—’]
h—C—L+E[]+(I+T)

W = Mg = (55 kg)(9.81 m/s?) SoLve For L:

=539.55N o h—C =
EA =23kN 1+%{|+(1+%) -]
Height: h = 60 m

SUBSTITUTE NUMERICAL VALUES:
Clearance: C = 10m

W 53955N
Find length L of the bungee cord. AT 2akn - 0234587
PE. = Potential energy of the jumper at the top of Numerator=h —C=60m — 10m = 50m
bridge (with respect to lowest position)
Denominator = 1 + (0.234587)
= WL + dmax) -
2
U = strain energy of cord at lowesl position X [l + (I + m) ]
2
= E“:an = 1.9586
50
= 2 255m <«
CONSERVATION OF ENERGY 1.9586
EA8}
PE =U WL + 844) = -
W, WL?
0 B =
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Problem 2.8-13

W = Weight

Properties of elastic cord:

E = modulus of elasticity

A = cross-sectional area

L = original length

dmax = elongation of elastic cord

PE. = potential energy of weight before fall (with
respect to lowest position)

PE. = WL + 8,.)
Let U = strain energy of cord at lowest position.
EAS%,,

G

313

CONSERVATION OF ENERGY

EA3:

PE.=U WL+ 8,,)= 22’“‘
5 QWL 2wi?

o Pmax = T Oma — —pm =0

SOLVE QUADRATIC EQUATION FOR &,
e [ )
™ EA EA EA
STATIC ELONGATION
L
EA

IMPACT FACTOR

B [ 2EA]"2
=1+ |1+
- W

NUMERICAL VALUES
8, = (2.5%)(L) = 0.025L

WL W
8, =—— — =0.025
" EA EA

Impact factor = 1 + [1 + 2(40)]"2 =10

EA
— =40
W
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Problem 2.8-14

' b
7] B I
° e BEL ' R
W
I L
R1GID BAR:

W = Mg = (1.0 kg)(9.81 m/s°)
=98IN

L=05m

NYLON CORD:

A = 30 mm’

b=025m

E = 2.1GPa

Find maximum stress oy in cord BC.

GEOMETRY OF BAR AB AND corb BC

S
53 Ly
z =
CD=CB=b
AD=AB =L

I = height of center of gravity of raised bar AD

Smax = clongation of cord
From triangle ABC'sin § = ————=
Vb-L+ L*

Cos § = ———=

Vb + -

o s sene 6 96
From line AD: sin2 8 oL

From Appendix C:sin26 = 2sinficosf

,2=( b )( L )= 261,
L\ 2\ 12 P+

b2
e D

and h =

CONSERVATION OF ENERGY
PE. = potential energy of raised bar AD

smax)
= + —_—
W(h 2

2

. FAS .«
U = strain energy of stretched cord = b
ama,) EA8%,,
PE =U W|h+ = 2
(s fom) Bl g,
O maxl
For the cord: 8, = 3
Substitute into Eq. (2) and rearrange:
W 2WhE
Ol ~ 4 %mx — =0 (B3

Substitute from Eq. (1) into Eq. (3):

2 W 2WILAE
R I . ... SO
s T ABE + 1Y

A (Eq. 4)

SOLVE FOR 0 pax:

o —lv.[].{. |+ﬂ] -—
A \ Wbt + L3

SUBSTITUTE NUMERICAL VALUES:

Omax = 33.3MPa <«
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Problem 2.10-1

(@)
P=30k t=025in. (b) STEPPED BAR WITH SHOULDER FILLETS
(2) BAR WITH CIRCULAR HOLE (b = 6 in.) b=40in. ¢=25in; Obtain k from Fig. 2-86
; " P 3.0k
Obtain K from Fig. 2-84 =—=————=480ksi
e . e = T 25 i) (025 in) N
Fmg=ll  £=0=g=2m For R = 025in: Ric=0.1 bl = 1.60
P 30k h
e ———— i k=230 - K = 11.0ksi <
Twm =~ Gin) OB n) ok i 7 e ;
. For R =05 in.: Ric = 0.2 b/c = 1.60
dlb-g K = 2.60 K=187  0p=Kopom=90ksi

Omax ™ kOpon ™ 6.2ksi
Ford=2in:c=b—-d=4in.

v P ___ 30k
"ot (@in) (0.25n.)

1
d/b=§ K = 231

= 3.00 ksi

Umax = KOpom = 6.9ksi
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P=25kN

(a) BAR WITH CIRCULAR HOLE (b = 60 mm)

Problem 2.10-2

r=50mm

Obtain K from Fig, 2-84
Ford=12mm:c=b—d =48 mm

L

P oom = (48 mm) (5 mm)

d/b--;- K =251

Omax = KGoom =26 MPa
Ford =20mm:¢c = b —d = 40 mm

P 2.5kN

O pom = g Y 12.50 MPa

I
dlb-? K = 231

Crax = KOpory = 29MPa

(b) STEPPED BAR WITH SHOULDER FILLETS

316

b = 60 mm ¢ = 40 mm;
Obtain K from Fig 2-86
l 25kN

Tnom = 0 = (40 mm) (5 mm) B aadck

For R = 6 mm: R/c = 0.15 ble = 1.5
K =200 Omax = KOpom = 25MPa <
For R = 10 mm: R/c = 0.25 ble = 1.5
K=175  0Omnu=Kopom=22MPa <
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Problem 2.10-3

: LSy 2

t = thickness

o, = allowable tensile stress
Find P,

Find K from Fig. 2-84

amu

Prax = @ pom €1 =

g ol (b = dN
K

d

b K pe
0 3.00 0.333

0.1 273 0.330

0.2 2.50 0.320

0.3 235 0.208

0.4 2.24 0.268

We observe that P, decreases as d/b increases.
Therefore, the maximum load occurs when the hole
becomes very small.

(g—‘O d K—'?)
b an 3
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Problem 2.10-4

p dy=26 mm

=
1
.él
g

o

E = 100 GPa
6 =0.12mm

L =01m
I.| =03m

R = radius of fillets =

)+

-
EA;

Solve for P;

26 mm — 20 mm

2
PL,
EA,
p 6EA A,

~ 2IAy + LiAs

3mm

Use Fig. 2-87 for the stress-concentration factor:

P SEA; oF
0 R we— =
AL 2LA) + LAy 2 (Al) ‘i
= TR “1
A4,
oF
o

SUBSTITUTE NUMERICAL VALUES:
(0.12 mm) (100 GPa)

O nom = 20\2 = 28.68 MPa
2(0. — ] +03
.(Olm)(26) 03m

LR T

D, 20mm

Use the dashed curve in Fig. 2-87. K = 1.6

Umax ™ Kogom = (1.6) (28.68 MPa)
=46 MPa <«
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Problem 2.10-5

5 2(1’1.2) L PL
5 d=14in. | 4100 B - \EAy) T EA
-t T ) SEAA
] t | t I 1 Solve for P P = ———2
l_ = L | ZQ—‘J 207A) + LiA>

B e Use Fig. 2-87 for the stress-concentration factor.

= Z) ‘)S|

SEA )
8 = 0.0040 in. "mm=£'= : = o
Ay 2bA + LAy (A
L, = 20in. 2L, ol I L
Ly =5in. DA S,
& = . dy \*

R = radius of fillets R = —IﬂETl—(ﬂl 2"2(;1_2) th

= 0.2in.
SUBSTIUTENUSEIRICAL, YALURE: Use the dashed curve in Fig. 2-87. K = 1.53

(0.0040 in.)(25 X 10° psi) :
> e o2 = 3,984 psi Omax = Korgom == (1.53)(3984 psi)
25 in.)(ﬁ) + 20 in. = 6100psi

R 02in

— =02

D| 1.0in
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Problem 2.10-6
Fillet radius: R = 2 mm
Allowable stress: o = 80 MPa
(@) COMPARISON OF BARS
X
wdj

Prismatic bar: P, = 0 Ap = o,(T)

= (80 Mpa;(—:-)(zommf =25.1kN «

Stepped bar: See Fig. 2-87 for the stress-concentration

factor.
R =20mm Dy =20mm D> =25mm
R/Dy = 0.10 DDy = 1.25 K= 175
dy = 20 mm P » s
dy = 20 mm (’nom"‘"_,“A_ (}"m—_K
_.di
d> = 25 mm 4
P = 7 O max L o ] A (b) DIAMETER OF PRISMATIC BAR FOR THE SAME
2= Tnom A1 = 751 = A ALLOWABLE LOAD
80 MPa \[ = 3 wdy\ o,f wd] di
= — (20 mm) - o WS | P £ NP S |
( 175 )(4) ) A=k "'( 1) K1) %
~ 144N < by ., 200

. - ~ 15.1
b =8~ Vi s

Enlarging the bar makes it weaker, not stronger. The
ratio of loads is P\/P, = K= 1.75
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Problem 2.10-7

b=24in.

c=16in,

Fillet radivs: R = 0.2 in.
Find dpax

Basen vpon Fiiiers (Use Fig. 2-86)
b=24in. c=16in. R=02in.
Rlc=0.125 blc= 1.5 K =210

T ax Oz [ -€
Prosx ™ O gorCt X ct X (b)(bt)

2 0.317 bt oy

Basep vpon Hove (Use Fig 2-84)

bw=24in d = diameter of the hole (in.)
Cy = b—d

Poax = O pom Cit ="—"K“!<b — dy

1 d
- 7(' =32 ;)bw’m

d(in.) d/b K Pax! Dt ax
0.3 0.125 266 0.329
04 0.167 257 0.324
0.5 0.208 249 0318
0.6 0.250 241 0.311
0.7 0.292 237 0.299
Based upon hole
}hsed upon fillets

0.31

R 4\4
0324 0317

03 04
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Problem 2.11-1

e —| 5 b—

e s

Let A = cross-sectional area

Let N = axial force at distance x

N = yAx
poN o
A y-

322

STRAIN AT DISTANCE X

o aroa(o G, SR 'y.r)’"
e=—t+—|—) =L+ 4L
E E o E akE oy

ELONGATION OF BAR

L Lox oo [\
5=/sdx-=/—'dx+L (—)dr
0 0 E E 0 ap

.
yL- ogeell 'yL)”‘

-+ = ED.
2E " (m+ 1)15( o RER. ==
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Problem 2.11-2

A B P C p ; -
A TR >} !2 (c) BorH P; AND P> ARE ACTING
P+ B 90 kN
I 2L . A_,l ABg = — = = — = 187.5 MPa
f 3 3 A 480 mm-~
e = 0.008477
L=18m A = 480 mm? i
P| = 30 kN P2=60kN 6/”1:8(?) = 10.17 mm
Ramberg-Osgood equation: P 60 kN
10 BCo=—=————-5=125MPa
£ = g + _!._(._g_) (o = MPa) A 480 mm-~
45.000 618\ 170 e = 0.002853
Find displacement at end of bar. L
53(’ = e(f) = 1.71 mm
(a) P; ACTS ALONE 3
P, 30 kN 8¢ =08p + 0pc = 11.88mm
AB:g =~ = ——— = 625 MPa € me e
A 480 mm
B 3 (Note that the displacement when both loads act
& = 0.001389 simultaneously is not equal to the sum of the dis-
g e( 2_3L) R placements when the loads act separately.)
(b) P> ACTS ALONE
ABCo=ﬁ=6O—kN,= 125 MPa
A 480 mm~
e = 0.002853

- =¢eL=513mm <
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Problem 2.11-3

Vfﬁ

L=32in. d=0.75in.

2
A="% _ GANiRin2
4
(a) STRESS-STRAIN DIAGRAM
_ 18,000e P
0_1+300€ = B = U .= K51
fe—- Slope = 18,000 ksi
AR, | SO ——
COR = X
w04 | i Asymptote
i equals 60 ksi
20 - :
L
0.03

324

(b) ALLOWABLE LOAD P
Maximum elongation 8. = 0.25 in.

Maximum stress o ,, = 40 ksi

Based upon elongation:

Emax = ST"“’ - % = 0.007813

O = % = 42.06 ksi

BASED UPON STRESS!

O max = 40 ksi

Stress governs. P = 0 may A = (40 ksi)(0.4418 in.z)
=177k <
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Problem 2.11-4

P == 2 50
B st ———————. R
[ _| 40
r* L |
30
P (kN)
L=20m 20
A = 249 mm? 10 -
STRESS-STRAIN DIAGRAM . — r ‘
(See the problem statement for the diagram) 0 5 10 15 20 8 (mm)
LoD T ME T TN NOTE: The load-displacement curve has the same
P o= P/A £ & =¢lL shape as the stress-strain curve.
(kN) (MPa) (from diagram) (mm)
10 40 0.0009 1.8
20 80 0.0018 3.6
30 120 0.0031 6.2
40 161 0.0060 12.0
45 181 0.0081 16.2
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Problem 2.11-5

LOAD-DISPLACEMENT DIAGRAM

P

o= P/A e (from Eq. 8 =c¢elL

, L i P (k) (psi) 1 orEq. 2) (in.)

8 4,000 0.00040 0.060

e 16 8,000 0.00080 0.120
L= 1501 24 12000 000120 0.180
A=20in" 32 16,000 0.00287 0.430
40 20,000 0.00453 0.680

STRESS-STRAIN DIAGRAM

o
40 e 4_Q 5.---_7/
1
E') ,/” :
il 30 |
24k !
e P |
: Pk 204 A :
Exl/ | | E 0.68 in
: 104 / | 018in i
/ H ! :
I : 1
0 & € e S
0 0.2 04 06 O0OR
E, = 10 % 10° psi
E> = 2.4 % 10° psi
oy = 12,000 psi
o 12,000 psi
B e T e T
Er 10 % 10° psi
= 0.0012
ForO=o =0y
o [
e=—=——(c=psi) Eq.(1)
E; 10 x 10%si
Foro = oy:
o — o) o — 12,000
e=¢g + = 00012 + ————
E; 2.4 % 106
——2 00038 (c=psi) Eq.(2)
2.4 % 10°
326
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Problem 2.11-6

e “‘T
L
D | B
= —'—?
P
f 2b b !
Wire: E = 210 GPa
oy = 820 MPa
L=10m
d=3mm
2
A= '”: = 7.0686 mm?
STRESS-STRAIN DIAGRAM
o =Ee OD=0o=0y
n
o= oy (2) (o= oy) (n=02)
Ty

(a) DISPLACEMENT 8 AT END OF BAR

& = elongation of wire 8p = %6 = %sL

Obtain & from stress-strain equations:

oF

From Eq. (1; 0 = 52—

(h

(2)

(3)

4)

iln
Oyl o
F Eq.(2): e =—| — 5
rom Eq. (2): & E(O’y) (5)
. S 3P
Axial force in wire: F = 7
F 3P
St inwire: 0 = —=— 6
ress in wire: o 3 A (6)
Procepure: Assume a value of P
Calculate o from Eq. (6)
Calculate £ from Eq. (4) or (5)
Calculate 85 from Eq. (3)

P o (MPa) e Eq. (4) &p (mm)
(kN) Eq. (6) or (5) Eq. (3)
24 500.3 0.002425 3.64
3.2 679.1 0.003234 4.85
4.0 848.8 0.004640 6.96
48 1018.6 0.01155 17.3
5.6 1188.4 0.02497 37.5
For o = oy = 820 MPa:

& = 0.0039048 P = 3.864 kN dg = 5.86 mm
(b) LOAD-DISPLACEMENT DIAGRAM
8
#
/i~ oy=820MPa
24/
' 8g =5.86 mm
/I T T
0 20 40 60 dp(mm)
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Problem 2.12-1

Joint B
3Fen=0
Structure is statically determinate. The yield load Py o
and the plastic lead Pp occur at the same time, namely, QoyA)sin 0 =P
when both bars reach the yield stress. Py=Pp=20yAsinf <
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Problem 2.12-2

Fac = ovAy Fcp = oyA>
P === FAC + FCB
Pp=o0yA; + oyAr = o0{A; + A7) <

SUBSTITUTE NUMERICAL VALUES!

d, =20 mm d, =25 mm oy = 250 MPa

2 Pp = (250 Mpa)(f)(d% +dd)
DETERMINE THE PLASTIC LOAD Pp: 4

At the plastic load, all parts of the bar are stressed to the - ™ 2 2
yield stress. = (250 MPa)( 4)[(20 mm)”~ + (25 mm)~]

Point C: =201kN <«

Fye — Feg
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Problem 2.12-3

(b) BArR AB 1S FLEXIBLE
At the plastic load. each wire is stressed to the yield
P stress. so the plastic load is not changed. <

(a) PLASTIC LOAD Pp
At the plastic load. each wire is stressed to the yield
stress. .. Pp = 50yA <

F=0‘yA

(¢) RADIUS R IS INCREASED
Again, the forces in the wires are not changed, so the
plastic load is not changed. <
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Problem 2.12-4

4

F F
B G

e | F=aA
Sum forces in the vertical direction and solve for the

l load:
P
At the plastic load. all four rods are stressed to the yield Pp=2F + 2Fsina
stress. Pp=20yA (1l +sina) <
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Problem 2.12-5

PrLasTIC LOAD Pp

At the plastic load. all bars are stressed to the yield
stress.

Fap=0yAsg Fpp = oyApe

6 8
Pp = E‘T)'AAE + 'S'UYABE -

SUBSTITUTE NUMERICAL VALUES:
Axr = 0307 in2 App = 0.601 in.?

¥ P
oy = 36 ksi
LAE = 60 in. LBE — 45 in. 6 & 22 2 8 . -2
Y Pp = -5—(36 ksi) (0.307 in.”) + —5—(36 ksi) (0.601 in.”)
F Equilibrium:
BE . 4 = 1326k + 3462k =479k <
Fa : 2F,,E(—) + 2F35(—) =P
5 5
P or
6 8
P P= EFAE + EFBE
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Problem 2.12-6

F F F F F A the plastic load, all five bars

t are stressed to the yield stress
F= OyA

Sum forces in the vertical direc-

! tion and solve for the load:
YP

1 2
re=2r(g5) + 2{(35) ¢

A
=%(5\/§+4\/§+5)

=1l = 4203104 <«
2
A= ﬂ: = 78.54 mm?> Substitute numerical values:
Pp = (4.2031)(250 MPa)(78.54 mm”?)
oy = 250 MPa
= 825kN <
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Problem 2.12-7

Point C:
l P oy P oy
— — C—> «
i C
d of & s 12
Pp = 20yA = (2) (36 ksn)(:)(o.w in.)
d = 0.6 in. —PAE e
oy = 36 ksi

Initial tensile stress = 10 ksi (8) INITIAL TENSILE STRESS IS DOUBLED

(a) PLAsTIC LOAD Pp Pp is not changed. <

The presence of the initial tensile stress does not
affect the plastic load. Both parts of the bar must
yield in order to reach the plastic load.
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Problem 2.12-8

T
L
A C ; B
T o & 7 T
P
j_ @ ——+h——a a a—

(a) YiELD LOAD Py

Yielding occurs when the most highly stressed wire
reaches the yield stress oy

2 GyA

ayA
2
IM-=0
Py=0yA <
At point A:
- ()%
2 EA 2E
At point B:
3oyl
dp =304 =8y =——

2E

(b) PLASTIC LOAD Pp

oyA oyA

oyA

Al the plastic load. all wires reach the yield stress.

EMC = 0
4oyA

Pp = 3

At point A:
i L s O'yL

8y = (UYA)(EA) =z

At point B:
30’yL

Bp =36y =bp="p—

(¢) LOAD-DISPLACEMENT DIAGRAM
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Problem 2.12-9

A = cross-sectional area

oy = yield stress

E = modulus of elasticity

DISPLACEMENT DIAGRAM

FREE-BODY DIAGRAM

EqQuiLiBrRIUM:

EMA=O/4\F\

F(2b) + F(3b) = P(4b)
2Fg + 3F-=4P 3)

FORCE-DISPLACEMENT RELATIONS

A B € D 3
Fal FC(IL)
dg o¢ 8p _ B S ¢
dp EA ¢ A 4.5)
Substitute into Eq. (1):
COMPATIBILITY: 3L 3FL
3 “2FEA
8¢ =g ay B 24
FC — 2FB (6)
ép = 28p (2)
STRESSES From Eq. (3):
F, F, ez
i TB o= TC s i D 2AoyA) + 3(oyA) = 4P

Wire C has the larger stress. Therefore, it will yield first.

(a) YIELD LOAD

ac Oy
O =0y opg = EN (From Eq. 7)
1
Fc=o0vyA Fp —EcryA
From Eq. (3):

2(';'0‘1//4) + 3(oyA) = 4P
P=Py=0yA <
From Eq. (4):

EA 2E
From Eq. (2):
B
P =0 B E

(b) PLASTIC LOAD
At the plastic load, both wires yield.

Op=0y=0¢ FB=F('=0’yA

5
P=Pp=zﬂ'yA «—

From Eq. (4):

From Eq. (2):

20yL
8[)=5p=265=T

(c) LOAD-DISPLACEMENT DIAGRAM
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Problem 2.12-10

kbt L=40m A=480mm’
AEF“ § E = 160 GPa
d = difference in length = 100 mm
1 3 oy = 500 MPa
! INITIAL STRETCHING OF CABLE |

Let W, = load required to stretch cable 1
to the same length as cable 2

W =—E—:-d= 19.2 kN

8; = 100 mm (elongation of cable 1)

W Ed
- =__'=_=400MPa(a| <oy..

>
A L o

(a) YiELD Loap Wy
Cable | yields first. F| = oyA = 24 kN

61y = total elongation of cable |
81y = total elongation of cable 1
diy=——=——=0125m = 125 mm
Sy=28y=125mm <
87y = elongation of cable 2
=8y —d=25mm
Fy= %82,' = 4.8kN
Wy=F; + F, = 24kN + 4.8kN
=288kN <

Initially. cable I supports all of the load.

(b) PrasTic LoaDp Wp

Fy = oyA Fr=0yA

Wp=200A =48kN <

&>p = elongation of cable 2

- FQ(L) - % = 0.125 mm = 125 mm
EA E

8ip=0yp+d=225mm

8p=8|p=225mm ==

(c) LOAD-DISPLACEMENT DIAGRAM
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W G0 fsenesine | . ;
(KN ;
40 - §
el |
204.. %/} §
8 i5y! 5!
0 T ] T
100 200 300 8 (mm)
Wy By
—=15 —=1.25
W 3
Wp P
—=1667T —=1.38
Wy By

0 < W< W;:slope = 192,000 N/m
W, < W< Wy: slope = 384,000 N/m
Wy << W << Wp: slope = 192.000 N/m
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Problem 2.12-11

Clearance = ¢

L=15in. ume
¢ =0010in. dy=3.0in.
E=29 X 10° ki dy=2ia,
oy = 36 ksi AT=41(43 — d}) = 1.1290in2
Bar (b) PLASTIC LOAD Pp
d=15in. FT=UYAT F3=0’yAB
2
=Fr+ Fg= +
g R 2 ol S
4 =1043001b <
INITIAL SHORTENING OF TUBE T' dpp = shortening of bar
- ) L
Initially, the tube st..lpports all of the load _ Fg( L ) L
Let P; = load required to close the clearance EAp E

EAy
P =Tc =21,8271b

Let 8, = shortening of tube 8; =¢=0.010in.

o= = 19,330 psi (o < oy .. OK)

ol
At
(a) Y1ELD LOAD Py
Because the tube and bar are made of the same
material. and because the strain in the tube is larger
than the strain in the bar, the tube will yield first.

Fr=o0yA7r = 40,644 1b
8y = shortening of tube at the yield stress

8y =85y = 0.018621 in. —
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&rp = 6pp + ¢ = 0.028621 in.
8p=20p=0.02862in. <

(¢) LOAD-DISPLACEMENT DIAGRAM

P oo TS i
(kips)

40 !

o

8 isy  is

t f T
0.01 0.02 0.03
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Part (c) continued

Spy = shortening of bar Py Sy

- 2 . —=32] — =186

= 87y — ¢ = 0.008621 in. P 8

FAg P, )
Fp=—"L8gy = 20453 Ib =149 ==
L el 3y 54

Py=Fr+ Fp=406441b + 29.453 Ib 0<P<P;: slope = 2180 kfin.

= 70,097 Ib P, < P < Py: slope = 5600 k/in.
Py=70,1001b < Py < P < Pp: slope = 3420 k/in.
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