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kN kN
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9 m m
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¥Mg =0 -\_\ = I." T'QO'L'? “{ =15.kN 8y = T =21429-mm
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Problem 2.2-2

KN
E = 200GPa d. = 25mm q=3 L. =075m P = 10kN a=25m b =07m
m
- oD )
Ar = :'dr =0.761-1n
Force in rod =M, =0 Fo l-{q-a-i +P(a+ b)} =19.25kN
£ a 2
. l:r‘I‘r
Change in length of rod - =0.1471-mm
rod E
Displacement at B using similar tnangles g = ﬂ-a =0.1912-mm
a rod
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Problem 2.2-3

(a) SUM MOMENTS ABOUT A

,l k
5 2b 2
My =0 in + S_b“I(Zb) = kdb A B c
2 2 [ Ll —
b
2b % | ’ | ’ |z
Wb + —W(2b) 2 A
2, 3,
2
e 2 = =6_W (b)
kb 5k
2b
5_b Wb
< 2b 4Wh 2 4W
(b) EMp =10 LbB—_—Wb— 3 s0o (8 = b —?
5[)
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Problem 2.2-4

A = 304 mm’ (from

Table 2-1)

W =38 kN

E = 140 GPa
L=14m

(a) STRETCH OF CABLE
5 WL (38 kN)( 14 m)
EA (140 GPa)(304 mm?)
= [125mm <
160
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(b) FACTOR OF SAFETY
Pyt = 406 kN (from Table 2-1)
Prax = TOKN



Problem 2.2-5

PL
b _EA__E
W (PL) E,
EsA

206 GPa E, = 76 GPa

E 206 103
=2.711 —5?~§-—2.7Il

A
Eq
PP A B gt B s
a

Wa=t % Tl TEL YO A B T |Z
(C) SMUAM~MMHNDM1OOFIENGNOFMMM.1DSIB§.WREFMG.WM.UM.BI.STIMESTHATOFSTELWIRB

Es

PL, PLs
5, E,A EA _ _ 15 |k _ 15 _ss3
L’ ES‘

(&) (&)
EA EA
(d) SAME DIAM., SAME LENGTH, SAME LOAD—BUT WIRE | ELONGATES 1.7 TIMES THE STEEL WIRE > WHAT IS WIRE | MATERIAL?

oo
8 E\A E\A E
e ! L = 1.7 E, = l_fl- = 121 GPa <cast iron or copper alloy (see App. 1)

5 " (= =)
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Problem 2.2-6

! [
|‘ G

o7

TENSILE FORCE IN CABLE

~

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

L, =105m
EA = 10,700 kN
W= 22kN

162

LENGTH OF CABLE
| 1
L=L,+ 2L, + ‘Z(‘ﬂ'd,f‘) + E(ﬂ'dg)

= 4600 mm + 21,000 mm + 236 mm + 236 mm
= 26.072 mm

ELONGATION OF CABLE
A L (11 kN)(26.072 mm)

T EA (10,700 kN)

= 26.8 mm

LOWERING OF THE CAGE

h = distance the cage moves downward

h=—6=134mm <

b | —
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Problem 2.2-7
d, = 380mm d; = 365mm E = 200GPa P = 22kN
J 2 = o , w2 3'] 3 g
Lpc =V (095m)™ + (1.2m)" = 1.5m Apc = :'\do =gl ) =8777x 10"-mm
Find force in DC - use FBD of ACB
3 5 (9 ) )
XMy =0 ;FDC-I.lm = P-(2.7m) so Fpc = G P-[ :] =825-kKN  compression
Change in length of strut
Fpclpe _eB :
Apc = =705x 10 “-mny] shortening
E-Apc
Vertical displacement at C (see Example 2-7) and at B
A Ny
5 = ;’C o = G =0117mm (65 = E-SC =2644x 10 1-mm downward
sin(ACD) 3 4
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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

SM =0 CE=-——

350mm

SF =0 BD = P+ CE = 54286.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 vertical displacements at B and C

BD- LBD CE LCE
dgp = T =0.13194-mm shortening dcg = =0.10714-mm elongation
Use geometry to find downward displacement at A N B” C'
e e S s s . s e T
+5 | | V ScE
o= atan[m] =0.03914-deg A 8 C
350mm Spp—-
A A= 950mm-tan{a) — 6CE =0542.-mm downward A A
e Ap+8ce  |3p| * 8¢k A
or similar triangles = i 600 mm B 350 mm N

(see figure) 600 + 350

: ’ b
' 600 + 350 350

downward
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Problem 2.2-9

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

FORCE IN COMPRESSED SPRING

F = k(L — h) (From Eq. 2-1a)

PRESSURE FORCE ON SPRING

r-1nl)

4
EQUATE FORCES AND SOLVE FOR /1
TPmaxd>

; ; F=P KL - h)="2m

h = height of valve (compressed length of the spring) 4
2

d = diameter of discharge hole i, o PR
p = pressure in tank 4k
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Problem 2.2-10

NUMERICAL DATA k=950N/m b=165mm P=1IN 0=25" 0.,

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

(see Fig. a)?
Sum moments about A, then solve for x:

b2
xX= k‘; = 102.6 mm |[x = 102.6 mm

(b) Repeat (a) if a rotational spring k, = kb is added at A (see
Fig. b).

k, = k b* = 25864 N-mm

Sum moments about A, then solve for x:

kOB + k.0 x
x=——p——=205mm =124

Il

E
W
~J
wn
8
3

b

oo~

(c) Now if x = 7b/8, what is Ppax (N) if 0 cannot exceed 2°? x =

kBue B + k.0
Sum moments about A, then solve for P: P, = —— = ~— == = 125IN [P, = 125IN

8

(d) Now, if the weight of the pointer ABC is known to be W, = 3 N and the weight of the spring is W, = 2.75 N,
what initial angular position (i.e., @ 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 W Deflection at B due to self weight of spring:

w,(30) N
53’, . k—b = 2,368 mm 83& o 2—; = 1.447 mm

bp = 8g, + Bp = 3816mm Oy = 7” = 1.325°

3
OR 0, = arctan (7”) = 1.325° [0, = 1.325°
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(e} If the pointer is rotated to a vertical position (figure part c), find the required load P,
applied at mid-height of the pointer that will result in a pointer reading of 8§ = 2.5
on the scale. Consider the weight of the pointer. Wj. in your analysis.

k=950 N/m b=165mm W,=3N
k, = kb® = 25864N'm 0 = 25°

Sum moments about A to get P:

f 3 b
P = (3!: [k,+k(1bz) - Wp( )]=20.338N P=204N
7)

4
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b =250mm c¢ = 175mm k = 875

Use FBD of ABC (pin forces B, = F and By =W at B; see fig.); sum moments about B s.t. Wb =
Fc, F = force in spring

w
YMg = 0 W= F— L b 4
b Al B F
W
c
F
(%
Force in spring is F = k(n-p) = 168N s W = F.% - 11.76.N
168
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N
b = 30cm ¢ = 20cm k=3650— p=15mm W = 65N
m

Force in parallel springs is F = 2.k(np)

Sum moments about B (see FBD) to find F in terms
of weight W

Wb = Fc s0 E= '\,V.E
c

Substitute expression for F and solve for n F

W2
c

2.kp

=8.904
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(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 1, 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 8 = 3 63 and &5 = 2 by Force in left spring: k(84 -3 83)

3
Force in right spring: Zk( r 84 — 83)

Summing moments about joint 1 (upper FBD) and about joint 6 (lower FBD) then dividing through by k gives
—22 13 -22 13\°! 17pP 17

5 6 (53) iy =L (53) | ) (=2 [ 27
—26 17 |\&y) ~ 8) | 26 17 C TRl % . m
9 6 ’ 9 6 - S 8

* 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 2L 3 22Lk 13Lk
k(84——83)—+2k(—84—-83)L= —2PL 'OR ( )83+ 8y = —2PL
3 3 4 9 6
Lower FBD—sum moments about joint 6:

k(s 38)£+2k(26 8)L kB =0
4= 393)73 s 3 6 =

2\ 4L 3 i (26Lk) 43Lk
fla, —Za )= atl 2o - Je |+ kiD] =2 |=0 o [ 2= o, + 5:=10
[(‘33)3 (4" 3)]()4 o J2  m N

=K
3
Divide matrix equilibrium equations through by £ to get the following displacement equations:
=22 13 -22 13\! 43P 43
—_—— s —_— — - —_— — = 2.867
9 6 (s;)_ﬂ (53)_ 9 6 = = Tk
-2 13)\a) 7| X | \&)) |26 & S A VY. TN oy (27
9 6 " 9 12 9 s5k) a5 T t a5k
A deltas are positive downward
26
; - . : ; 15 : 15
Ratio of the deflection 84 in part (a) to that in (b): —— = — |[Ratio = — = 3.75
104 778 1
5
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NUMERICAL DATA
A = 3900 mm’
P =475kN

Opmax = 1.5 mm

E = 200 GPa
L = 3000 mm

(a) FIND HORIZONTAL DISPLACEMENT OF JOINT B

45°

Statics  To FIND SUPPORT REACTIONS AND THEN MEMBER FORCES!: %
(. L A
My =0 B,= —|2P—
: L Z | L
f
B,=P (a)
SFy=0 Ay=—P
SFy=0 Ay;=P—B, A,=0
MEetHOD oF Joints: ACy = Ay ACy =0 Forcein AC =0
AB = Ay
Force in AB is P (tension) so elongation of AB is the horizontal displacement of joint B.
- - pe G-
op = EA ép = EA 6y = 1.82692mm  |6p = 1.827 mm
(b) FIND Pppayx IF DISPLACEMENT OF JOINT B = 8p,, = 1.5 mm P,

(¢) REPEAT PARTS (@) AND (b) IF THE PLANE TRUSS IS REPLACED BY

A SPACE TRUSS (SEE FIGURE PART b).

FIND MISSING DIMENSIONS @ AND C:

L ALY
a=.|L"—-2 3 =2.12132m

2
c=VIE+ad =361423m c=,!L2+(VL§) =367423m c¢=

P=475kN L=3m

= 0.707

~e

EA
= Tﬁgmu Pux = 390kN

)

(b)

L
a=—f7= =212132m

V2
3
L \/; = 3.67423 m

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

B, =-P P - —671.751 kN

= a
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(2) SUM MOMENTS ABOUT THE Z-AXIS

(%)

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

(4) SuM FORCES IN THE X- AND Z-DIRECTIONS Ay=—-P=—-415kN 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 = Vf(-Ay) = —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:

AB

g = TABC _ 3 g7 (L) 54736° & PAB_ _ o013 3a = 6.71
AB = EA > mm f = arctan ke B’_cos(B)_ * mm |ép, = 6.71 mm

(7) FIND P, FOR SPACE TRUSS IF 8, 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

155
671254 475 = 106.145 kN Prax = 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 2 0
faB = 0 €Ap = A = 0 ac = E €Ac = AL - 0.707
— s\ —0816 _L iac| -\ ~0.707
¥l
FIND MOMENT AT A:
My = rap X Rp + rac X Rc
0 2P 30mRBy + 1.5mRC. —7125kN'm
My=rsgX|RBy | + racX| —P | = —2.1213 m RBz —1425.0 kN'm
RB. RC, 21213 m RB,, —1425.0 kN-m
172
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FiND MOMENTS ABOUT LINES OR AXES:

Myesp = —1.732m RB, + 1.7321 mRB, + 0.86603 m RC. + 752.15 kN'm
—244.12
0.72169
Myesc= —15mRB, + —1.5mRB. So RB,= —RB.

RC, = = —338.261 C, = —196.751kN

A6 . - —-261.625 B,= —6T7L73kN

= —2.1213 .+ —1425.0 kN- .= =
M| 1 1213m RB, + —14250kN'm So RB, = ———

0/
0Y
Myl 1| =21213m RB_,,. + —1425.0 kN-m So RH_\. = —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.
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Problem 2.2-15

d=2mm L=38m E=75GPa
8, =3mm o, = 60MPa

d2
A="4— A=3142X 10"°m?

EA =2356 X 10°N

Maximum load based on elongation:

B = —Laa Prhaxi = 186.0 N < controls

Maximum load based on stress:
Powxo =0,A  Po..» = 188496 N
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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=I18N

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

Use statics to get forces in both springs:

T
= ={w=+
SMy=0 F S Px)
W

F2=7+ P%

SF=0 F=W+P-F

W
P P(l ——")
2 L

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

AR R
g " k)
Substitute expressions for F; and F> above into constraint equilibrium and solve for x:

L 2aLkiky = kWL — 2y PL + UpLkiky + 2hLkiky + kWL

—2P(k; + k)
x=1347mm <«
(b) NEXT REMOVE P AND FIND NEW VALUE OF SPRING Parr (c)—Conninuen (from page below)
CONSTANT k| SO THAT BAR IS HORIZONTAL <
UNDER WEIGHT W o
L
w w i
Now, Fy =— Fp=— sinceP=0 w(z b)
) ) 2My=0 F=—p—5=
Same constraint equation as above but now P = 0: o
ZFV =0
w w
2 2 Fi=-W-5
4 —_—— + h) - -0
L+gr =+ k) -5 1
Solve for k;: W(? ~ b)
i Tl i

k= o .. L-b

[2k0Ly = (L + )]) = W Wi
ky = 0204 N/mm  — = AL-0b)

Part (c) continued in
right column below
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(c) Use k; = 0L300 N/mm BuT RELOCATE Constraint equation—substitule above expressions
sPRING Ky (X = B) 50 THAT BAR ENDS UP for F, and F, and solve for b
1M HORGAONTAL POSITION UNDER WEIGHT W

F Fr
=L L+ k-2 -
L X (Ly + k) P 0

Lil-b 1 2
Uise the following data:
b
L L; =200mm L= 350mm

1Fl FJ k= 0300 Nimm ks = 0.4 N/mm Ly = 250 mm

Ln L
Iw ‘
[— |

FBD

y  akikol + WLky — 2Ugkkol — Dhkikol — WhiL
B (ALikyks) = 2Uakiky — 2hkiky — 2WE,

b=T741mm +

Part (c) continued on page above
\c) a8 Part {d) continued from left

column
(d) REPLACE sPRING k) WITH SPRINGS IN SERTES: MNew constrainl equation; solve for k;:

ky = 0.3 Nimm, Ly/2, anp 3, L2, fnn k3 F F Fa

S0 THAT BAR HANGS IN HORIZONTAL POSITION L + k_J + .l.'_l —~(Ly + h) - .l:__ = ()
| 3 2

W W
Stanics Fi=— F=— W2 w2 Wiz
2 2 Ly +—+— (L +h)——=0
ky ks . ks
Wik
ks e k; = 0638 N'mm  «—

T S2Likky — Why + 2Lpkiky + 2hkky + WK,

MNOTE—equivalent spring constant for serics springs:
ks k. = 0204 N/mm “— checks—same as (b) above
Tk + kg
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The figure shows a section cut through the pipe, cap,
and rod.

NUMERICAL DATA
E.=83GPa E, =96GPa

W=9kN d.=150mm d,=12mm
oa=35MPa 8,=05mm

) ) kN
Unit weights (see Table I-1):  y; = 77—

= 82—
Yo m3
L.=125m L,=11m

ty =25 mm

(a) MIN. REQ'D WALL THICKNESS OF CI PIPE, fomin

First check allowable stress, then allowable
shortening.

w
“{:IP = 7:(;‘13’:)
Wep = 34018 N
L)
Wod =W zerr
Weog = 10201 N

W, =W+ Weap + Weea W, =9.044 X 10* N

W 2
Apin = — Apin = 258.406 mm

w
Agipe = Z1d% — (dc — 21)°]

Apipe = wtde — tc)

W,
rc(dc - 'c) =
T

a

Leta =

a=8225%X 10" m?

Tq

tl—dd.+a=0

d. — Vd? - 4a
t, = 3 t. =0.55 mm
A min. based
on o,

Now check allowable shortening requirement.

= Wil
P EAma " Ed,

Amin = 272416 mm® < larger than value based

8

on o, above

tdd, — t,) Wil
T — =
c C E‘, 8a

WL
wE.S,

B=8671 X10 " m?
d. — Vdi -4
2
t. = 0580 mm < min. based on §, controls

te’ —dde + =0 B =

i, =

(b) ELONGATION OF ROD DUE TO SELF-WEIGHT AND
ALSO WEIGHT W

(v+3)
T )

w
E b(:drz)

(c) MIN. CLEARANCE h

hmin =842 +8, hpjpp=1412mm <«

8, = 8,=0912mm <«
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SHORTENING OF BAR BE

FppLpr (296 kN)(3.0 m)
Spr = - 5
EAge (200 GPa)(11,100 mm®)
= 0.400 mm

SHORTENING OF BAR CF
FCFLCF = (464 kKN)(2.4 m)

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

8cr =

DISPLACEMENT DIAGRAM

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

E =200 GPa
Lge=30m
Lep=24m
Py=400kN; P; =360XkN Opg — 84 =8¢y — Bpp0rdy = 20p; — 8¢y
FREE-BODY DIAGRAM OF BAR ABCD 84 = 2(0.400 mm) — 0.600 m
f—1.5m—f—1.5m— 2.1 m— =0200mm <«
D

(Downward)

2.1
op — 8¢r = T'S‘(acr — Opp)

12 7
P, = 400 kN Fpg Fer Py =360 kN or dp= ?SCF - ESBE
12 7
SMy =07~ = 5 (0.600 mm) — 5 (0.400 mm)
(400 kN)(1.5 m) + Fep(1.5m) — (360 kN)(3.6 m) = 0 =0.880mm <
Ferp = 464 kN (Downward)
CF =
ZMC =0
(400 kN)(3.0 m) — Fpp(1.5m) — (360 kN)2.1 m) =0
FBE — 296 kN
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(a) DISPLACEMENT &p

Use FBD of beam BCD 3Mp =0 Rc= %[(2£) (%L) (%L) + ;(L + %L)] = P <compression force
in column CF

SFy=0 Rp= (2 % )(2 L) =+ f — Rc = 34—P <_compression force in column BA

Downward displacements at Band C: 8 = Rpf) = 8c=Rcfr = Pfr

—n
4

3
L+ =L

s B . 4 |_1Ph _9PHh _IPh _9PHh _|P N
Geometry: p = ép + (8¢ — 8p) 1 16 D y 16 l6(28f2 911)

) ) 3Pf h 4

(b) DISPLACEMENT TO HORIZONTAL POSITION, SO 8¢ = 8p and T=Pf2 or 7=§
2

L T 42
EA _4 ﬂ_i(ﬂ) Li_a| a7 | _ad? Ll_i(ﬂ)z ity A2
L, 3 L 3\4) L 3|=,, 3dY Ly 3\d; , 8
EA; 4 -
5_3(2)2 2 b _ 2
L, 3\8) 16 L, 16

(¢) Ir Ly = 2 L,, AIND THE dy/d> RATIO SO THAT BEAM BCD DISPLACES DOWNWARD TO A HORIZONTAL POSITION

ﬂ-2 d 86c=26p f art (b) (ﬂ)z_é(ﬂ) ﬂ—\le)—InS
Lz_ an ¢ = op from part (b). r ~3 i SO dz_ 4( = 1.

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

i B2t By o B IYEY & B[EF_siep =
8 : d 2\9 27

dy L h L\AJ f b
Recompute column forces Ry and R but now with load P/4 positioned at distance x from B.
9LP A Px
1 PY{(3 3 r 16 4
i = = — —_— —_— —_— <+ — = e—
Use FBD of beam BCD: XMp=0 R¢ L[(ZL)(4L)(8L) 4(x)] I
9LP A Px

—
Pxt3 P TP 16 4
SFy=0 Rg—(2z)(zL)+z—Rc—T—T

Horizontal displaced position under load ¢ and load P4 so 8¢ = ép or Rcfy = Rpf).
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6 | 4 7P 16 | 4 9Lf, — 19Lf] L(9f — 19A1)
—h=l— - ——— ] fisolve.x = — =
L 4 L afy +4f 4(h + f2)
bil
L(9f — 19f) Oy Y
= —ﬁ ar r=L _}_7
Ui +1 4(—' + !)
Iz
2
» , Wy ° 3651
Now substitute fi/f> ratio from above: xr=1L ( 7 = i EET 1.547
[ —= + 1
27 )
180
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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—kid=0 S0 Hy = k18
ZFV':O RA+RC=P

L3 1 L
SMy =0 k(¢ —0) — P— +RclL, =0 RC=L_P7—IC,((I—9)]
2

2
L
LHFB: SMp =10 HAh+k%(g) R,,(z’)+k,(a—o)=
2 5(h
=— k=1 — —
Ry Lz[kls,l k2 (2) + k, (a 0)]
5(h L, 2[.8(h
: =0 —k=|=) - + Re—= = =—lk=|=) +
RHFB SMp=0 k2(2) kidh+Re> =0  Re Lz[k2(2) k|8h]

Equate the two expressions for R¢ then substitute expressions for Ly, k. ky, h and &

Ly
: [P— - k(a — 0)] - [ké (ﬁ) + k|6h] OR
kgl 2 Ll 2\2

1| I 2b(cos(8) — cos(a)) bsin(B)
Llr2 ko] - [2]x . :

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

(a) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE # AND DISTANCE INCREASE &
b=200mm k=32kN/m a=45° P=50N k=0 k. =0
L, =2bcos(8) Ly =2bcos(a) 6 =L, — L, &=2b(cos(f) — cos(a)) h= bsin(h)
i 2b(cos(#) — cos(a)) bsin(0
L1 P JP 0)] - [l [k ©) e k; [2b(cos(8) — cos(a))](bsin(O))H -
L 2 L, 2 2

Solving above equation numerically gives |0 = 35.1°|[6 = 44.6 mm|
COMPUTE REACTIONS

R —i[k§(£)+k8h]—25N R ~L[P3—k( -9)|=25N
C_b2 5\ 2 1 = C_Lc > (e =

iy i[k.ah + kﬁ(f) * s — 0)] —25N My=k(a—8)=0
L 2\2

Ry + Rc = 50N <check [Ry = 25N] [Rc = 25N]

(b) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE ) AND DISTANCE INCREASE 8
b=200mm k= 32kN/m a=45% P=5N k== k,==0b’

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

1 2b(cos(#) — cos(a)) bsin()
L2 ko |- | 2x : :
Solving above equation numerically gives |0 = 43‘3°| IS = 8.19 mmI
COMPUTE REACTIONS

+ ki [2b(cos(0) — cos(a))l(bsin(ﬂ))H =

2 & h 1 L
Rc = L2 [k2(2)+k|8h]—18.5N Ry = LZ [P > —k,(a—g)]_|8‘5N

2 5(h
Ry =L—[k,5h + k;(a) + k(e — 0)] =315N M=k (a —0) = 1.882N-m
2

Ry + Rc=50N < check [Ry=315N|] [Rc=185N| [M,=1.882N-m]
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Apply the laws of statics to the structure in its displaced position; also use FBDs of the left and right bars alone
(referred to as LHFB and RHFB below).

OveralLFBD 3XFy =0 Hy—kéd=0 so Hy=ké
SFy=0 Ry + Rc=P

L
SMy=0 k(a—0)—P=2 +Rcly=0 RC=LL[P%— k(e — 0)]
2

2

LHFB: SMp=0  Hyh+ k%(g) - RA% + k(. — 8) =0

Ry = i[klc?oh + ka(h) + k(a — 0)]

h L, 2[,8(h ]
RHFB: SMp=0 k2(2) k18h+R02 =0 Rc= L k2(2)+k18h
Equate the two expressions above for R, then substitute expressions for L,, k, k, h, and 8
L[ L
L [P > 0)] [ ( ) + Iq&h] OR
1 I 2b(cos(f) — cos(a)) bsin(@
—[P 2 — ke (a — 0)] - [— k (cos(6) (@) 6) + k1 [2b(cos(8) — cos(a))](bsin(ﬂ))” -
Lyl 2 2 2
(a) SUBSTITUTE NUMERICAL VALUES, THEN SOLVE NUMERICALLY FOR ANGLE f) AND DISTANCE INCREASE &

b = 300 mm k-—78ﬂ a=55 P=100N k=0 k=0

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

pﬁ — k,(a — g)] [52 k2b(cos(0)2— cos(«)) bSi;(o) + ki [2b(cos(8) — cos(a))](bsin(()))]] =0

Is

Solving above equation numerically gives | = 52.7°| 8 = 19.54 mm|

COMPUTE REACTIONS

2[ . 8(h I
RC—Lz[k2(2)+k,6h]—49.99N RC—L2P2 k, (a o)] 50N

2\2
Ry+Rc=100N < check [Ry=50N| [Rc=50N|

Ry =Z[k|8h + ki(ﬁ) + k(e — 9)] =50N  My=k{a-0)=0
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(b) REFEAT PART (A) BUT SFRING k) AT C AND SPRING K, AT A
kN k L
b=30mm k=78— a=55" P=10N k=—- k= —¥F
m 2 2
L, = 2bcos(@) L) = 2bcos{a) 8=1L, — L, &=2b(cos(B) — cos(a)) h = bsin(@)
2 [ 2b(cos(8) — cos(a)) bsin(8)

R

Solving above equation numerically gives |H = 54.4°| |3 = 4.89 mm|

+ ki [28(cos(8) — CD’S(E})HbSiﬂw))H =0

COMFUTE REACTIONS

21 &fh 1 [ Ly
Re =—[k—(—) + klﬁh] =3005N Re =—[P—“ — k(e — @) =399TN
Ial 2\ 2 Lal 2

el
Ry = Liz{klah + kg (g) + ke — H)] =60.02N My = k(a — 8) = 3.504 N-m

Ry + Rc=99.99N < check |[Ry = 60N| [Rc =40N| [M, =3.5N-m|
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Problem 2.3-1

NUMERICAL DATA

P = 14kN Ly = 500 mm L = 1250 mm
(a) TOTAL ELONGATION
_ AP _ 25780 PO
V= wEdydg s T
E=dp
4
5=128+8,=0838mm [5=0838mm

dy = 12 mm dp = 24 mm

= 0.32236 mm

(b) FIND NEW DIAMETERS AT B AND C IF TOTAL ELONGATION CANNOT EXCEED 0.635 mm

= 0.635 mm

4PL, PL,
. Edyd * ™
.
T ELdy

Solving for dp:

184

E =120 GPa
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Problem 2.3-2

L.=20m

A = 4800 mm’
E.= 120 GPa
L;=05m

A = 4500 mm®
E, = 200 GPa

185

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

© EAc (120 GPa)(4800 mm?)

= 0.625 mm

_(P2)Ls (90 kN)(0.5 m)

~ EA, (200 GPa)(4500 mm?)

= 0.050 mm

8 =6, + 8, = 0.625 mm + 0.050 mm

=0.675mm <

B

3,

(b) MAXIMUM LOAD Py (8max = 1.0 mm)
p 5 ma=PT;
1.0 mm

—) = 267 kN
0.675 mm

Py = (180 kN)(
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Problem 2.3-3

NUMERICAL DATA

A=250mm’> P, =7560N

Py =5340N Py =5780N

E = 72GPa

a = 1525 mm b = 610 mm ¢ =910 mm

(a) TOTAL ELONGATION

1
i [(P1 + Py — P3)a+ (Py — P3)b + (—Ps)c] = 0.2961 mm [§ = 0.296 mm | elongation <

(b) INCREASE P3 SO THAT BAR DOES NOT CHANGE LENGTH
218,380 N

1
EA—[(Pl + Py — P3)a+ (P, — P3)b + (—Ps)c| = 0 solving, P3 = s TSN -

[So new value of P; is 7530 N, an increase of 1750 N|

(c) NOw CHANGE CROSS-SECTIONAL AREA OF AB SO THAT BAR DOES NOT CHANGE LENGTH P3 = 5780 N

1 a b c
E[(Px 1) Ps)AAB (P Pa)A ( Pa)A] 0

A
Solving for Ayp:  |Aap = 491 mm? T‘B = 1.964
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Problem 2.3-4

E = 200GPa

9 2 p 2
A} = 6000mm" Ay = 5000mm" A = 4000mm™ L; =500mm  L,=L, Ly=L;
Pg=50N Po=250N  Pp=35N

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

NAB =—PB+pC+pE=530N NBC =PC+pE=600N NCD=PE=350N NDE=PE=350N

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

L
NapLg _4 SBey sy
BB = =2292x10 -mm  downward 6C = 8B +——=3792x 10 "mm
EA, EA,

L,
]_\’ —

op =6 +&-4667x10_4mm = +NDE.L3-6854><10_4mm

=% EA: = GE_éD EA3 e

Axial displacement diagram - x origin at A, positive downward

8(x) = EB'LL if x<L,
l 500 mm
X-Ll L)
g + (8¢ - dg) - if Ly <x<Ly+— g
T 250 mm
(. L e
x-(Ll 2 1 LJ 250 mm
5c + (5p — 8¢ ) x llearTstL”L2 ¥
E
—x-(Ll +L2’ B00 mm
6D+(5E_6D) L— otherwise
3
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Downward axial displacement (meters)

position from support at top

0 22107 4107 " 610"
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E = 200GPa

Pg = 225N Pc = 4501

"
A = 5300mm™ Ll = 500mm L, = 500mm L3 = 1000mm

Pp = 900N

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

NAB = —PB + PC‘ = PD =—675-N

Npc = Pc - Pp=—450-N

Nep = —Pp =—900-N

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

downward displacements

NagL
. AB™1 =
g = —=-3.184x 10 4-mm
E-A
upward

Np~-L
BC2 o
8C = 8B + T =-5307x 10 4-111111
upward
NepL
CD*3 -3
op = 8¢ + =-138x 10 -mm
; upward
189
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N = 77,01“—:I from Table I-1

m

E = 200GPa
2 2 2
.‘-\1 = 6000mm Az = 5000mm A3 = 4000mm Ll = 500mm L: = I‘l L3 = Ll

Pg = S0N  Pc=250N  Pp = 350N

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

Pyg = Pg +Pc + PE=550N Pgc = Pc + PE =600N Pcp = PE=350N Ppg = Pg =350N
Now add weight per unit length - x origin at A, positive downward
L, ) L,

N.m(x) = PA.B - "1:\1(1-1 -x) S o ‘YA:L: + "‘{.—\31_3 NBC(X) = PBC = ’Y‘A'Z[Ll + T- T XJ + "‘{A.Z_:-‘ + 'YAA3L3

NCD(X) = PCD + "{-Az-(Ll - Lz = X) + ’T~A3-L3 NDE(X) = PDE + “{-A3~(L1 + LZ - L3 -x}
Note that total bar weight is not small compared to applied loads W =~(A;L; + AyLy + A3-L3) = 5775N
Use force-displacement relation to find segment elongations then sum elongations to find displacements
=
" N s ® 8 s
Njp(x ; " X —
Ag = AB” ix=4217x 10" *mm Ac = Ag- € dx=6463x 10" *m
EA; ' EA,
0 L
1+L3 '.L1+L3+L3
Nep® - pE® =
AD=AC"' dx=7843x 10 -mm AE = AD"' dx=1051x 10 ~-mm
EA, EA,
L: “L1+L3
Compare to Ly—
Prob. 2.34 =
A A A A
# =184 —C =1.704 —D =1.681 —E =1534
2292107 *)-mm 3792(107 %) . mm 4.667.(107%)-mm 6.854.(10*)-um

Axial displacement diagram including weight of bar - x origin at A, positive downward
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X
Nap®
A(x) = dx if x<L,
E~A1
*0
[ Npe®
Np(x L,
EA, 2
'I‘l
fF Nen(x) L
Ncpl® 2
AC‘ lle‘P_SxSLl?L'i
E-.—\: 2 3
& 2
Lﬁ—\
Npg(®)
AD? dxifXZLl+L1
E-A3 -
"L1+L2

Downward axial displacement (meters)

/ _ I -7
229241077 6854i(107)

| s e sy

position from support at top

e e R R e e e e e e

0 5%10” 1x10~ ¢ Compare ADD's without (8) & with (A) weight of
bar (plotted horizontally)

displacement (meters)
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=
E = 200GPa A = 5300mm™

L, = 500mm L,

1000mm

500mm L3

900N N = 7

m

Pg = 225N P = 450N Pp

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

Ppg = Pg+ P —Pp=-675-N Pgc = Pc —Pp=-450-N Pep = Pp=-900-N

Note that total bar weight is not small compared to applied loads W = ALy + L, + L3) =8162N

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

Ll LI-I'Q -
: Nag® i Npcl®) .-
bg = = dx=1848x 10 ~-mm 8(‘ = BB + ‘ dx=4684x 10 ~-mm
"o downward - Ll downward

L1+I_/_\+L3 )
s = Nep®) —4
dp = oc + = dx=-6.097x 10 -mm

Li+L, upward
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L L
2_ e

2 4 2 7LP 7PL
@éd==| —+ — | = — 6 =
E\ bt 3 6 Ebt 6 Ebt
— bt
4
(b) NuMmERrICAL pATA  E = 210 GPa L =750 mm Omid = 160 MPa
P P 3
80 T and b g Omid
— bt
4
TLP TL (3
5=m or 6=E(Ia’m;d)=0.5mm
s P L—Ly, Ly P 1 4
(©) Bmax = 3 br“ * i; or amax=(E)(E)(L—leot+ gleol)
4

3 1 leot . .
or Spax = 2 T mid z L+ 3 Solving for Ly, with 8,,, = 0.475mm

4E8_ . — Loz
leol = = =

= Lo ) g
=24 mm Ly, =244 mm| — = 0.325
Omid L
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P 4 2 SR e _ILP
(@ &= i B simplifying gives & = —r

P P 3
So  Omig = i—b' ad  — =70
4
7 7
62'; or 8= —é 3 vm-a) = 0.53007mm [ =053 mm

P{L:= Ls L P\[1 4
(€) Omax = E lm ﬂd) max = (E) (E) (L — Lo+ ;Lﬂm)
leot

or Omax = (4 o'rmd) E

AE8 e — L0 L
pg e S - md — 22009 mm  [Lye = 220 mm | T““ = 0.301
m

3 ) Solving for Lg with 8pax = 0.5 mm
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L = length of each
column

=3.75m
E = 206 GPa
A, = 11,000 mm?
Apc = 3,900 mm?

(a) SHORTENING 8¢ OF THE TWO COLUMNS
NiLi _ NapL § Npcl
EA; EApp  EApc
(1120 kKN)3.75 m)
" (206 GPa)(11.000 mm?)
(400 kN)(3.75 m)
(206 GPa)(3.900 mm?)

Sje="2

3.72 mm =

dac

1.8535 mm + 1.8671 mm = 3.7206 mm

(b) ADDITIONAL LOAD Py AT POINT C

(sAc)max = 4.0 mm

8y = additional shortening of the two columns
due to the load R,

0p = (B4C)max — O4c = 4.0 mm — 3.7206 mm

= 0.2794 mm
1 I
iy 5 B BECE 1)
EApp EApc  E \Ajgp  Apc

Solve for Py:
B = @( AapApc )
L \Asp + Apc

SUBSTITUTE NUMERICAL VALUES:

E =206 X 10°N/m* 8,=0.2794 X 10 > m

L=375m Asp= 11,000 X 10 °m’

Ape = 3.900 X 107% m?

Py=44200N=442kN <«
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NuMERICAL DATA E = 205 GPa P = 22kN L=24m dy =20 mm dy = 12mm

1 1
pLf_L 1
O g _'t_r_d2+1'r_d2 = 3.0972 mm
4t 4t
Vol
(b) Vol, = (%dl2 + %dzz)L ~1025x 10 mm d= |- 2 o 16492mm A = %dz — 213.6283 mm
7(2L)

P(2L
8b=—EA—)=2.4113mm 8b=2.4l mm

kN
(c) g= 18.33: L=24m

'3 PL 8
o=t = =20253mm = 10 ~ =1284

2E(%d%) E(l—rdzz)

a
| O
o

196

© 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.



NUMERICAL DATA

d] = 100 mm d2=

60 mm

L=1200mm E=40GPa P=110kN

8, = 8.0 mm

(a) FIND dpax IF SHORTENING 1S LIMITED TO 8,

A =%d|2 7y

P
,
E

Set & to &,. and solve for dpay:

w.o
= —d,*
42

-~

m
I(dlz — dmai?)

E&a‘n'dlzdzz - ZPI.dz2 == 2PLd|2
dmax = d) 2,2 3 3
Eé mwd\“dy" — PLdy” — 2PLd\"

dpax = 23.9 mm

(b) Now, IF d,, IS INSTEAD SET AT d»/2, AT WHAT DISTANCE
b rroM END C SHOULD LOAD P BE APPLIED TO LIMIT THE
BAR SHORTENING TO 8, = 8.0 mm?

L )
Ao—z[lﬁ—
T2

A =24

1 =74
Pl L

=

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

and solve for b:

-

@

197

-3 (& w)]

b=416mm <

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

Set & = &, and solve for x:
Es, L 1
255 - 2| 30

x = 183.3 mm £
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AFD LINEAR

: 2
fy) Lf PL
N(vV) = fy — R N & = ——
@ NO) =1y ’ £ A Y = 2aE 2EA
_ N . _fL_p
(b) o(y) = A o(y) = A o(L) = 2"
o(0)=0 So linear variation, zero at bottom, P/A at top (i.e., at ground surface)
Pfy
N(L) = ) =—| =
wer  fw-2(2)
! T » I T
A
08+ - 08 _
06 - 0.6} .
o(y) .. | a4
=04} - AL 04} -
i Compressive stress 02H —
2~ = in pile
O |
1
00 G " 0 0 0.5 1

fly) is constant
and AFD is linear

(c) N(y) = fly)y

. S _ foyy — 2)
N(.\)—Afo(l L)"“_z

Jo
ML) = =
) =5

N@©O)=10

&

1
P—zﬁ)L

oY) =7

Ali(2-

L

)

198

o(0)=0

y

fiy) is linear and

AFD quadratic
o(L) =f30 = PIA
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NUMERICAL DATA

P=35kN E.= 120 GPa
L,=18mm Ly=1,
Lz = 40 mm

d,;=222mm t;=1.65mm
dys =189 mm 5= 125mm
7y =30MPa oy =200 MPa

FS,.=2 FS, = 1.7
&Y

Ta= FS, 7. = 15MPa
oy

0",=F—Sa— o, = 117.6 MPa

(a) ELONGATION OF SEGMENT 2-3-4
T 2
Ay = 'Z'ld-o3 — (dy5 — 215)7]
T
A3 = Z[dzos — (d5 - 28)%

Ar = 175.835 mm”> Az = 106.524 mm?

5 P (Lz + Ly & L3)
24 = e A

824 = 0.024 mm <«

199

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

Ay = %[dzos — (dys — 2t5)1]

A; = 69.311 mm® < smallest cross-sectional area
controls normal stress

Praxe = 0aA1  Ppao = 8.15KN <= smaller than
P ax based on shear below so normal stress controls

Next check shear stress in solder joint:

Agy = mdysla Ag, = 1.069 X 10° mm”
Pox: = TAsr  Praxr = 16.03kN

(c) FIND THE VALUE OF L, 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,:
A

Ly=——— [,=916mm <
° 1a(md 55) =
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P

2

R,=—",,3P —

(a) Sancs D Fy=0 Ry = =P~

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

AGAIN THROUGH SEGMENT 2
(is ;
Ny = 3 < tension

() FIND X REQUIRED TO OBTAIN AXIAL DISPLACEMENT AT
10INT 3 OF 83 = PL/IEA

Add axial deformations of segments | and 2, then
set to 85: solve for x:

Nix 2 No(L — x) PL
E3A A E“
4

3p

a?, IR
P A A
4

R
22 T3

(d) WHAT 1S THE DISPLACEMENT AT JOINT 2, 857
3P\L
2 /3

53A
4

N, X
8y =

86 =
~~_A
4

2 PL

3 EA

200

(e) Irx = 21/3 AND P/2 AT JOINT 3 IS REPLACED BY BP,
FIND B 5O THAT 85 = PL/EA
2L

KT

3

substitute in axial deformation expression above
and solve for B

L 2L
[(1 + B)P]ZT BP(L - T)

Ni=(1+p)P N;=BP

3 _PL
e I
4
lPLs + 118 PL
9 EA EA
(8+11B)=9
1
B = TR
B = 0.091
(f) Draw AFD, ADD—see plots for.r=§

No plots provided here
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W = Weight of bar

(b) ELONGATION OF BAR (h = 0)

(a) DOWNWARD DISPLACEMENT 8¢ _ WL %
Consider an element at dis- B~ 2FEA
c L tance y from the lower end. (C) RATIO OF ELONGATIONS
y L
h Elongation of upper half of bar (h = 5)
B
1 5 _ 3WL
Ny =L, g NOVIY _ Wrdy il
o) = s " EA  EAL Elongation of lower half of bar:
L L Wydy W g B WL 3WL WL
Sc=J®=J o =2z @~ ® Ve =08~ Dutver = 94"~ ‘BEA' ~ REA
W . 5. 3 Bupper  3/8
&r = —— (L — | — = e——— =
c=2ga @ — M T
(d) NUMERICAL DATA
y, = 77 kN/m® Yo = 10 kN/m’ L= 1500m A = 0.0157 m? E = 210 GPa
In sea water:
WL o g
W= — Y = 85k =——=3 — =2393 X
(ys — yw)AL = 1577.85kN SEA 59 mm I 2.393 X 10
In air:
WL é 4
W= = 1813. =—= —=275X
V = (y)AL = 1813.35kN é SEA 412 mm I 275 X 10
201
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t = thickness (constant)

_ = _ Lo+ L
b= bl(Lo) b= bl( Ly )
A(x) = bt = blr(i)

(a) ELONGATION OF THE BAR

_ Pdx  Plpdx
EA(x)  Ebjtx
Lo+L P Lo+L
8 EbitJi, «x
PL, L+l ply ILo+L
=——Inx =——In
Ebt Iy Ebt Ly

Ly +L ﬁ

From Eq. (1): — = (Eq. 3)
Ly by
(Eq. 1)
Solve Eq. (3) for Lg: L = L( - ) (Eq. 4)
b, — b
Substitute Egs. (3) and (4) into Eq. (2):
PL by
d=—""— .5
Etby— b " by (b %2
(b) SUBSTITUTE NUMERICAL VALUES:
L=15m t=25mm
P=125kN by = 100 mm
(Eq. 2) by = 150 mm E = 200 GPa
From Eq. (5): 8 = 0304 mm <
202
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= 200kN L=2m t = 20mm bl = 100mm bl = 115mm E = 96GPa
bl -+ b')
Bar width at B at L/2 bg = — = 107.5-mm
2
Axial forces in bar segments (use RHFB) Npg = 2P-P=200-kN Npc = 2-P=400kN
| B
Nap 5 b, )
Axial displacement at B g = ———In| — | =0.937-mm
Et(by-bg) |bg
o il
£ YBCy  (bp
Axial displacement at C bc =g+ ————Inj — | =2.946mm
Et(bg-by) | by,
203
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P=225KN L =15m t = 10mm bl = 75mm b, = 70mm E = 110GPa

Nyg = 2P-P=225KN  Ngc =2P=450kN

L
: Y NAB': by
Axial displacement at B g = — I — | =2.117-mm
L
R - Npc> by
xial displacement at O =dp+————Inl — | =6.35mm
€ B Et(by-by) | by

204
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= 115mm

E = 72GPa P = 200kN L=2m = 20mm by = 100mm b,
-
Agc =byt=2x10"-mm
L L
- PrS (b, 25
If only load P, is applied at C bg=—————In —|=1294mm  §- =dg+—— =2683mm
Et(by-by) [by E-Apc
Now apply both P, (to the left) and P, at C and solve for P, s.t. axial displacementat C =0
Given
, L L
BBy Yy o
—']_u(—'— + — =0 Fmd(Pl) =414.651 . kN
Et(by-by) |by )] EApc :
Axial displacement at B with both loads applied as shown
Let Py = 414.651kN Check
, L / L L
P2-P)> (s, (Be=Bglr m.), By
by = ———In| — | =-1.389.mm — I — |+ ——=-0m
Et(by—=by) |by Et(by-by) (by) EApc

leftward

205
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(dg —d,
dy = 100mm dg = 200mm P = 200kN by = 0.5mm d(x) =dy + ‘ %\]x

\

T 2
Alx) = :-d(x)' E = 72GPa

L
£ dx=58,  expand integral to obtain following expression 2 =90,
E-A(x) 2 wEdy-dg .
0
mE-d,-d
Solving for L L= ¢-és._\‘ =2.827-m
4P .
206
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L=18m f = 36mm E = 72GPa a= é =4.5.mm 0y = 180MPa

Ay - 1\’-1‘2 - 4071 .SO-i'mmz Use formulas in Appendix F, Case 15 for area of slotted segment

[a ’ 2 2 2 ab 2 Ay
a= acosk—] = 1445 bumyr —2a"=35718Smm Ay =21 |a-— | =3425.196.mm"” — = 0.841
b . = l': Al
Stress in middle half is known so use to find force P P =05 A) = 616535 kN
L L
P-: P:'
Compute bar elongation now that P is known §m2i— ¢ —— = 4143 mm
EA; EA,
207
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ELEMENT OF BAR

Ny ‘L
* .

W = weight of cone
ELONGATION OF ELEMENT dy

Nody  wydy 4w
TEA, T EARL ad?EL ry
N, = axial force acting on element dy ELONGATION OF CONICAL BAR

aw [t WL

» T —

ds

TERMINOLOGY

6:

Ay = cross-sectional area at element dy /
#d*ELJy =~ wd*E

Ap = cross-sectional area at base of cone
2
d”

= T V = volume of cone

ApL. V= volume of cone below element dy

vy W, = weight of cone below element dy
A

v YW
AgL

N, = W,

208
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A, = cross-sectional arca at distance v
bz
= (B) = ?(H + 0.5v)

SHORTENING OF ELEMENT dy
Pdy Pdy
EA. 2
’ E(%z-)(ﬂ + 0.5y)?

SHORTENING OF ENTIRE POST

1 oM
- d‘.
&= / s = PH, = =
Ep2 Jy (H + 0.5y)

d8=

- . dx 1
Square cross sections: Fiom Appendine; (@ + bx) 3 bla + bx)
b= widthat A B PHZ' 1 ]"
1.5b = width at B Eb*L (05)H + 0.5 Jo
by, = width at distance y _PHY 1 o B ]
=b+(15b—b)—":- EbL (05)1.5H) 0S5H
: H 2PH
b 3
=—(H + 0.5y)
H
209
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L L * ok | & _ 3
Al 2 2 B! dx  ?
AT FREE-BODY DIAGRAM OF HALF OF CABLE
! D
: Q / 1 Bl =g

-
—N->
o
Il

-]
z|

. am Hy=H="" (Eq. 1)

e

Va
3% Hy &-V(dx?+(dy?-dxwfl+(%i
Shx
- a1 *(F5

-dr 1 +

A

= (Eq. 6)

(a) ELonGamion 8 or casLe AOB

Tds
&= /@ - —ET
Substitute for T from Eq. (5) and for ds from
Eq. (6):

1 fql? m’x’)
& m/ﬁ(' - L‘ dx

For both halves of cable:

2[5
a-%(u%) - (Eq. 7)

qL? (b) Gowpen Gare BRIDGE CABLE
- e [ (Eq. 5)
8h L L=1300m h =140 m

ELONGATION d8 OF AN ELEMENT OF LENGTH ds q=185kN/m  E =200 GPa

T 27,572 wires of diameter d = $ mm
dr/ A= (27.572)(1)(5 mmy = $41.375 mm?
dy 4
Substitute into Eq. (7):
T ds 3=355m o

210
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(a) ELONGATION & FOR CASE OF CONSTANT DIAMETER HOLE
d(l) = d,,( 1+ %) A = %d(g)z < solid portion of length L — x

AQ) = 14(4(:;)2 —dy?) < hollow portion of length x

P P L—x 4 L 4 ]
e d
E(/ A ) EM T /L wdF — )
0

pl [t 1 L 1 ]
5 =— 7, dC + 2 dg
e L) L flla )] - o)
7Y e [ Y e o |
P L2 L L |
o= v * 4?+/‘" OF_ "
= X)mdp~ A —_ - —
,, L Ell(+2)] -]
2 In(3 —In(L—x) + In(3L—x]
gealtly B +(4 I e PO e e ”)]
ElL (=2 + x)wdy” wdy” 7rdy wdy”
—ln(lL) + In(zL)
: Pla L In(3) 2 2
ifx=L2 8=—|-—7F — 2L + 2L =
E\ 3 7dy ﬁd,% wdy

Substitute numerical data:

6 = 2.18 mm «—

(b) ELONGATION 8 FOR CASE OF VARIABLE DIAMETER HOLE BUT CONSTANT WALL THICKNESS ! = d4/20 OVER SEGMENT X

d() = d,,(l - i—) A = ;—’d(gf < solid portion of length L — x

dA'

2
A = %[d(é)z = (d({) 20) ] < hollow portion of length x

P P L_I /
=— é=— 2
E (/A(g) > E ~/(; d(g)— L “‘,n,I: d(g)- — (d(C) - 92— da ) :Ia
20

211
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P L—x 4 L 4
6 =— f df + / = —d{
Etdo T : Mol a1+ 8 < a1 + &) - 2% ]
P I? L In(3) + In(13) + 2In{ dy) + In( L)
&=—|4 7 + 44—+ 20L 5
E {—EL + _t}?rif__.i' TTE'}A ?le.q_
2In{ dy) + In (39L — 20x)
— 204 =
iy~
ifx=1L72

§5=—|—
E

9 = B

Pl4 L In(3) + In(13) + 2In(dy) + In( L) 2In( dy) + In(29L)
( 201 A — 0 —2 )
3 ardy” iy iy

Substitute numerical data:

d = 6.74 mm —

212
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g
Py = 1IN P, =45kKN M =28Nm E=200GPa A = 160mm"

Find pin force at B - use FBD of bar BDE

YMq = 0 B L
D~ Y~ 625mm

No pin force at B so bar ABC is subjected force P, at C only

Py s Smm |
-1 [ 500mm 2 gy = 0.653-mm downward
E .Al -‘\-'7

5 =

213

{Py-(625mm) - M] = 20N

]
Az = 100mm~
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acts upward on ABC

Find pin force at B - use FBD of bar ABC IMy =0 B. = L»(3-P-L) B.—>9P
: ¥ y
L : so downward on
3 DBF
Vertical displacements at B and F
NppL
N =P-9P—>-8P og = bp = 4 — downward
BD B B~ S EA *B EA
L
Ngr
Npr = P 8- = O + 2 5~ — M B downward
“‘BF C B~ EA C 3 A
Axial force (N(y)) and displacement (d(y)) diagrams - origin of y at D. positive upward (rotated CW to horiz. position below)
{ \
\2-EA /|
N, otherwise / ( \ 5
BF { \ 4.1\ 33
dp + Npp(v—-L)| — otherwise 5[— | - —— =-3.889
[B BE O )'\3.5.‘-\}} 4 3] P
times PL/EA
2| T
ok i
N(y) .
— m
- 10 — : |
o 1 0 0.5 1
V

214
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Find pin force at B - use FBD of bar ABC ¥F_ =10 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)

L o L
NBFT  s1p B, 515 7
dg = RS oy = g + - so ADD is linear and downward over
2-EA 4.EA EA 4+EA  each column segment

215
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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)

= B
N et
BF LP LP o
g = e by =8 — - so ADD is linear over BF and constant
2EA 2-EA 2-EA over column segment DB, both
downward
216
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Centrifugal force produced by weight W>

W, 2
= (_")(m-)
g

AXIAL FORCE F(X)

Lwe?  Wle?
Flx) = d+
-x 8L g

w = angular speed

2 2
A = cross-sectional area Wl_‘”(LZ -+ Wi
2gL

E = modulus of elasticity
ELONGATION OF BAR BC

/LF(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. = / Wl_w(L_ x3)dx +/ Paladdx
EA
To find the force F(x) acting on this element, we must L b B 2 L
find the inertia force of the part of the bar from distance = WiLe' [/ dex _/ xzdx ] 3 WoLw d\'/
x to distance L, plus the inertia force of the weight W-. 2gLEA 2EA [y
2 2 2.2
Since the inertia force varies with distance from point C, _Wle " WL w
we now must consider an element of length d¢ at dis- 3gEA 2EA
tance &, where £ varies from x to L. 1262
=— 4+ (W + 3W)) =
W 1 2
Mass of element d = %(?l) e

Acceleration of element = £w’

Centrifugal force produced by element

W w?

gL

= (mass)( acceleration) = d

217
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Problem 2.4-1

EQUATION OF EQULIBRIUM
2Fy=0,P, + P, — P=0

EQUATION OF COMPATIBILITY

8y = 8p
FORCE DISPLACEMENT RELATIONS
8= P'L, 8= e

EA, ExA
SusstrTrutE INTO Eq. (2):
PL PyL
EA, By

SOLUTION OF EQUATIONS

Solve simultaneously Egs. (1) and (4):
EAP EAsP

P, = P, =
EA; + EpAp EsAs + EpAp

Steel shell

Brass core

(1)

(2)

(3)

(4)

®

Substitute into Eq. (3):

5=6,=8,= L
EAs + Eplp
STRESSES
P; EP Py, E,P
TF=-—--= — EE e— ==

O e ———
A, EA; + EBA, Ay  EA; + EBA,

NUMERICAL VALUES

Steel: A, = (%)[(Qmm)z — (Tmm)?] = 25.13mm?

E, = 200 GPa, EA, = 5.027 X 10°N
Brass: Aj = (% )(6.0 mm)? = 28.27 mm?
Ej, = 100GPa, EA;, = 2.827 X 106N
EA, + EA, = 7.854 X 10°N, L = 85 mm

(a) DECREASE IN LENGTH
PL

8= ———— =0.Imm, P=9.24kN
ESAJ+EbAb

(b) ALLOWABLE LOAD

EAp + E,
o= 180MPa,P,=o,% =707kN
'S
EA, + E
o = 250 MPa, p,,=o,,"A"T‘A' = 11.00 kN
b

Steel governs. Pyjion, = 7.07kN <
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Problem 2.4-2

PL

H = —
E A, + E Ay

or

B (Bt b 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 = (104.23 MN (m)
= \ 350 mm
= 1042kN <«

A = aluminum
(b) ALLOWABLE LOAD

B =h
o o, =80 MPa o= 120MPa
A Use Egs. (2-17a and b) of Example 2-6.
d; = 40 mm )
For aluminum:
dp, = 25 mm "y .
o= P =(EA +EA)(—“)
Ay =T~ d}) S Akl o eae SRR
80 MPa
= 765.8 mm? P, = (104.23 MN)( = GPa) = [15.8kN
E,=T72GPa E,=100GPa A, = %di For brass:
= 490.9 mm’ PE, B A, S5 )(Ub)
o = = oL
(a) DECREASE IN LENGTH ETRR CRAL afla * Ep A\
(8 = 0.1% of L = 0.350 mm) B, — (10423 MN)( 120 MPa) AR
100 GPa

Use Eq. (2-18) of Example 2-6.
Aluminum governs. P = 116 KN €
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Problem 2.4-3

5
E = 200GPa A = 5100mm™

Use supemosition - select Ay as the redundant

N.(?
Released structure with actual load P at C da1 = T o) =002mm  upward
E E-A
. . Im+2m
Released structure with redundant A, applied at A SR g § ey
y A= o
2 =
S
E-A KN
Compatibility equation dy1+08,,=0 solve for redundant Ay Al = i =—6.667-kKN
Al A2 B 1m+2m '
EA
Statics B, = -(.\\ + 10kN) = -3.333kN
- -B,-(2m) =3
Axial displacement at C —— —6536%x 10 ~-mm upward ... or
' A (1m) ¥
R SO .
E-A

use either extension of segment BC or compression of AC to find upward displ. 5,
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Problem 2.4-4

P=10kN  E = 200GPa oy = 400MPa FSy =2 o, =
Static equilibrium - cut through cables, use lower FBD (see fig.)

a=15m b=15m o= atan[i] =45-deg

EI\I‘A =0

Ty -sinfag) + 2-T2~sin(qc) =P(2)

Compatibility - from figure, see that Ac =2Ag

Cable elongations

by~ aiag) o~ Spenng)
. =qu%q6 lrﬂ%)
>~ 7| sinfog) ) ! | sinl o)

Force-displacement relations for cables

2 2 2 )
Ly =ya +b"=2121m Ly =ya~ +(2:b)"=3354m

] =1.26491

L Ly
8 = Tyfy f; = Ta etk o
-t

where TZ'fZ = 2-(

(sinfoc) ) [ f B i
L S =3-( ")) By WA A e
o : f f
sufag) /{1 2

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

2-f,-sinf o 2-sinf o
Ty f {p) P o 1 = m(LB,) P=14058.kN
2

and T 2[5‘“(0‘(')]

—-]-Tl = 11.247 kN
Use allowable stress o, to find minimum required cross sectional area of each cable

ke J— o J— 70 35m°
=70291-mm" A, = =56.233-mm" S0 = : i
o, 2 o, Areqd

A1=
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Problem 2.4-5

O

= 340MPa o,y = 410MPa A, =

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

E A EyA :
- - 5 1N

e By gy 00 TS i 2
L m L m

Each "spring” carries a force in proportion to its stiffness

: I
: A

P.(P) = — P float,5 — 0.84736-P Po(P) = —-Pfloat.5 — 0.15264-P
bt g kr

Maximum force in each component is governed by its yield stress

P.(P) 5
5 2 0.00011003-P
cr:ﬁ(P) = float,5 — e
A -
solve.P ,
0,.(P) — 340MPa . —> 3.0895e6-MPa-mm™ = 3089.5-kN
3 float.5
PA(P)
A 0.000040168-P
c}.A(P) = float.5 — —_—
- A mnl—
solve P 5
o,.A(P) — 410MPa (s — 1.0207e7-MPa-mum™ = 10207-kN
5 oat,

So the allowable load P is limited by vield stress in steel cylinder
P,y = 3090kN

222
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Problem 2.4-6

EQUATION OF EQUILIBRIUM

EFhoﬁz=0 Py+Pp—P=0

EQUATION OF COMPATIBILITY
64 = 88

FORCE-DISPLACEMENT RELATIONS

A, = total area of both outer bars

_RBL _  RL
ATEAL Y EgAy
Substitute into Eq. (2):
PL  BL

E Ay EpAp

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

| EAP
EqAy + EpAp

EpApP
P BAB

Substitute into Eq. (3):
PL

=84 =8p=—"T—"7—
4 G EsAy + EpAp

5= EAA__A‘ + EBAB

(1)

(2)

(3)

(4)

(5)

(6)

223

STRESSES:
_B__ EAP
g Ay EAAA + EBAg
Py EpP
e ——————————————————— 7
7 B EsAp + EpAp ¥
(a) LoAD IN MIDDLE BAR
@ . EpAp _ 1
P EsAs + EpAp  EjAy e
EBAB
GivemiA 5 M _1+1 4
"Ep Ap 1.5 3
B 18 o
P

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

Ratio = 1 £
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Problem 2.4-7

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

2
_11' 2 d _ 3 5
Asxc = 4[(! (2) ] AAC_'R"Td-

IR
CB_4

Select Rp as the redundant: use superposition and a compatibility equation at B:

F A
P P(? Bl ") P TL -t
X X
ifx=1L12 dBla = > Opla =
EAzc EAcp E iﬂdz P,
16 4
2 2x+ 3L
opla = T P———
L L
P P=
if x=LI2 ) = ) = .- 8
nHx= — = = —
Blb EA Blb (3 )) Blb 3E dl
E\ —md-
16
The following expression for 8 g, is good for all x:
R - R -
5m=_e(L+L_X) ol s  L-&
E\Aye A E\3 » =p
6" 1
Rp(16 x L—x
=—| = -
o E( 3 md? ’ mwd” )
Solve for Rg and R4 assuming that x = L/2:
_(gP 2% + 3L)
3 ad? -1 2x+3L
. . . — —
Compatibility: Spia +0m=0 Rg, Rp, 3 P Py

(EL o -r)
3 md? wd”

A check—if x =0, Rg = —P/2

“rr . ) -3. L
ics: = — — = — —_— P —_ —
Statics:  Raa=—P—Raa  Rag=—P——P-——F Ri P =
A check—if x = 0, Ry, = —PI2
224
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Solve for Ry and R, assuming that x = L/2:

L.
Compatibilit s iBa=0 @ 3 md” R —W.
ompatibility: = = =
p Y B1bH j:7} Bb (£L+4L—x) Bb t+ 3L
3 wd® wd?
A check—if x =L, Rg = —P/2
Statics:  Rup= —P — R R—P(_sz) =g
s R 2 A x+3L A= T T+ 3L
(b) FIND & AT POINT OF LOAD APPLICATION; AXIAL FORCE FOR SEGMENT 0 T0 L/2 = —R, AND 8 = ELONGATION OF THIS SEGMENT
Assume that x = L/2:
L —(——3P = ) £—x
—uik 2 x+3L X 2
—Rps| x 2 & = +
%="E E+ Acp ’ E P
16 4
B 2x + 3L
“ (x + 3L)Ewmd*
8 P
Forx = L/2, 8,,=7LE‘", €«
ASSUME THAT X = L/2:
- L ( x+L )5
a—( Ab)5 5 _\ x+3L)2 _8(x+L)L
b T EAxe . E(3 ,) b~ 3"\x + 3L/ Exd?
_,n.d-
16
8 L
forx= L2 8ji=—P— < same as 8, above (OK)
7 Emd*
(c) FOr WHAT VALUE OF X is Ry = (6/5) R,?
Guess that x << L/2 here and use Rpg, expression above to find x:
= + 3 = — —
dpmi% fa, LY. DA, L, R
2 x+ 3L s\2 x+ 3L 10 x+ 3L 10
Now try Rp;, = (6/5)R ;. assuming that x > /2
-~ + —2L +
2PL _9(_,,x L)=0 2, -2+ o 2
x+3L 5§ x+ 3L 5 x+ 3L

So, there are two solutions for x.
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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 L)
A o =—
AC l6‘n‘ ACB 4d'

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

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

Rp(14 L
) 4( ) Forx=L/2, ép = ( )
- AAC Acs B E\3 of

g = %NACd§+ " New B i
B Jo EAxc ¢ EAcp
: - . L L
Where axial forces in bar due to self weight are Wy = pgAAc-E Wep = pgACBE

(assume ¢ is measured upward from A):

S

T, 8 3 T
Nac = —[PgACBE i PgAAc(E = C)] Ayc = Eﬂdl Acp = i
Neg = —lpgAcp(l — 0]

=4 3 ? _ B
Nac = 37 g"d‘L—EPgﬂd(zL L) Ncp = [4pg1rd‘(L g)]

1
L— [—pgwdz(L—{,)]

" 3 1
— pgmd’L — —pgwdz( L- c) 3

e

= 1Td2
16

&
+
—
PR
Y
N
=

= . L2> -7 I} 1
=|—pp— + —pp— =—pp— = 0.58
3p1 (24 PE L s PP L dp o P I 583

Compatibility: 8g) + 8z =0

_(;7 ﬁ)
12 2 |

Rp=—-----— Rp = — dZL =
B (ﬁ 3 ) B pPEmT
3 Ewnd*

8
Statics: Ry = (Wac + Wep) —

3 ,)L ™ ,)L] 1 > ]
= — + S— o= S —
Ry Hpg(l6 wd” 3 pg(4d‘ 3 8pgvrd‘L

Ry = 3pg1rd2L -
32
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Problem 2.4-8

P = 200kN L=2m t = 20mm bl = 100mm bz =115mm E = 96GPa
Select reaction R as the redundant; use superposition [ 35 L\
5
axial displacement at C due to actual load P at B 8¢y = =1.165-mm
B bl) h\
3L 2L
5 (%)
axial displacement at C due to redundant R GC? = R¢- - —
o E-t'{bw —bl) \bl
3 2.L
= T & b5 ) B
’,—’-ln(—‘ 29706 10 >
ET-(b:—bl) I\bl KN
— ; —5¢1
Compatibility equation dc1+8cp =0 solve for R Re = = =-120-kN

_L " l
Et (b7 —bn "‘( J
Statics YF =0 Ry = P+ R ) =-80kN

Negative reactions so both act to left

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

3. L
(_5] [%2 )—l = 0.466-mm or R (_ : —_ ﬂ 0.466-mm
i

-RA" —']11 T
= E-t-(bz—bl] l\_blj LEt‘b')—blj
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Problem 2.4-9

P = 90kN L

1m t = 6mm bl = 50mm b2 = 60mm E = 72GPa

- b1+b-_)

ABC = bl -t =300-mm” ba\’e =55-mm

N

Select reaction R as the redundant; use superposition
axial displacement at C due to actual load P at middle of AB

(L

P.\:} by

51 = ; h[ — ]=0.906~mm
E't'(bl i ba\'e) ba\'e

L L W
ial displ t at C due to redundant 2 e: 2
axial displacement a ue to redundan 89 = Rp| —————— | — |+ —
Re c2=Re L Et(by—by) |b E-ABCJ
L L
o = ' b, 5 -
flexibility constant for bar — = = |+ —= —0.044—
E-t~(b2 —bl) »bl E-ABC kN
Compatibility equation  §-~; + 8-, = 0 solve for R
3=
2 =-20483-kN

L
2

b,
—,,,( _-] .
E't'(b:’_ i bl) \ bl E'.&BC

Statics YF=0 Ry =—P+R¢)=—69517kN
Negative reactions so both act to left

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

) L,
(:J by (- A—P)-I Pave us')
Ry lu[ — || + lu[ ] =4741x 10 "-mm
E't'(bl - bave) ba\'e E't'(ba\'e I bl) bl A

L

2

or R = 0474-mm
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Problem 2.4-10

L g
P=12kN  d,=30mm b=100mm s 3, I |
E\A) + EA;
L = 500 mm dy = 45 mm ¢ = 300 mm A
= (.81815 mm

Rod: Ey = 3.1 GPa

Sleeve: E; = 2.5 GPa
wd? 8= +8cp=191mm <~
Rod: Aj = TI = 706.86 mm*

(From Eq. 2-16 of Example 2-8)

(b) SLEEVE AT FULL LENGTH

3 L 500 mm
Sleeve: Ay = :{d% — d}) = 883.57 mm® 5= sc,,(?) = (0.81815 mm)( o mm)
EA; + ExA; = 4.400 MN = 136mm
(C) SLEEVE REMOVED
(a) ELONGATION OF ROD PL
Ph &= E—A =274mm <«
Part AC: 64 = —— = 0.5476 mm L
E\A,
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Problem 2.4-11

EQUATION OF EQUILIBRIUM

3Feq =0 2Po+Py—P,=0 (1)
EQUATION OF COMPATIBILITY
FORCE-DISPLACEMENT RELATIONS
s _ Pl o _BL
M = EAy 0= EA,
AREAS OF CABLES (from Table 2-1) SUBSTITUTE INTO COMPATIBILITY EQUATION:
Middle cable: Ay, = 173 mm?
2 PO 11 ’M" )
Outer cables: Ap = 77 mm |
| — 2]
(for each cable) 1
F v 'y w40KN
IRST LOADING
P

Py =60kN(Eachcablecan‘ies?lor20kN) Pyl — FoL ﬁ_& 3)
EAy EAp Ay Ao

SECOND LOADING

P, = 40 kN (additional load)

SoLvE siMULTANEOUSLY Eos. (1) anp (3): (b) STRESSES IN CABLES (0 = P/A)

Ay )
= ——— | W 41 kN
Pu Pz(AM + 240 AN Middle cable: oy = __l_k__2 =233 MPa <«
173 mm
A . )
Po = Pz(——— = 94l8kN 41 kN
Ay + 240 Outer cables: o = -k 7 =383MPa <«
77 mm

FORCES IN CABLES
Middle cable: Force = 20 kN + 21 kN = 41 kN
OQuter cables: Force = 20kN + 9418 kN = 29.4 kN

(2) PERCENT OF TOTAL LOAD CARRIED BY MIDDLE CABLE

41 KN
Percent = ml@%) = 41.2%

G
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Problem 2.4-12

Ly

FREE-BODY DIAGRAM

R4

Py

B
EQUATION OF EQUILIBRIUM
Y U
Pp+Rp—Pc—Ry=0o0r
Ry—Rp=Pp— P-=85kN
EQUATION OF COMPATIBILITY
8,4p = elongation of entire bar
8ap = dap + dpc +8cp =10

FORCE-DISPLACEMENT RELATIONS

RiLy Ry 1 )
dap=—— = 238.05—
- E m
(Ry — Pp)Ly
dpc =
EAy

Ry 1 PB( 1 )
== 8. g Y 5
E(19 413 m) - 198.413 =

Rpl, RD( 1 )
Sep=—2L =D 238:005 -
OTEA] K m
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(Eq. 1)

(Eq.2)

(Eq. 3)

(Eq.4)

(Eq.5)

231

Pp=255kN Pe=17.0kN
L, =200 mm L, = 250 mm
A =840 mm® A, = 1260 mm?
m = meter

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

Ry | ) RA< 1 )
—| 238.095— ) + —{ 198.413—
E(23 95 = Z 1 13 =

Rp 1
+—{ 238.095—

Py ! )
5(198.413 )

Simplify and substitute Pp = 25.5 kN:

0

RA(436.508L> + RD(238.095L)
m m
= 5.059.53 kN/m

(a) REAcTIONS Ry AND Rp
Solve simultaneously Egs. (1) and (6).
From (1): R, = Ry — 8.5kN

Substitute into (6) and solve for Ry:

RA(674.603Lm) = 7083.34 kN/m

—

Ry = 105kN

Rp= Ry — 85kN =2.0kN
(b) COMPRESSIVE AXIAL FORCE Fpe

Fpe=Pp— Ry =Pc— Rp=150kN

-

(Eq. 6)



Problem 2.4-13

NUMERICAL DATA
n=6 dy=125mm o,=9MPa A, =%d,,2 = 122.718 mm?

(a) FORMULAS FOR REACTIONS F

L
2( 4 ) L
Segment ABC flexibility: f; = -
2(1‘-)
o 4 L
Segment CDE flexibility: f; = =—

Nl'—"

Loads at points B and D:
Pp=—-2P Pp=3P
(1) Select Ry as the redundant; find axial displacement 8, = displ. at E due to loads Py and Pp:

L L L
5 _(P”+PD)4 +P"4 . Poy _5LP
! EA EA 1 2EA
—FA
2
(2) Next apply redundant Rg and find axial displ. 8; = displ. at E due to redundant Rg:
3LRg

&, = R, + =
2 = Re(fi + 1) 2EA
(3) Use compatibility equation to find redundant Rg, then use statics to find Ry:

81 + 82 = 0 solving for Rp Rg=—

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

G __w -0 v, G w

% "E " Tem cT®7 EA “ema T B em
2

leftward to the right to the right
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(c) DRAW AN AXIAL-DISPLACEMENT DIAGRAM (ADD) IN WHICH THE ABSCISSA IS THE DISTANCE X FROM SUFPORT A TO ANY
POINT ON THE BAR AND THE ORDINATE IS THE HORIZONTAL DISPLACEMENT 8 AT THAT POINT.

Axial Force Diagram (AFD) AFD for use below in Part (d)

AFD is composed of 4 constant segments, so
ADD is linear with zero displacements at
1 supports A and E.

Axial force (times P)
=
&
=)

____________ I .Y
-1
e ot ot t — — — — d — ——— o —— " ——— RE
-2
0 0.25 0.5 0.75 1
x
Distance x (times L)
Axial Displacement Diagram (ADD) Plot displacements 8p, 8, and 8p from part (b)
1 above, then connect points using straight lines
] 5 showing linear variation of axial displacement
S / \ r3 between points.
S SLP
0.5 = = — i
g Omax = 0D  Omax GEA to the right
Z ()
< - Boundary conditions at supports:
K] /
S 0 84=8p=0
B |l 1 ¥
z 6
-0.5
0 0.25 05 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

Frax = ;P and Foax = nozAp = 70.686 kN
3

Pm=sz=53.0l kN Poax = S3KkN
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(a) STRESSES AND REACTIONS: SELECT R| AS REDUNDANT AND DO SUPERPOSITION ANALYSIS (HERE ¢ = () DEFLECTION
POSITIVE UPWARD)

dj=50mm d,=60mm d;=5Tmm dy=64mm A.=%(dzz—d.2)=863.938mm2

E = 110 MPa
T

W= (dg*> — d3*) = 665.232 mm’

SEGMENT FLEXIBILITIES Li=2m L,=3m

Ly Ly
fl———002|05mmlN f2=T=OO4Imm/N ?——OSB
2 2

TeNSILE stress (o) is known in upper segment so Ry = oy X A; o) = 10.5 MPa Ry = 01A; = 9.07kN
8ia=—-Pfh dyp=R(i +1) Compatibility: 8y, + 8, =0

Solve for P: P = R,(f' 3 A ) = 13.73kN
2

R,
Finally, use statics to find R;: R, = P — R = 466 kN o =—

i 7MPa < compressive since R; is

positive (upward)
|P = 13.73 kN| |R1 =907 kN| |R2 = 4.66kN| |¢rz = 7MPa|

L]

(b) DISPLACEMENT AT CAP PLATE
8. = Rifi = 190909 mm < downward OR &, = (R;)f; = 190.909 mm < downward (neg. x-direction)
Beap = 8. =0.191m  [8.4p = 190.9 mm|
AFD and ADD: R, = 9.071 Ry=4657T L;j=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°5

N
5
N@) 8x) _1x10* \

T o —-l.5x10"‘ \\ /

~\

X X

o - -2x10~%
0

(c) UNIFORM LOAD Q ON SEGMENT 2 SUCH THAT R, = 0

P=13728kN R =aA =907TIKkN IL,=3m

L,

= 1.552 kN/m

q = 1.552 kN/m

Equilibrium: R| + R, =P — gL, < set R, = 0, solve forreq'd ¢ q=
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Pipe 1 is steel.
Pipe 2 is aluminum.

EQUATION OF EQUILIBRIUM

3 Fyet =0, Ry + Rg=2P
EQUATION OF COMPATIBILITY
Sap=20uc+8cm=10

(A positive value of 8 means elongation.)

FORCE-DISPLACEMENT RELATIONS

s Rl o ReCL)
18X "% TERA,

(Eq. 1)

(Eq.2)

(Egs. 3)

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

RyL _ Rp(2L) e Eq.4)
EA; EA,
Solve simultaneously Egs. (1) and (4):
RomEAP AP
oAa + 2EA; EA, +2EA,
(a) AXIAL STRESSES
Steel: o5 = & = L (Eq. 6)
A;  EA; + 2EA,
(tension)
Aluminum: o, = ﬁ = L «—
Aa EﬂAd + 2E.IA.I
(compression) (Eq. 7)
(b) NUMERICAL RESULTS
P=50kN A, =6000mm*> A, =600mm’

E, =70GPa E; = 200 GPa

EA, + 2E A, = 660 X 10° kN

From Eq. (6): oy = 60.6 MPa (tension) <«
From Eq. (7): o, = 10.6 MPa (compression) <
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Numerical data:

W=800N L =150 mm
a = 50 mm ds = 2 mm
Ejs =70 GPa

o, = 220 MPa 04, = 80 MPa
A _I_dQ A _EdZ

A 1 A s—4 S
Ay =13 mm? Ag = 3 mm?

(a) Pajiow AT CENTER OF BAR
One-degree statically indeterminate - use reaction (R,) at top of aluminum bar as the redundant
2Rs + Ry =P+ W

compatibility: 8; — 8, =0 Statics:

6—P+w( L)
7 2 \Ewg

8 = RA(

< downward displacement due to elongation of each steel wire under P + Wif
aluminum wire is cut at top

B
= =2 A ) <2 upward displ. due to shortening of steel wires and elongation of aluminum
sAs A wire under redundant R,

Enforce compatibility and then solve for Ry:

P +w( L )
2 E EAA R
B W By N oy A oy el A
L i L EpAp + 2E5Ag Ay
2EAs  EjpA4
Now use statics to find Rg:
EAq
P+W—-(P+W)y——7
Re = P+W—Ry Re — ( W)EAAA+2ESAS Rs = (P + W) EgAg
- 2 ol 2 i EjAj + 2EgAg
d .
an Tsq = e
Compute stresses and apply allowable stress values:
Cpiw—EA o paw— B
b ExAn + 2EAs 75T ExAs + 2EsA

Solve for allowable load P:

EjAy + 2EGAg
M(AA )_w

EjAy + 2EgAg
Py=o E Sa
A

P, =0 5 ) — W (lower value of P controls)
s

Py, =1713N Pg, = 154N < P, is controlled by steel wires
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(b) Panow IF LOAD P AT X = a/2

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

= (% . Tw)( E;s) = G . %)( EsLAs)

S+ 01 P+W( L

2 4 ="\ Eas

Use 8, from part (a):

L L
3 =R +
: "(2£SAS EAAA)

So equating 8, and 8-, solve forRy;: Ry=(P + W)

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

ExAy
EAAA -+ ?l'sAs

A same as in part (a)

3P W Ry : " - :
Ry = a ¥t 32 < stress in left steel wire exceeds that in right steel wire
EAq
P+
w» w W ExAp + 2EgAg
Ry =—+——
4 2 2
e PEAA, + 6PEgAs+4WEAg B PE Ap+6PEgAg +4WE5A5( 1 )
Sz~ AEjA, + 8EsAs TE = AE A, + 8EgAg As
Solve for P, based on allowable stresses in steel and aluminum:
osd(4AsE AL + 8EsAs?) — (4WEsAs)
P, = Paa=1713N < in part
Sa ExA, + 6EsAg Aa same as in part(a)
Ps, = 820N < steel controls

(C) Pyjiow 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 L
By geometry, 8 at aluminum wire location at far right is 8 = (E + ZW)(H)
s

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

3L i )
Rg; = —Ry Rgp = 2R, 6y = RA( * )

EsAsy  EpAy
(3) Compatibility equate 8,, 8; and solve for Ry, then Pyjjoy for aluminum wire:
3+ &)
- 2 EgAg _ EfApP + 4E AW _ Ry
Sl P TR, TIEA T A
EsAg ExAp
EA P + 4EAW

T4 = 10E,A, + 2E5As

. (TM“OEAAA + 2EsAs) = 4EAW
= EA

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

Pra

Paa=1713N

P P EAAAP + 4E AW
Rg =— +R Ry =—+
I BT IGA, AR,

6E AP + PEgAg + AE ;AW z
Ry = OE A+ 2EA < larger than Rgp. so use in allowable stress
A $4s calculations

P P EAAAP + 4E AW
Rp=—+ W — 2R Rp=—+W-—
- 2Rz - SEsA, + EsAg
- 3EAAAP + PEGAg + 2E AQW + 2WEGAg
= 10E,A, + 2EAg
Rg 10E4A + 2EgAg 4E AW
ot o] -
Ag 6E A, + EgAg 6E Ay + EgAg

2p
= IO(J'SaAsEAAA +20’50As Es 4EAAAW P5a=703N "

Py
a 6E A5 + 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

"Bk B Eh

(b EcCENTRICITY OF LOAD P
Substitute P; and P; into Eq. (2) and solve for e:

_ B(Ey—E))
EQUATIONS OF EQUILIBRIUM €= NE, + Ep
SF=0 Py+P=P (Eq. 1)
(c) RATIO OF STRESSES

su-oma pesn(2)-n(%)-0 ®2) oA _Ba A_E

2 - '"4 ?2"A oo B E
EQUATION OF COMPATIBILITY
8, =29,
AL AL B B
mA EA O B K Ea. 3)
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Problem 2.4-18

NUMERICAL DATA

L=25m b=071 L=1775m E=210GPa A =3500mm®> P=185kN 0, = 60°
o, = 150 MPa

FIND MISSING DIMENSIONS AND ANGLES IN PLANE TRUSS FIGURE

x. = bcos (04) =08875m  y.= bsin(0;) = 1.5372m

bsin(
= s0  Op = asin (M) — 37.94306°
sin(fp) sin(f4) L

Oc = 180° — (B4 + Op) = 82.05694°

L
D sin(0c) = 285906 m  or ¢ = Vb + L2 — 2bLcos(8c) = 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 ExampPLE 1-1)

8y, = displacement in x-direction in released structure acted upon by loads P and 2P at joint C:

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

by = displacement in x-direction in released structure acted upon by redundant B: dpy2 = B, E_(;t
—EA
COMPATIBILITY EQUATION: dpx1 +0prn =10 S0 By = = o dpx; = —328.8kN

Statics: XFy=0 Ay= —By — 2P = —41.2kN

SMy=0 B, -5—[2P(bsin(0,q)) + P(bcos(By))] = 256.361 kN

3F,=0 A,

REACTIONS:

P — B, = —71.361 kN

[A, = —41.2kN] [A, = —71.4kN]| |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 Fyc=8240kN
(2) Compute member stresses:

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

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

= 23.543 MPa

P = | == |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 1 ALummum FREE-BODY DIAGRAM OF RIGID BAR
E. = 70 GPa EQUATION OF EQUILIBRIUM
=
d; = 10mm tF, S 3Fyen =0
‘ pos 2F\+F,—W=0 (Eq.1)
2 Ll =1m 1 ]. "o
7 ] FULLY STRESSED RODS
= 165 MPa
l : o 1w Fy =04, Fy =024,
BAR 2 MAGNESIUM
wd} wd3
E; =42GPa e L
2 A 2 A=
| ' Y. T =1 L=? Substitute into Eq. (1):
o, = 90 MPa 1rd|2 wd3
1W=32kN 201(—) 2 vz(—z) =W
W =30kN 4 4
Diameter d, is known; solve for d;: FL L
8 =2 =g 2 (Eq. 5)
ExAy E;

dy = fﬂ _20di (Eq. 2)
wmo, o

SUBSTITUTE NUMERICAL VALUES:
dy =928mm <

EQUATION OF COMPATIBILITY

8, =6, (Eq. 3)

FORCE-DISPLACEMENT RELATIONS

8 = Bl Wl(ﬂ) (Eq. 4)
E\A, E,

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

Ly L
\z,) =z,

Length L, is known; solve for L;:

Ly=L ("‘—E’) — (Eq. 6)
27 "\ ok, ’
SUBST[TUTE NUMERICAL VALUES!:

Ly=1.10m
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Problem 2.4-20

ky — P

NUMERICAL DATA

a = 250 mm
b = 500 mm
¢ = 200 mm
ki = 10 kN/m
ky = 25 kN/m
Opax = 3° =g%rad

FREE-BODY DIAGRAM AND DISPLACEMENT DIAGRAM

N

d¢

242

EQUATION OF EQUILIBRIUM

IMp =0+ — Fy(a) — P(c) + Fpp(b) =0 (Eq. 1)
EQUATION OF COMPATIBILITY
84 dp ;
S Eq. 2
5 R (Eq. 2)
FORCE-DISPLACEMENT RELATIONS
F F,
by=— bp=—0 (Egs. 3. 4)
ki <)
SOLUTION OF EQUATIONS
Substitute (3) and (4) into Eq. (2):
Fp  Fp
m = bk, (Eq. 5)
SoLvE siMUuLTANEOUSLY EQs. (1) AND (5):
- ack P - bckaP
A a%ky -+ bk D™ 2%, + %,
ANGLE OF ROTATION
sooFo___bch . & P
D7 ks aky + %, b a*k, + b%,
MAXIMUM LOAD
0
P = —(a’k; + b%*y)
¢
Omax . >, 3
Poox = C(akl'f'bltg) £
SUBSTITUTE NUMERICAL VALUES:
/60 rad
Po = —"2%1(250 mm)%(10 kN/m)
200 mm
+ (500 mm)3(25 kN/m)]
=1800N <«
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Problem 2.4-21

EQUATION OF EQUILIBRIUM

EQUATION OF COMPATIBILITY
2k 8¢ é&p
c d

D FORCE-DISPLACEMENT RELATIONS

: S_ES_M
| C"EA P Ea
J

rP
| SOLUTION OF EQUATIONS

* S —) Substitute Egs. (3) and (4) into Eq. (2):
Ih _ 2h _2p
cEA_ aea T ¢ 4
2h =08 m TENSILE FORCES IN THE WIRES

c=05m Solve simultaneously Egs. (1) and (5):
g=lsm 7o _26PL _ dPL

L = 1600 mm C ot it P gR i fp

E = 200 GPa TENSILE STRESSES IN THE WIRES

A = 16 mm? Ic 2cPL

€T AT AR+ D
P=970N

h=04m

F Tp dPL
REE-BODY DIAGRAM Oy = e A(2(72—+dz)

SUBSTITUTE NUMERICAL VALUES

—
C‘

T 3M, =0 A Te(c) + Tp(d) = PL (Eq. 1)

l —=— (Eq.2)
8

(Egs. 3.4)

A + d®) = (60 mm)*[2(500 mm)? + (1200 mm)?]

=31.04 X 10° mm*
2(500 mm)(970 N)(1600 mm)
D R oc =

Rl | 31.04 x 10° mm*
(1200 mm)(970 N)(1600 mm)

31.04 % 10°mm*
DISPLACEMENT DIAGRAM DISPLACEMENT AT END OF BAR

A f D # (L) 20Ty L) 2hPL?
d EA EAQ2c2 +d?
SUBSTITUTE NUMERICAL VALUES
% 2(400 mm)(970 N)(1600 mm)?
(200 GPa)(31.04 X 10° mm*)
8a =0320mm <«

= 50.0 MPa

Ry *P op
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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

From FBD of column DBF

E. IB - DX.

From FBD of beam ABC

EPx=Ax'Bx=0 Ay =

L - D,
IMpg = M, - IP? =0 M, = ;P-; I I

D, R
ZF.V= B}.—BP—O By= 2P
Remove reaction R to create the release structure; find By
vertical displacement at F due to actual load 2P at C
L B"
BY._
72 N PL
= W™k
Apply redundant R to released structure; find vertical displacement at F D_\.
R~ Rp— ——.I.—‘
g Eg L L 3L
B,=0 & = —-— P LT 8y = Rp—— D
y 2 ek S & TR F2° ¥ 4Ea -
Compatibility equation - solve for R¢
P-L
EA 4
+ 85, =0 Re=———— Rp=—P
81 + 3R =7 5 A i
\4+-EA )
Finally solve for reaction D, using FBD of DBF
- 2 ry
= = 25 AR 3 A T
EF}. =0 D}. = B_v Rl—‘ D_‘. = 2P 3? Dy = 5 P I
Rf
244
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Problem 2.4-23

FREE-BODY DIAGRAM OF RIGID END PLATE FORCE-DISPLACEMENT RELATIONS
P Bl PL P.L
5,=—1"_ §=—"" 5 =—°=
E:A.v EbAb EcAc
T T T P,T T SOLUTION OF EQUATIONS
Py Substitute into Eqgs. (2):
| S
P E A
‘ B=R_"" (Egs. 3,4)
E A,
EQUATION OF EQUILIBRIUM
3Fun=0 P,+Py+P.=P (Eq. 1) p = pEcAc
c 5
E,A;
EQUATIONS OF COMPATIBILITY
8, =8p 8. =8, (Egs. 2)
SoLve smMuLTANEOUSLY E@s. (1), (3), AND (4): A = %d} - %(10 mm)? = 78.54 mm?
P=P Sul w2 g _ T 2 2
=N of - i = — —
' TE,A, + EyAp + E A, Ap = 4{dy - d;) = [(15mm)” — (10 mm)]
P, =P EpA = 98.17 mm?
E A, + E,A, + E A
o o o Ao =7 (@2 = d}) = T1@0mm)? — (15 mm)’]
P.=P — ;5
= PEATE A EA, (Fa - 137.44 man?

- — 6
COMPRESSIVE STRESSES P=12kN, ZEA =4280X 10°N

Let SEA = E,A, + EpAp + EcA ~PE _ o
s4is cfe o SEA 58.9 MPa
o P _PE _h _PE PE,
T A, XEA b~ 4, SEA Op = 5po = 280MPa
o =20 . PEo PE,
¢ . XEA 0‘=254 = 33.6 MPa

Substitute numerical values:
E;,=210GPa, E,=100GPa, E.= 120 GPa

d,=20mm, dp=15mm, d;= 10mm
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Problem 2.4-24

Remove Rg 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,

My =0 B, = % (3.PL) B,— 9P  acts upward on ABC so acts downward on DBF
. . 3 -B,L 9-L-P
Find vert. displ. of F in released structure under actual loads Sy = — Spy = downward
2EA 2-EA
e o ]
Apply redundant R, and find vertical displ. at F in released struct 3L ot
vertical displ. at F in released structure w Rp| = e —
Re 2 F{EA 2an (LR
HR! 27 ;
Compatibility equ, by + 8y =0 Rp= .i: Rp — = P upward
= 5 5
6 EA
Now use statics to find all remaining reactions FBD of DBF )JMB -0 so =0
Entire structure YF, =0 A =0 Mg =0 A=

189
YF =0  Dy=-Rp+3P-A, D

 Zg
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Problem 2.5-1

The rails are prevented from expanding because of AT = 52°C — 10°C = 42°C
their great length and lack of expansion joints.

o o o = Ea(AT)
Therefore, the rail is in the same condition as a bar i
with fixed ends (see Example 2-9). = (200 GPa)(12 X 10 "/°C)(42°C)

The compressive stress in the rails may be calculated =S E s i

as follows:
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© 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 2.5-2

INITIAL CONDITIONS

L,=60m Ty = 10°C

L, = 60.005m T, = 10°C

aqg =23 X 107%°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 temperature
8a = AT )Ly 65 = (AT )L

80 La )()_E

IR =5 ... | Aluminum pipe

u“

|-

‘ e Steel pipe
’ | ! c)CJ"‘g

AL 8, L,

From the figure above:

s+ La=AL +6;+ L,

248

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

Solve for AT:
B AL + (L, — L,)

aaLa =z ang

AT

Substitute numerical values:
ale — asLy = 659.9 X 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

S = steel A = aluminum
W= 3560 N

d=32mm
- o _ & 042 mm?
4
E, = 205 GPa

E, A, = 1,648,706 N
;=12 %107°rC
a, =24 X 107¢°C

L = Initial length of wires

249

&) = 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
wi2

WL
T 2E,A,

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

=
(¥}
|

= a,(AT)L
For no load in the aluminum wire:
8] + 82 ot 83
WL
AT)L + = AT)L
a(AT) EA, a,(AT)
or
w
AT o

- 2EsAs(aa == as)
Substitute numerical values:

_ 3560 N

(2)(1,648,706 N)(12 X 10_6/°C)

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, = 15mm dp, = 12 mm d, = 20 mm t. = 10 mm twant = 18 mm
m=45MPa  a=12(10"%) E=200GPa

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

P
LI . ) 7. P
Rod force = P = (Ea AT)—d,” and bolt in double shear with shear stress 7= — 7=
4 A 22 4,2
4 b
2 [ g AT)zdz] ~ EaAT (ﬁ)l
™= e (Ea =y Th > ds
= 45 MPa
21‘[, db 2 m 9
AT=———""—-|— AT = 24°C P=(EaAT)—d,~ P = 10kN
E(1000)ax \ d, 4
1000
Orod = P |0md = 57.6 MPa
™ 5
P
(b) BEARING STRESSES
L
2
BoLt AND CLEVIS Ope = op. = 424 MPa
dpt,
P
WASHER AT WALL. Oy, = ————————— [t = 74.1 MPa |
L 2
I(du i 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 P = (Ea AT)%d,z

(ud 2 -6
P = 200 GPa— (15 mm) [12(107¢)](38) = 16116N P = 16.12kN

Each bolt carries one half of the force P:
16 12 kN

; = 10.68 mm) dp, = 10.68 mm

T
7(90 MPa)

dy =
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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&
A T\

A B

==,

At distance x:

3
X
A= “"*(L—x)

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(Aﬁ)(z—})dx

dd = elongation of bar

L L 3
: X 1
8= A ds = l a(ATp) (L—3)dx = ZG(ATB)L

COMPRESSIVE FORCE P REQUIRED TO SHORTEN THE BAR BY
THE AMOUNT 8
EA6 |

= T = ZEAa(ATb)

COMPRESSIVE STRESS IN THE BAR
2 Ea(ATp)

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

L
dp) = aATB4— due to temperature from above

1 L
om = RB(I * a)

Compatibility: solve for Ry 8p, + 6y =0

L
—| aAT;
e
’ (L N L)
k EA
EA
Rp = —alATp

So compressive stress in bar is

Ry Ea(ATp)
UC = — o.=

COTIEL)
kL

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

2 2 kN -6
A= 2-(1913mm )=3826-1mn k=1750— AT =45a= 12-(10 ) L=3m E = 205GPa
m

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 5cy = AT-L =1.62-mm
o 1 L 1 mm
Apply redundant 8n = [— - —) —4 = =0575—=
R c2=RelEa "k EA k KN
Compatibility equation and solution for redundant dc1+8c2 =0 Re= GIATL) =-2816kN
[ oW l]
EA &k
Axial nomal compressive stress in beam o = — =-0.736-MPa
. . » Rl Re
Displacement at B using superposition bg = + -AT-L = 1.609-mm T = —1.609-mm

elongation of beam is equal to shortening of spring

252
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Problem 2.5-7

e 9
E = 200GPa a=12-10 a AT =10 A =334cm” L =3m

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 Rg then

use statics to get R,

L

= @-AT-L = 0.014-in =5 o
8g1 g, = Ry =

Compatibility sBl + SB") =0 solve for RB

Rp = ﬂ.(Q.AT.L) =-80.16kN negative so Ry acts to left
E

Statics RA* RB =0 S0 R.._\ = —RB = 80.16-kN

Beam is in uniform axial compression due to temperature change; compressive normal stress is

R
5T

253
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Problem 2.5-8

NUMERICAL DATA
d; = 50 mm d» =75 mm
Ly =225mm [L; =300 mm
E=60GPa a=100x107%°C
AT = 30°C k =50 MN/m

(a) COMPRESSIVE FORCE N, MAXIMUM COMPRESSIVE STRESS

AND DISPLACEMENT OF PT. C

e ) L5 )
Al-——4d| Ay 4d3

One-degree statically indeterminate—use Ry as
redundant

op = «AT(L; + L)

5 —R(—L' + Lz)
LU T T

Compatibility: &g = 8p2, solve for Rp
B aAT( Ly + Lj)
e
L o I
EA, EA;
N=518kN <

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

Ry N=Ry

N
Oomax. = A_ Oemax = 264 MPa
|

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

254

_ L
oc = alAT( L)) — RB—E;

d¢c=—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 + l/z)

— (L . L)
B B CBAY " Ehy K
Now add effect of elastic support: equate 85 and &,
then solve for Rp:
aAT(Ly + L)
Rp =
i + LZ + L
EA EA;, &k

N=Rp

N=312kN <

Ocmax = 1591 MPa <

N
Oemax = A_|
Superposition:

8¢ = aAT(Ly) — R i+l)
< ‘ EA, &k

d¢c=—0546 mm < (—) sign means joint C
moves left
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Problem 2.5-9
AT =10 o= 23-(10-6) E = 72GPa L=1m b; = 50mm b, = 60mm t = 6mm
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

L
2

5, |
Ao 07,

1o | =

structure.

8cq = -AT-L =0.23-mm 8¢y = Re| ————
1 c2=R¢ LE"'(bz “oy)

L , L
B} b, s
— el S, O e S
E-t~(b'_y —bl) L‘[ bl ] E-(bl't) N
Write compatibility equation then solve for R
-AT-L
8c1+8¢c2 =0 Rg = : . ) - =-5.198kN
E h( by 2
e e S =
Et(by=by) [b;) E(bs1)
Statics Ry +Re =0 Ry = R =5.198kN
Displacement at B using superposition
3 1
= by L -3
bg = Ry — ||+ a-AT-— =5318x 10 "-mm
joint B moves to right
L
RC? L —33
OR ——— + AT — =-532x 10 “-mm
E-(by-1) 2
shortening of BC
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Problem 2.5-10

AT =30 a= 19-‘10_ L=2m = 20mm by = 100mm by = 115mm  E = 96GPa

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.
3L 2L
2 5 by 9 by 3 mm
dcq = @ATL=114mm 8¢y = Re 22 g = i — | = 40—
= Et(bz —bl. bl Et(b: —bl) b] kN

Write compatibility equation then solve for R,

8y + 8y = 0 Re = _:Q‘AT'L) g = 174STAN
[E"’(bz —b) h{b_lﬂ
Statics Ry +Rg =0 Ry = Rc=117457 kN
3L
L b’ 35
Displacement at B using superposition g = Ryl ————In — ||+ «AT— =0-mm
no elongation of AB
2.L
5 [t :
OR Red——— ——— Il — o AT-— = 0-mm
E»I»(b:—bl) bl
no shortening of BC
: g 2
Extra - find displ. at x = 2L/5 byp5 =0y - ;-(b, -by) by 5 — 105-mm
2L
5 by 2L
b)LS = —R_\ -In =+ QATf =0011-mm
T Et(by=bys) |byrs, 5
[ 2L
OR b’LS 3L
+ AT — =-0.011-mm
Et(b,—bl) Ertbm by) 5
256
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Problem 2.5-11

ELONGATION OF THE TWO OUTER PARTS OF THE BAR

8 = a (AL, — Ly)
= 2.940 mm
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 Example 2-10.Thus, we can calculate the

elongation from Eq. (2-21):
_ (&EA; + aEA)ATL,
EA; + EAp

L))

257

SUBSTITUTE NUMERICAL VALUES
a, =12 X 1075°C a, =20 X 1076°C
E;=210GPa E,=110GPa

A, dy? = 176.7 mm?

NERSE

Ap = —(dy? — d?) = 169.6 mm*

AT =350°C L; = 400 mm
8, = 2.055 mm

TOTAL ELONGATION
8§=8;+8,=50mm <
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Problem 2.5-12

AT=15  ap=23(1079 L=18m r=36mm  E=T72GPa a= é = 45mm

Ay = 1r~r2 - -8071.504-xmn2 Use formulas in Appendix E, Case 15 for area of slotted segment

4 3 3 5 : 3 Ay
o= acos{-a—} -1445 baff-aleisTiBmm  Aye2d [u- a—?) = 3425.196 mm" — w0841
r = =

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
4 2 K 2 -3 mm
Sy = Qr-ATL=0621mm  §py = _ - — e —— .72 % 10 T —
LT c2=Re EA; EA EA; EA, § KN
Write compatibility equation then solve for R, -apATL)
e Re = = ~92417:N
, L L
<% 2
Eay E»AzJ
Statics Ry+Re =0 Ry = R = 92417kN

Thermal compressive stress in solid bar segments o -i—c =-22.698-MPa
1

and in slotted middle segment ory = ;\E ==26,982-MPa

-
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Problem 2.5-13

- e C- { &
- i % CIT 1200 % 0mo
L | R g ©P | 25mm X 50 mm
E';iji’;? - A "g T 12mmx S0mm
@ |7 C~ \ O -
Pin < Copper A lumminem

Diameter of pin: dp = 111 mm
- w 2
Area of pin: Ap = dez =95 mm

Area of two copper bars: A, = 1200 mm?

Aluminum: E, = 69 GPa
ag =26 X 107¢°C
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 “c”
(for copper):
(aa - ac)(AT)Ea Aa Ec Ac
EaAq + E- A,

B,=P=

Note that P, is the compressive force in the aluminum
bar and P. is the combined tensile force in the two
copper bars.

SUBSTITUTE NUMERICAL VALUES:
(aa - ac)(AT)Ec Ac
E A.

1+===
EaAa

P,=P=

259

Area of aluminum bar: A, = 1250 mm?>
AT = 40°C
Copper: E. = 124GPa a, = 20 X 107%°C

(6 X 1075°C)(40°C)(124 GPa)(1200 mm?)
a 124(1200)
+ RN p———.
69 \1250

FREE-BODY DIAGRAM OF PIN AT THE LEFT END
n p

| f—— =t

P, =

P,

= 12.861 kN

V = shear force in pin
=PJ2
=64305N
T = average shear stress on cross section of pin
V  64305N
- A_p = oS mnit
T=617TMPa <«
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Problem 2.5-14

N
/

I |
ﬁtl 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):
(g — agNADEgEgAp
EsgAg + EpAp

SoLve For AT:

os(EgAg + EpAp)
K (as — ap)Es EgAp

o = (Compression)

AT

or

os (.  EsAs )

AT = 1 +
Eglas — ap)\ EgAp

SUBSTITUTE NUMERICAL VALUES!

os = 25MPa
d> = 36 mm dy =26 mm
Es = 100 GPa Ep = 200 GPa

as =21 X 1075%°C
m 2 2 m 2
As =I(d§ di) 2(620 mm-~)

EsAg
EpAp

Ap = 2’5(43)1 - %(625 mm?) 1 +

25 MPa (1.496)
(100 GPa)(11 x 10°%7°C)

AT =34C <«

(Increase in temperature)

260

ag =10 % 107%°C

dg =25 mm

= 1.496
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Problem 2.5-15

FREE-BODY DIAGRAM OF FRAME

/AT
A
A —e

EQUATION OF EQUILIBRIUM

3Mc =0~

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

b

EQUATION OF COMPATIBILITY

84 =28p (Eq. 2)

(a) LoaDp P oNLY
Force-displacement relations:

Ui § e (Eq. 3)

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

LL 2TpL

EA EA

or Ty=2Tp

Solve simultaneously Egs. (1) and (4):

4P 2P

=5 B-% (Egs. 5)

(Eq.4)

For P = 2.2 kN, we obtain
T,=1760N Tz=880N <«
(b) LoAD P AND TEMPERATURE INCREASE (AT = 100°C)

Force-displacement and temperature-displacement
relations:

TiL
5y = EAI + a(ATIL (Eq. 6)

Tzl
8p =2, + a(ATL

Substitute Eq. (6) into Eq. (2):

T,L _ 2TpL

A + a(ADL = A + 2a(AT)L
or TA = 2T3 = EA(!(AT)

Solve simultaneously Eqs. (1) and (7):

(Eq. 7)

T = %{‘w + EAa(AT)] (Eq. 8)

Ty = 3{P — EAa(AT)] (Eq. 9)

Substitute numerical values:
P=22kN =2200N EA = 540 kN = 540,000 N
AT = 100°C

a =23 X107¢°C

Ty =1760N + 248 N) = 2008 N <
Tp=880N — 497N = 383N «

(c) WIRE B BECOMES SLACK

Set Tz = 0in Eq. (9):

P = FAa(AT)
or
P 2200 N
AT = = =
EAa (540 kN)(23 X 1075°C)
= 177°C
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Problem 2.5-16

FREE-BODY DIAGRAM OF BAR ABCD

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

T, Te
. AT = 60°C Ac= 173 mm?
a=12x107°rC
A B C D EQUATION OF EQUILIBRIUM
paf Gr— )] 22 A Xy = i
Run \[ 7 % s IM =0 Ty(2b) + TH4b) — P(5b) =0
Ray P or 2T + 4T¢c = 5P (Eq 3]
Ty = force incable B T = force in cable C
dg=12mm d-=20mm
DISPLACEMENT DIAGRAM SUBSTITUTE NUMERICAL VALUES INTO EQ. (5):
i 34 B 2 & i Tp(346) — TAH76.7) = —1,338.000 (Eq. 6)
in which T and T~ have units of newtons.
SorveE smMurLTaANEOUSLY EQs. (1) AND (6):
3y Ty = 0.2494 P — 3480 (Eq. T)
p Tc=1.1253 P + 1,740 (Eq. 8)
¥ in which P has units of newtons.
CompaTiBILITY: Sove Egs. (7) AND (8) FOR THE LOAD P:
8¢ = 20 (Eq. 2) Pp =4.0096 Ty + 13.953 (Eq. 9)
Pc-=0.8887 T — 1,546 (Eq. 10)

FORCE-DISPLACEMENT AND TEMPERATURE-DISPLACEMENT
RELATIONS

ép = ﬁ + a(AT)L 3)
B EAg al (Eq.

8¢ = e + a(ATL (Eq. 4)
i EA¢ . Ea

SussTiTuTE EQs. (3) AND (4) iINTO EQ. (2):

TcL o 2TpL

EA; + a(ATL = EAp + 2a(ATL

or

2TpAc — TeAp = —Ea(AT)Ap Ac (Eq. 5)

ALLOWABLE LOADS
From Table 2-1:

(TB)UI.T = l02.000 N (rC)ULT — 231.000 N

Factor of safety = 5

(Tp)attow = 20400 N (T)aow = 46,200 N

From Eq. (9): Py = (4.0096)(20.400 N) + 13953 N
= 95,700 N

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

= 39,500 N
Cable C governs.
Patiow = 39.5 kN ==
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Problem 2.5-17

NUMERICAL DATA

L=0635md=0050m &=210"%m

k=210(10° N/m E = 110(10°) Pa

a=175(10"%) AT =27°C

A= %dl A=1963510"> m?

(a) ONE-DEGREE STATICALLY INDETERMINATE IF GAP CLOSES
A=aATL A =3.00037107*m <exceeds gap

Select R4 as redundant and do superposition

analysis:
L 1

Bay=A Sy =Ry — +—

it Saciiflesd)
Compatlbility: 8A] + 8A2 =8 8A2 =8 — 8“

A

— = 1.50019

é

85— A
Ry=—— Ra=—129886 X 10°N
e— + —
EA &k
Compressive stress in bar:
Ry
o= T o = —6.62 MPa

(b) ForcE IN sPRING Fx = R¢
STATICS R4 + Rc =0
RC = _RA
Re= —120886 X 10°N <
Fi = 1299 kN(C)
(c) FIND COMPRESSIVE STRESS IN BAR IF kK GOES TO INFINITY.
FROM EXPRESSION FOR R, ABOVE, 1/k GOES TO ZERO, SO

8§ —A

Ry = R, = —3.40261 X 10* N

o=—1733MPa <
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Problem 2.5-18

E”A B:ql

Initial prestress: o, = 42 MPa

Initial temperature: T; = 20°C

E =200 GPa

a=14 X 10°%°C

(a) STRESS ¢ 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.

264

o> = Ea(AT)

o =0+ o2 =01 + Ea(AT)
= 42 MPa + (200 GPa)(14 X 10”%/°C)(20°C)
=42 MPa + 56 MPa = 98 MPa <«

(b) TEMPERATURE WHEN STRESS EQUALS ZERO
o=0;+0c=0 o+ Ex(AT)=0

" Ea

(Negative means increase in temp.)

s 42 MPa RS

(200 GPa)(14 X 10~%°C
T =20°C + 15°C = 35°C <
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Problem 2.5-19

> 2 4
n=15 p=16mm A = 550mm” Ap = 2900mm™ d= i-\S= 26.463-mm
J ™
L = 500mm E; = 200GPa E, = 73GPa

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

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

8, = 2n-p=48mm Note that n tumns of a tumbuckle moves ends together by factor of two

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

=3
s By b sin L osipersyg 5 000
e ExAy  2EgA ExAy  2ECA kN
a—_— : -2-n-p 3
Compatibility equation 8 +8, =0 solve for F, Fp = =-1.036x 10" -kN
G : L L
+
EjAy  2ECA
. Fa
Statics - force in each cable = F 2F,+Fy =0 F, = — =517849-kN
2
FpL
Shortening of aluminum tube by = - =-24461-mm
B
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Problem 2.5-20

A P
L = length of bar
s = size of gap

EA = axial rigidity

Reactions must be equal: find s.

COMPATIBILITY EQUATION

8, —8,=5 or

2PL.  RpL

3EA  EA

EQUILIBRIUM EQUATION

R4 = reaction at end A (to the left)

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

266

FORCE-DISPLACEMENT RELATIONS

2L
t P(%)
] By =
T
Rg
9~k

4

Reactions must be equal.

P
.'.RA=R8 P=2RB R =2—
Substitute for Ry in Eq. (1):
L_PL__ _PL
3EA 2BA ° ST 6EA

NOTE: The gap closes when the load reaches the
value P/4. When the load reaches the value P, equal
to 6 EAS/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

NuMEeRICAL PROPERTIES (N, m)

(a) Find reactions at A and B for applied force P;.

E; =210 (10% E, =9 (109) First compute P, required to close gap:
. - — -3 E\A
Ll—-l.4 L2—0.9 S-—125(10 ) Pl=_l lS P|=1027kN -—
dy =0152 1, = 0.0125 Ly
dy = 0.127 1 = 0.0065 Stat-indet. analysis with Ry as the redundant:
a; = 12(107%) &, = 21(107%) ( L L, )
dpm=—5 dp =R +
Ar=T1& - @ - 207] 4 =5478x 107 B " ONEA T By
T Compatibility: 8p) +8p =0
4 = 7 ld - @ - 1))
Ay = 2461 X 1073
Rg= 7 Re=209kN < Aﬁ
1 2 2
= fr—— T =— 7 =1333MPa <«
( E\Ay E2A2) —_T g RS
Ry = —Rjp (d) Required AT and reactions at A and B
(b) Find reactions at A and B for applied force P;: AT pqq = 35°C
E)Ap If pin is inserted but temperature remains at AT
B= s s Py=656kN <« above ambient temperature, reactions are zero.
) (e) If temp. returns to original ambient temperature, find
Stat-indet. analysis after removing P; is same as in reactions at A and B
part (a). Stat-indet analysis with Ry as the redundant:
% 5 5 Compaubllity: 83] + 832 =0
© Ma‘x. shear s.tress el el ot Analysis is the same as in parts (a) and (b) above
P;is applied: 5 : 2
since gap s is the same, so reactions are the same as
_ﬁ. above.

A
7 masa =Tl Tmaxa = 93.8 MPa
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Problem 2.5-22

With gap s closed due to AT, structure is one-degree Compatibility: 8 + 8o =5 8p =85 — 8
statically-indeterminate: select internal force (Q) at o
juncture of bar and spring as the redundant. Use super- B =5 — ATl + L)

position of two released structures in the solution. s —aAT(L; + L)

8.1 = relative displacement between end of bar at C L + Ly + "y
and end of spring due to AT EA, EA; k3

8'-2“ = aAT(L, + lQ) EA]AZk}
8.1 is greater than gap length s Q

- LiAsks + LrAkz + EAJA,
d.o1n = relative displacement between ends of bar and [s — aAT( Ly + Ly)]
spring due to pair of forces Q, one on end of -

bar at C and the other on end of spring

(a) REACTIONS AT A AND D

_of L, L2 @ e R _
8.n=0 + + Statics: Ry=—-Q Rp=20
EAy - EAy) K — 3+ aAT(Ly + Ly)

" Q(L|+ L2+1) =T L, 1 -
n == — —_— — — —_— —_—
- EA;  EAy k3 EA, T EA; T ks
RD= _RA -~

(b) DisPLACEMENTS AT B AND C

8c = aAT(L, + L) —
Use superposition of displacements in the two

released structures: RA(__L' . ) -
EA, = EA,
Ly
53=aAT(Ll)—RA(EAI) 5c=aAT(L, + L) -
8p = aAT(L,)) — [-s+aAT(L, + Lz)]( L, & L2>
[—s+ «AT(L; + Lz)]( L,) %+ 1; +% EA,  EA,
L L I EA, ' 2 3

+
EA, EAy, k3
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Problem 2.5-23

—. P=3.115kN EqumiBrium EQuaTioN
—_— —_n DN
. | T __ Pe3lSKN  EMpe =0 FE <
- —— | ——— | e— T(b) + Tg(2b) = P(3b)
- ! t‘ !
— ) S Ts ~r ¥ 2T+ Tc=3P (Eq.1)
- L‘ ]
L=202m | | | . L
A,
A/ Pin
P=3115kN W—
A =193 mm?
E = 210 GPa
Lg=12031m
Le=2030m
DISPLACEMENT DIAGRAM Combine Eqgs. (3) and (5):
Sp=2032m—Lyg=1mm TcL
" - é =Sc+8 (Eq.7)

Sc=2032m—Le=2mm
Eliminate & between Eqgs. (6) and (7):

B === = (Eq. 8)

Solve simultaneously Eqgs. (1) and (8):
6P EASp 2FEASc
=75+ 5L
3P 2EASp AEASc
Te=—-—
3 5L 5L

SUBSTITUTE NUMERICAL VALUES:

«—

[ =2.032 mm

Elongation of wires:
dp=Sg+ 28 (Eq 2)
Sc=S8c+8 (Eq. 3) % = 398.917 kN/m.

FORCE-DISPLACEMENT RELATIONS
Tp=3738 + 398911 N — 1595.668 = 2541 N <

IzL TcL
Sp=—pr Sc=7pr (Es4.5) Tc=1869 — 797.834 + 3191336 = 4263N <
SOLUTION OF EQUATIONS (Both forces are positive, which means tension, as
Combine Egs. (2) and (4): required for wires.)
Tl
—=85+2 .6
A B (Eq. 6)
269

© 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 2.5-24

P
1 Steel plate
i
'S 7
§ = s £=3
b b .
I ~ o .; L
t .C C'c L
% e L |
S
o
b O

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)—oocp)(l'omm)
AR “\20m
15 MPa

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

)
I

270

EQUII.IBRIUM EQUATION
p 2P, +P;=P (Eq. 1)

COMPATIBILITY EQUATION
X

P, | P, 'P;

8, = shortening of outer posts

8, = shortening of inner post

81 == 82 + 5 (Eq. 2)
FORCE-DISPLACEMENT RELATIONS
AL AL
8 =—— B8y =—r 3
1 =gyl (Egs. 3. 4)
SOLUTION OF EQUATIONS
Substitute (3) and (4) into Eq. (2):
AL_BL . . oo o B oo
WA m.C ) &

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

EAs
P=3p - —
L)

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

EAs

Palow = 3010w A 2

2400 kN — 600 kN = 1800 kN
L.EMN <
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Problem 2.5-25

T T
The figure shows a section through the pipe, cap and rod. Apd = Zdrz Apipe = Z(doz - dP
NUMERECAL PROPERTIES Ad = 1131 X 107*m?  Agpe = 1.611 X 107 m®
Li=16m E;=210GPA E;=96GPa i Compatibility equation: 8y + 8ep = 0
E.=83GPa 1. =25mm p=13mm n=z np

Q - Lci a7 Ztc Lci
EpArod EcApipc

dy=19mm d,=12mm d,=150mm

d; = 143 mm 0= 1982 X 10°N
(a) FORCES AND STRESSES IN PIPE AND ROD Statics: Froq=Q Fpipe= —0
One degree stat-indet. - cut rod at cap and use force Fine
in rod (Q) as the redundant. Stresses: @, = A_ o, =—1231MPa <—
811 = relative displ. between cut ends of rod due to o
1/4 turn of nut o= Frod o, = 17.53 MPa =
Sil = —np < ends of rod move apart, not Arod
together, so this is (—) (b) BEARING AND SHEAR STRESSES IN STEEL CAP
812 = relative displ. between cut ends of rod due to d,=0019m d,=0012m t,=0.025m
pair of forces Q P
5 Q( B3 i ) oy = —— 2"’" ~ - lEMA
rel2 = —
EpAa  E Apipe Z‘dw ;%)
Frog
Te = 7 =1328MPa <
Trd,t.

271

© 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 2.5-26

e Pt COMPATIBILITY EQUATION
P N\
L J
P; P’l ? P, l
- { I
s P s l T "P
5 P s
l
| o ‘
L = 200 mm ‘
P=10mm 8, = clongation of steel bolt
e SR 8, = shortening of plastic cylinder
A, =360 M
¢ = 36.0 mm~ (for one bolt) 8, +8,=np (Eq.2)
Ep=175GPa
g FORCE-DISPLACEMENT RELATIONS
A, = 960 mm
n = 1 (See Eq. 2-22) it 3, = Fel (Eq. 3, Eq. 4)
EQUILIBRIUM EQUATION EA, ExAp
SOLUTION OF EQUATIONS
b b Substitute (3) and (4) into Eq. (2):
L wn |
pL Bl
—_— 4 = .
] A EA, X =
P’
Solve simultancously Egs. (1) and (5):
P, = tensile fi i steel bolt
S1 “:CC n m‘ ¢ : . 2’1PE,A,E,A,.
Py = compressive force in plastic cylinder = m
P,=2pP, (Eq. 1) b
STRESS IN THE PLASTIC CYLINDER D = E/A, + 2EA, = 21.6 X 10°N
B 2np E; AsEp 2np N) 2(1)(1.0 mm) N)
S e 0‘ = —_— = —
% ~A,” LE,A, + 2EA) AR (D 200 mm (D
SUBSTITUTE NUMERICAL VALUES! =250MPa <

N = E;A, E, = 54.0 X 10" N¥m?
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Problem 2.5-27

= = L = 300 mm
' T p=15mm
E, = 210 GPa
3 ' 9

Ay = 50 mm? (for one bolt)
E, =35 GPa
Ap = 1000 mm?
n = | (see Eq. 2-22)
EQuiLBRIUM EQUATION
P, = tensile force in one steel bolt
P, = compressive force in plastic cylinder

P, = 2P, (Eq. 1)

e 3
|

y - :

COMPATIBILITY EQUATION

8, = elongation of steel bolt

8, = shortening of plastic cylinder
8y + 8p = np

FORCE-DISPLACEMENT RELATIONS

hL KL

-t 3
EIAI

% *~E,A,

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

RL BL
E,A, E,A,

Solve simultaneously Eqgs. (1) and (5):
2npE A E A,

b =1E,a, +2E,4)

STRESS IN THE PLASTIC CYLINDER
' A 2npE,A;E,

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

(Tp=

SUBSTITUTE NUMERICAL VALUES:

N - E,A.Ep

D = E,A, + 2E,A,

" L \D
=150MPa <
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Problem 2.5-28

. w W 2
'S)llc: figure shows a section through the sleeve, cap. and A= zdbz Ay = zldlz - (dy - 24;)}

NUMERICAL PROPERTIES Ap = 19.635 mm’ A = 263.894 mm’
,,=% p=10mm AT =30°C A3=%ld32- (dy — 26)% A, = 131.947 mm?
E. = 120 GPa a. = 17 X (107)y°C (a) FORCES IN SLEEVE AND BOLT

One-degree statically indeterminate—cut bolt and

E; = 200 GPa =12 X (1078y°C
" i ( » use force in bolt (Pp) as redundant (see sketches):

T4 = 18.5 MPa s =26 mm dy, =5 mm
Li=40mm #i=4mm [L,=50mm £ =3mm
dy=25mm d,—2t;,=17mm d, = 17 mm

épy = —np + a, AT(L) + L, — 5)

i+ Li —» Ly—=» Ly —s s
opm=Fy +
E Ay EA, E.A; E(A + Ay
Compatibility: ép +6m =10
- —[—np + a AT(L} + L; — 5)]
PB_[L,+L2-S Li—s Ly—s s ]
- - -
EAp E A E Az E.(A + A)

Sketches illustrating superposition procedure for statically-indeterminate analysis

Pg=254kN < Ps=—Pg <
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= ———O=np

[e—— Cap
1° SI superposition analysis using
Actual internal force in bolt as the
AT indeterminate | redundant
Ly structure

under load(s)

- -

et

5 =
AT
Sleeve
e -
L2 Bolt Two released structures (see below) under:
(Dload(s): (2) redundant applied as a load
A"" \"
e S=np =
AT

relative
displacement
across cut bolt, &y,
doe 0 both Gand P &
Cut AT (positive if pieces find relative 4
bokt move together) displacement
across cut bolt,
Relative™ | -
displacement
across cut bolt, &g,
due to Py, (positive
if pieces move
together)
L
(b) REQUIRED LENGTH OF SOLDER JOINT= 3 [L, —8 DBs=a §
=P + =2
P £ 5
M - EA, EA;,  E/A +A4Ap
s 8, = —0.064 mm
s _— § =257 mm 8] - 8[, =k 8, 8]’ = (.35 mm «—
- wdy7,; oy
(c) FINAL ELONGATION

sleeve (8y)

L+ L, —
sb=&(—ﬁ) 8, = 0.413 mm

&7 = net of elongation of bolt (85) and shortening of
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ProPERTIES & DIMENSIONS (N, m)

d,=0150 t= 0.003 E=07Xx10°

A=D1~ (dy— 2] A=1385X 107

MUST REDEFINE L. AND L) FROM ABOVE

L, =0.308>L =0.305 k = 262.5(10%)

Spring 3 mm §i=3%A0

longer than tube

5=L,—L

o, = 12(1078) <, = 140(107%)

AT =0 < note that Q result below is for
zero temp.

(a) FORCE IN SPRING F, = REDUNDANT

Flexibilities: f= % fi= TI:‘;, fi=3.145x 1077
" —8 + AT(—al) + a,L)
g f+h
Q= —T72TN < COMPRESSIVE FORCE in spring
(Fe)

(b) F; = FORCE IN TUBE = —(Q
A also tensile force in tube

NOTE: if tube is rigid, Fx = —k& = —787.5

(c) FINAL LENGTH OF TUBE AND SPRING

Li=L+ 8., + 8 < i.e., add displacements in
cap for the two released
structures to initial tube

length L
Ly =305.2 mm

KLy — L) = — 727446 % = —2771x1073

Ly=L— Qf + a(ATIL

Of = — 27711 %1073

STRESS IN POLYETHYLENE TUBE

o= 2 g, = — 5251 X 10°Pa
A,
(d) SEr Q = 0 TO FIND AT REQUIRED TO REDUCE SPRING
FORCE TO ZERO
)
AT y=——m"—
e )

ATeqa = 76.9 °C < since a; > ag, a temp.
increase is req’d to expand
tube so that spring force

goes to zero
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L = length

o = initial stress in wires

«Q .. 620 MPa
A,

A, = total area of steel wires

A, = area of concrete

Es=12E,

P, = final tensile force in steel wires

P. = final compressive force in concrete

EQUILIBRIUM EQUATION STRESSES
Py=P. (Eq. 1) P gy
COMPATIBILITY EQUATION AND Os = A— . EA -
FORCE-DISPLACEMENT RELATIONS T ==
EA,
8; = initial elongation of steel wires P o _
_ 0L ool T M B
EA, E A, E.
82 = final elongation of steel wires SUBSTITUTE NUMERICAL VALUES:
- = 620 MP E’—lz o .
EA, = CET AT
83 = shortening of concrete 620 MP
iy o, = —]23 = 500 MPa (Tension)
4
= 0
EA, 50
8 —8=8 or 620 MPa ,
ool PL PL o. = m = 10 MPa (Compression) —

e (Eq. 2. Eq. 3)

Solve simultaneously Eqgs. (1) and (3):
oAy
1 + EA,
E A,

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

PROPERTIES AND DIMENSIONS (N, m)

dy=0.150mm t=0003mm E, =0.7(10°%

L =0.305mm > L, = 0.302 mm = 262.5(10%) L)
m
o = 12(107%) < a, = 140(107°)
mw
A= 1d} = (do = 20)%)

A;=1.385 X 107> spring is 3 mm shorter
than tube

PRETENSION AND TEMPERATURE
8=L-1L, 8=3X10" AT=0

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

L

EA,
(a) FORCE IN SPRING (F) = REDUNDANT (Q)
B 8 + AT(—aiLy + a,L) =R
- f+ 1 ot

FLEXIBILITIES f=L

= f,=3.145x1077

f'=

Q0 =727N

Fy=T72TN <— also the compressive force in the

tube

(b) ForcE IN TUBE F,
(c) FINAL LENGTH OF TUBE AND SPRING Lf=L + 8.1 +
8:2

Ly=L - Qf,+ afAT)L L;=304.8 mm
KLy — L) = 727.446
Q

k

-Q <«

-

2.771 X 1073

278

Of = 2.771 X 107> same as Q = F;

STRESS IN POLYETHYLENE TUBE

Q

a=—
t A,

o, = 5251 X 10°

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

—d

ATh=77"—"T"—

™47 (—axly + L)

AT pqa = —76.8°C since &, > ay, a temp. drop
is req'd to shrink tube so
that spring force goes
to zero
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Problem 2.6-1

MAXIMUM LOAD—tension

50 mm
P & l # @_ﬁ’ Pomo = OaA  Pomo = 312kN

MaxiMuM LoAaD—shear
50 mm Pouxr = 2T,A  Ppaxr = 380 kN

NUMERICAT, DATX Because Tuow is more than one-half of Ggyow, the
A=25%10"2m? normal stress governs.
=19 -

7, = 16 MPa
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Problem 2.6-2

P d P=35kN Po—9 (Ed 2)
‘ ( a - max a 4 min
2
dmin P
TTa

NUMERICAL DATA P = 3.5kN o, = 118 MPa

72 = 48 MPa dpin =68l mm <
Find Py then rod diameter.
since 7, is less than 1/2 of o, shear governs.
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Problem 2.6-3

A = 65 mm X 100 mm = 6500 mm?>
Maximum normal stress:

oy =—

A

Maximum shear stress:

our = 26 MPa Tut = 8 MPa

Because 7, is less than one-half of o, the shear stress
governs.

or Ppg = 2A7y,

B[

Tmu

Prax = 2(6500 mm?)(8 MPa) = 104 kN «—
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Problem 2.6-4

T |4 T 7, =60MPa A =14’
~p -~ s
I T
X = 270
NUMERICAL DATA iy e

a=195(10"%"C E=110GPa

(2) AT,,.. (DROP IN TEMPERATURE) (b) AT AT WHICH WIRE GOES SLACK

Increase AT until o = 0:

o=%—(EaAT) Tm=‘—2' e I
" EaA
e T EaAT AT = 9.93°C (increase)
24 2
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Problem 2.6-5

ld (b) AT« FOR ALLOW. SHEAR STRESS
IE T q 7, = 70(10%) Pa
IT_2
NUMERICAL DATA (N, m) A i,
d=00016m T=200N a=212(10") Ea
E=110(10%Pa AT = —30°C ATau = —17.38°C <
A= -;Idz (c) AT AT WHICH WIRE GOES SLACK

Increase AT until o0 = 0
(a) Tmax (DUE TO DROP IN TEMPERATURE)

i
T AT =
- Yl (EaAT) EaA
Tmax = TX Tmax = 3z AT = 42.7°C (increase) <—
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Problem 2.6-6

=13

(@d=12mm P=95kN A d* = 1131 x 104 m?

P
o, = = = 84 MPa

(b) |Tmax = %" = 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
+ Ty (CCW) ON + Y-FACE

0.\’
Oy = — Oy = Oy

Tolyl = Tmax 3

On rotated x-face: [0 = 42MPa| 7, = 42 MPa]

On rotated y-face: oy = 42 MPa

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

2
oy - o'xcoswj2 = 7L7MPa < onrotated x face o, = a,cos(l) + %) = 12.3MPa < on rotated y face

EQ.2-29b 54 = -Tﬂx sin(20) = =297 MPa < CW on rotated x-face

On rotated x-face: oy = 71.7 MPa| |7y = —29.7 MPa |

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

"",m"‘!‘mul‘f{llml“ T

d l:l‘“'}u;i'l”.n‘l"

Strain: ¢ = — = ——— = 0.00008
L 50mm
Hooke's law: oy = Ee = (210 GPa)(0.00008)
= 16.8 MPa

(a) MAXIMUM NORMAL STRESS

o, is the maximum normal stress.
Opax = 168 MPa <

285

(b) MAXIMUM SHEAR STRESS
The maximum shear stress is on a 45° plane and
equals o,/2.

o
rm=7"=8.4MPa C o

(c) STRESS ELEMENT AT § = 45°

8.4 MPa 8.4 MPa
\/ \/ 8=45°
8.4 MPa \ / 8.4 MPa
/ \8.4 MPa
8.4 MPa
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Problem 2.6-8

(@ a=175(10"%) AT =50

aJ

o, = —Ea AT = —105 MPa Tmax =5
(compression)
(b) 7y = 48 MPa

-0y

> sin(24)

Eq. 2-2Sb Ty

E = 120 GPa

= —525MPa <atf =45°

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

270
SO 0 = 5"5"’( ~ ) = 33.1" < CCW rotation of clement

X

ay - 0..-005(0)2 = —~738 MPa < on rotated x face

iy
oy = a'_,cos(G + _72_1') = —31.2MPa < on rotated y face
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Problem 2.6-9

.
P = 45kN L=1m A = 5200mm~ O = 35deg
. -P _
Normal compressive stress o, = — =-8.654MPa

Plane stress transformations

0'9(9) = ax-cos(0)2 09(6) =—5.807-MPa 0'9{

d

P
+
'4|=‘

) =-2.847-MPa

-
==}
+

] =—4.066-MPa

|3

T(8) = —o-sin(6)-cos(6) Tg(6) = 4.066-MPa
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Problem 2.6-10

N ok
L=1m A=1200mm~ AT=25 a-=12l10 6_) 0 = 45deg E = 200GPa
Compressive thermal stress o1 = Ea:AT = 60-MPa
Support reactions Rp = opA=T72kN Rg =R,
: Rp
Plane stress transformations o, = — =—60-MPa
A
2 (e, B _ 3 , 102
og = 0y -cos(8)” = -30-MPa o, cos B+ = | =—30-MPa Tg = —Oy-sin(8)-cos(8) = 30-MPa

Rotated stress element

288
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Problem 2.6-11

NUMERICAL DATA
L=3m b=071L P=220kN o,=96MPa 7,=52MPa A=374cm®> <UPN220 bh=213m

(a) FIND REACTIONS, THEN MEMBER FORCES (SEE SOLU. APPROACH IN EG. 1-1)

04 =60° 6p = arcsin(% sin(OA)) = 37.943° fc = 180° — (64 + 0p) = 82.057°

sin(@¢) Pb cos(84) + 2Pb sin(By)
=L(——) =3431m B, = =304.861kN A, =P — B, = —84.861 kN
sin(8) c :
A, = —2P = —440kN Fyc=——— =97.99kN Fup = —A, — Fyccos(B4) = 391.005kN
sin(fa)
Ty
Fpc = ——— = 495.808 kN
BE™ sin(8p)
< - _ Fie _ Fap
Normal stresses in each member: o0 4¢c = =3 AT 262MPa oup = e 104.547 MPa
F
B TBC = —132.569 MPa
From Eq. 2-31:
FmacdC = o= = I3AMPa| |7 pyetp = a2 = 523MPa| |7 mouac = 3= = —66.3 MPa

(b) o, < 21, so normal stress will control: lowest value governs here.

P P
MEMBER AC: P = 7 —(054) = 806.094 kN Prssr = 5—(27,4) = 873.268 kN
C (]

A A
P P
MEMBER AB:  Pypp = —(0,A) = 202.015 kN Pour = —(27,A) = 218.849 kN
Fap Fyp
P P
MEMEBER BC: |Poso = |—=— | (0,4) = 159.3 kN Power = |—| (27,4) = 172.580 kN
Fpc Fpc
289
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Problem 2.6-12

NUMERICAL DATA

- o
d =32 mm 4d
P=190N A = 804.25 mm’
a = 100 mm
b = 300 mm

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

P(a+ b
g STH
a

F=T760N

>|'!1

o= o, =0945MPa  or o,=945kPa
From (1), (2), and (3) below:

Omax = Ox Omax = —945 kPa

0.\'
Tmax = 472 kPa c e —472 kPa

1Me=0 oy=—945kPa <
(2) 6 = 22.50°
On +x-face:

Oy = o’,‘cos(«‘))2
o,=—807kPa <—

Te = —o,sin(@) cos(H)

T =334kPa <

On +y-face: 0=0+ —121
oy = o',,cos('l?)2

oy = —138.39 kPa

Ty = —o,sin(f)cos(f)
7o = —334.1 kPa

(3) 6 =45°
On +x-face:

oy = ¢r,,cos(0)2
oy=—472kPa <

T = —o,sin(f)cos(f)
79 =472kPa €

On +y-face: 0=0+ %

oy = oc0s(0)} o, = —472.49kPa
To = —osin(@)cos(8) 19 = —472.49 kPa

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

izw t k&
S Mpin=0

P(400) = [2k3(100) + k3(300)]
il
5k

4
Force in plastic bar: F= (2k)(§§)

8P F=304N

F==
5

Normal and shear stresses in plastic bar:

F
a’x=7 o, =038
Omx = —378kPa <
Tm“=% Tmax = —189kPa <
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Problem 2.6-13

NUMERICAL DATA (N, m) a 2 Tme
Using oy = o,c08(0)~ cos(8)° =
b=0038 h=0075 A=bh A=285X10">m? Ox
0,
AT=70-20 AT=50°C o, = —114MPa 0,, = —8.7 MPa ,/7”=0.87
Opg = —8.7(10°) [0pq ’
- -6 6= arccos( —) 6 = 0.87°
a =95 (10"%rC o,
E=24(10°) Pa

Now with , we can find shear stress on plane pg:
(a) SHEAR STRESS ON PLANE PQ R _
STAT-INDET. ANALYSIS GIVES FOR REACTION AT RIGHT Tpg = —sin(@)cos(f) T = 485MPa
SUPPORT: Opg = 0:c08(8)*  0pg= —8.7MPa
R = —EAaAT R = —3249kN
« Stresses at § + /2 (y-face):

R 2
=" Ox= —11.4 MPa oy, = a,cos(o + 22) oy, = —2.7 MPa

(b) STRESS ELEMENT FOR PLANE PQ Set Tmax = T4 and solve for Pgax:

o
AW _ —EadT 3P

> Ta 2 8A

b.?""ﬂ A
>-
)

Prax1 = 129,200 N

et —EaAT = 3P
Tmax =~ +
/ / 84

\ Tmax = 11.3 MPa < check

7, = 11.3MPa

3Pm|xl
o, = —EaAT + ——
(c) MAX. LOAD AT QUARTER POINT Oy = 23(106) Pa 44

o, = 22.6 MPa < less than o,
7o = 11.3(10%) 27,=22.6MPa < less than o, Stresses in bar (L/4 to L):
so shear controls B
o
0, = —EaAT — —  Tpp=——
Stat-indet. analysis for P at L/4 gives for reactions: * 44 ==

Set Tmax = Tq and solve for Pyaxa:
-P -3
Rpy = — Rpp=—P

4 4 Paax2 = —4A(—27, + EaAT)

(tension for 0 to L/4 and compression for rest of bar) Pmaxz = 127.7kN <= shear in segment (L/4
to L) controls

From part (a) (for temperature increase AT): - —EaAT Pocein . = —113MPy
R'n — —EAaAT RL] — —EAaAT e 2 8A max ’

. L P
Stresses in bar (0 to L/4): o, = —EaAT — max2 0y = —22.6 MPa

3P o, 44
0’,=—E¢1AT+H ‘l‘m“=2—
291
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Problem 2.6-14

p\ A{J

N —

N

q

NUMERICAL DATA

9—55(1) d
= \is/"™

b =18 mm h =40 mm

A=bh A=T720mm’
Opga=60MPa 754 = 30 MPa

a=17x(10°%°C E=120GPa
AT = 20°C P=15kN

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

-0,
Ea
Tpg = —0o,sin(@)cos(f)

oy = —EaATqax AT =

Tpg-= or_‘(cos(«‘))2

Set each equal to corresponding allowable and
solve for oy

Opga
ogm— . gy = 18238 MPa
cos(0)”
-
= = —63.85 MP:
= —sin(@)cos(0) = S

Lesser value controls, so allowable shear stress governs.

—O0x

T =
Al Ea

-

ATmax = 31.3°C

(b) STRESSES ON PLANE PQ FOR MAXIMUM TEMPERATURE

0y = —FEaATqa oy = —63.85 MPa
e o.cos(f)’ Opy = —21.0MPa <
Tpg = —0Oxsin(f)cos(f) Tpg =30MPa <

292

(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 R4 and Ry due to load P:

Ry=—(1—-PB)P  Rp=pBP

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):

R4
o, = —EaAT + L

Shear controls so set 7,,,,, = 7, and solve for B:

a'x
LY

I — B)P
o, = —EahT 4 LB
A

A
B =1~ 527, + EaAT]

B=-51
Impossible so evaluate segment (BL to L):

Stresses in bar (BL to L):

Rp o
0y = —EaAT ——=  Tng =2—‘
Set Tmax = 74 and solve for Py

P

27, = —EaAT — BT

B = _—:[—274 + EaAT]

~—

B =0.62
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Problem 2.6-15

NUMERICAL DATA
P =30kN a = 36°
7o = 48 MPa <in the brass bars

0, =90 MPa

aw
= = 54°
0 5 0

ajq = 40 MPa
Tja = 20 MPa  <on brazed joint
tensile force Ny¢  Method of Joints at C
P
Nyc = tension
AC ™ Sin(60°) ( )

Nic =346 kN -
min. required diameter of bar AC

(1) Check tension and shear in bars; 7, > 0,/2 so

normal stress controls

N
A
N
Avcad = =€ Areqa = 384.9 mm?

a

4
o = /;Aqu dmin = 22.14 mm

293

(2) Check tension and shear on brazed joint:

Nic Nic ; 4 Nyc
=T A gx:ﬂ' 2 d = ;O'
._d X

4

Tension on brazed joint:

oy = a',;cos(())2 set equal to ¢, and solve for

0, then dpga
Tja
.= 3 o, = 115.78 MPa
cos(9)

d —,/iN‘C drocd = 19.52
rad =\ reqd = 19.52 mm

Shear on brazed joint:

T = —a,sin(@) cos(9)

N,
o = }— 2 ’ o = 42.06 MPa
—(sin(@)cos(8))

4 N,
lreqd = \/; ;XC dreqa =324 mm < governs

© 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 2.6-16

b4
P \ P
o) I ;
1
«
10° = a = 40°

Due to load P: o, = 4.9 MPa

(a) STRESSES ON JOINT WHEN a = 207
’/ n
% o

o \P-e
W \

0 =90°—a=70°
oy = 0y cos’0 = (4.9 MPa)(cos 70°)*
=057MPa <
Te = —0y Sin f cos @
(—4.9 MPa)(sin 70°)(cos 70%)
=—1.58MPa <

(b) LARGEST ANGLE @ IF 740w = 2.25 MPa
Tallow = —0 Sin @ cos 0

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

—2.25 MPa = —(4.9 MPa)(sin #)(cos ) or sin # cos
6 = 04592

1
From trigonometry: sinficosf = Esin 26

294
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(c)

Therefore: sin 20 = 2(0.4592) = 0.9184

Solving: 260 = 66.69° or 113.31°
0 =3334" or 56.66°
a=90"—-# o= 56.66° or 33.34°

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

NOTE: If « is between 10” and 33.3°.

| 70| <2.25MPa.

If « is between 33.3” and 40°,

| 79| > 2.25 MPa.

WHAT IS e if 7y = 207?

Numerical values only:

| 79| = o, sinfcosh |og| = oy cos?0
FLny

o

oy sin B cos O = 20,cos0

sin@=2cos® or tanfh=2

6 = 63437 a=90°—-40

a =266 <

NOTE: For & = 26.6” and # = 63.4°, we find
oy = 0.98 MPa and 7y = —1.96 MPa.

Thus.

70 :
—| = 2 as required.
o9



Problem 2.6-17

20 MPa

NN

AN

(a) ANGLE @ AND SHEAR STRESS Ty

PLANE AT ANGLE 6
0y = 0y cos’f
oy = 60 MPa
Tp 60 MPa
o, =—F =——F—

cos29 cos29

PLANE AT ANGLE # + 90°

Tp + 000 = Ofcos(8 + 90°)] = o —sin 6]

= o, sin’
g + 900 = 20 MPa
0g+00° 20MPa
sin’9 B sin’9
Equate (1) and (2):
60MPa 20MPa
cos’@ - sin’g

Oy =

60 MPa

(1)

(2

295

tan20=% tan9=% 9 =30 <
From Eq. (1) or (2):
o, = 80 MPa (tension)
To = —0Oysin@cosf
= (—80 MPa)(sin 30°)(cos 30°)
=—346MPa <

Minus sign means that 7, acts clockwise on the plane
for which § = 30°.

20 MPa 60 MPa
‘\»/ \ =
34.6 MPa
\ / 34.6 MPa
60 MPa 20 MPa

(b) MAXIMUM NORMAL AND SHEAR STRESSES

Opax =0, =80MPa <
o.X
Tmax = 7 = 40 MPa =
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Problem 2.6-18

—(-4754 + 650 _

o= T3.1 MPa oy = 65 MPa

8 = acos| [— @ = 19.5°
Find @ and o, for stress state shown in figure.

o >
0, = owos(B  cos(0) =, /T" \q,.%“@
X

\ q,\f“ﬁ
50 sin(o)=,/1—:—" / \34;1\?“ 6=30°

T9 = —0ysin(f) cos(H) \
ﬂ- = — \/I —_— g‘.’. 2_ / /
Ox Oy ¥ Oy
o oy oy
o Z N 7, Now find o and 7, for 8 = 30°:

(23)2 35 B (65)2 Ty = U'JCOS(O)Z Og1 = 54.9 MPa «—
Ty = —oSin(@) cos(f) Te=—3L7TMPa <

2_ .6_5. + 22_0 w 2
P o . ogz=0xcos(9+?> op = 183MPa <
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Problem 2.6-19

Eq. (2-29a)
oy = o, cos>f

PLANE pg:
oy = 57TMPa
6 = 8,,00 = o, cosf, (1)
PLANE rs: 0, = 23MPa, 0 = 6, + B = 0, + 30°
o = o, cosX@; + 30 (2)
From (1) and (2): 0, = —4— = —5—2 3)

cos“9;  cos“(h, + 30°

297

Erom (3) [ cos 6, ] oy
om(3): | ——————— | = —
cos (8 + 30°) o>
. B T 1.5742
cos(8; + 309 o

Solve by iteration or use a computer program:
9, = 25°
From (1) and (2): 0 o = 0, = 64.4MPa

= =347MPa <—

Tm ax

B
2
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Problem 2.6-20

/< (a) DETERMINE ANGLE @ FOR LARGEST LOAD
(i
& [ p\\____‘l___ ] " Point A gives the largest value of o, and hence the
q largest load. To determine the angle 6 correspon-
ding to point A, we equate Egs. (1) and (2).
i 50MPa _ 3.0MPa
A =225 mm’ c0520 sin @ cos @

On glued joint: oy;q = 5.0 MPa 30
tan § = % 0 =3096° <

Tatiow = 3.0 MPa
ALLOWABLE STRESS & IN TENSION (b) DETERMINE THE MAXIMUM LOAD
3 oy 5.0 MPa From Eq. (1) or Eq. (2):
0y = 0,c05°0 Oy =—F—= = (1)
cos*@  cosf 50MPa  3.0MPa
o= = = 650 MPa
Ty = —0,sin 0 cos 0 cos“f ERE
Since the direction of 74 is immaterial, we can write: Prax = 03A = (6.80 MPa)(225 mm’)
70| = oysin O cos O =153kN <=
or
Iy | 30MPa
= (2)

%~ Gin@cos®  sin@cosd

GraprH oF Egs. (1) anp (2)

ox |54
(MPa)
10+
5
0 .5

T T T T
15 30° 45"9 60° 75° 90°
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Problem 2.6-21
NUMERICAL DATA

a =95(1076)°C E=28GPa L=06m AT =48C k=3150kN/m f= b 3.175 X 1074 kN/m

o

b=19mm h=38mm A=>bh Ly =046m o,=—-69MPa 7,=-39MPa o4y = — 53 MPa
(a) FIND 0 anD Ty

= R O,
R, = redundant R, = :—m = —4454kN o, = 7’ = —6169MPa |— = 0927
X
( EA ) i

fo-
@ = arccos ( ;9-) = 0385 cos(20) =0.718 8 = 22.047°

2
o
o, COoS (0)2 = —53MPa OR 7’(1 + cos (28)) = -5.3MPa o, = a,cos(o + %) = —(0.869 MPa

@ = 0.385 radians @ = 22.047° o, = —6.169 MPa 20 = 0.77 radians

Ty = —0,sin(@) cos(@) = 2.146 MPa OR 7y = —Taxsin(20) = 2.146 MPa

[T = 2.15MPa] (6 = 22°|

(b) FiND o) AND Oy,

2
lo,y = =53 MPa| [0y = —0.869 MPa |

2
T
Oy = Oy cos(O)2 Oy] = O cos(o + —)

(c) Grven L = 0.6 m, FIND Ko

oA
koot ™ = L 3961.895kN/m < controls (based on &oy)
—aATL — o,A (E )

27,4
OR kpps = AL - = 5290.016 kKN/m < based on allowable shear stress
—aATL - 27,A (a)

|k max = 3962 kN/m |

(d) GIVEN ALLOWABLE NORMAL AND SHEAR STRESSES, FIND L.

k = 3150 kN/m
R —aATL 0.A
Oy = - O.A = e Lnax1 = AD = 0.755m < controls based on o,
za) t7 “« E
27.A()
OR Ly = = 1.088m < based on Tayow
—( AT + 27")
“ E
Loyax = 0.755m
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(e) Fmp AT, civen L, k, AND aLLowapLE sTRESSES k= 3I150kN/m L=06m o,=—-69MPa

r, = —3.9MPa
L
— +
(EA f) oA
AT paxt = T e 53.686°C < based on oayow
L
a + 1214
AT on = = A0.688°C < based on Ty
—al
AT = 53.7°C|
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Rotate stress element CW by angle 8 to align with glue joint (see fig.)

0 = a—90deg = —55-deg

Plane stress transformations o, = £ A= b2 = 35004111112
A
3
og = 0,cos(8)” Tg = —0y-sm(B)-cos(6)

Equate o, and 1, to allowable values and solve for P - min. P controls

Omax = x Pmm:l = cra-A= 28.75-kN
o (45deg)-cos(45deg) P _ A =35625kN < shear in wood controls
Tmax = A -S1 g)-Cos eg maxl = 2 A =2.02D
i
Ppax3 = - =26.597 kN
cos(0)”
T..-A
Pt = — = 6.651.kN

—s1n(0)-cos(0)
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Problem 2.7-1

P3P P
RN }~—-
A [of D
L L | VR A
"% 2 | 3 a
P =27kN (a) STRAIN ENERGY OF THE BAR (EQ. 2-40)
L=130cm - EN%L,-
E =72GPa 2EA;
= 2 1 E L L
INTERNAL AXIAL FORCES
Ngg=3P Ngec=-2P Nep=P _PAL (33_ ) _ 23P4
LENGTHS 2EA\ 6 12EA
L L L (b) SUBSTITUTE NUMERICAL VALUES:
Lipg=- Lpe=7» Eep=gs
6 2 3 2
_ 23P°L
12EA
=1402N'm <
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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. 2-40). P=27kN  L=600mm
u—é NiL; _Pz(uz)[ i | ] d=40mm E=105GPa
FI2EA 2B L3047 Fd) 5(27 kKN2)(600 mm)
= )
PZL 1 1 ) SPZL 47(105 GPa)(40 mm)
wE\4d*> d*) A=nEd®

= 1036 N- m = 1.036] <
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Problem 2.7-3

Py
%D =
H

Py
P - —+
H

Py
1 3 5 X
H

Add the strain energies of the three segments
(see Eq. 2-40).

Upper segment: Ny = —P)
Middle segment: N, = —(P; + P,)
Lower segment: N3 = —(P; + P + Pa)

304

STRAIN ENERGY

N L] &2
U_EzE.A; —[(2EA) .~=21N'

H
=salPi+ B +P+ @B+ B+ R

Substitute numerical values:

H=30m E = 200 GPa
A =7500mm> P, = 150kN
P, = P; = 300kN
(3.0m) 3 i
= 5 [(150 KN)* + (450 kN)
2(200 GPa)(7500 mm?)
+ (750 kNY|
=788] «
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Problem 2.7-4

| Q P (c) Forces P AND Q ACT SIMULTANEOUSLY
h B € PYL2) P-°L
Seement BC: Upe = ———— =
| L | L ] g BC
| 5 . > - 2EA 4FEA
: P+ QL2
(a) Force P acts ALONE (Q = 0) Segment AB: Uyp = ( 2QE)A( )
P - 7
Yo P POL QL
4FEA 2EA  4EA
(b) Force Q acts ALONE (P = ()
2 2
0L QUL plL  POL QL
= = = - = =t —
“" =T “wm * U =Uhe* U =550 * 2ma * ama

(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 + UQ.)
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Problem 2.7-5

DATA
Weight Modulus of Proportional
densi elasticity limit
Material (kN/m~) (GPa) (MPa)
Mild steel 77.1 207 248
Tool steel 77.1 207 827
Aluminum 26.7 72 345
Rubber (soft) 11.0 2 1.38

STRAIN ENERGY PER UNIT VOLUME

2
U= L Volume V = AL
2EA
U _ o
Uu=—=—
V 2E
At the proportional limit: At the proportional limit:
u = up = modulus of resistance _ ﬂ 2
uw 27E (Eq. 2)
_%h
UR = Sp (Eq. 1)
RESULTS
STRAIN ENERGY PER UNIT WEIGHT ug (kPa) it,,, (m)
. Mild steel 149 1.9
U=qmy WeightW=rAL Tool steel 1652 21
- - Aluminum 826 31
y = weight density Rubber (soft) 476 143
w2
YT W 2
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Problem 2.7-6

B =60° SFer=0 T, 1
Lap=Lpc=L —FypsinB + Fpesin =0
SiﬂB = V3R Fap = Fpc (&] 1)
cos B =172 3Fioiz = 0— «
FREE-BODY DIAGRAM OF JOINT B —Fapcos B — FpccosB+P=0
P
. A —_— P — P -
8 5 )p Fap = Fyc 2cos B 2112) P (Eq. 2)
Fas \Fac
Axisl foroes: Nag = P (tension) (b) HORIZONTAL DISPLACEMENT OF JOINT B (EqQ. 2-42)
Npe = —P (compression) 5 = 2U 2(?31.) 2PL
B o — gy v — o —
(a) STRAIN ENERGY OF TRUSS (EQ. 2-40) P P\ EA EA
v - s ML Nap’ | WNpcYL P
2EA;  2EA 2EA EA
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Problem 2.7-7

Lpc=15m @ =30° (c) LoaDs Py AND P; ACT SIMULTANEOUSLY
P,=13kN P,=4kN v P, .
L L BN
Lig=—25_  Lp=1732m sin(@)
cos(g) Fpc = Py + Fgc = —5.628 kN

E=200GPa A= 1500 mm?
Fap® Lap " Fpc* Lpe

(a) LOAD P; ACTS ALONE Uz = 2EA ST Uy = 02641
Fpe=P  Fapp=0 NOTE: The strain energy Us is not equal to U; + U,.
Fpc® Lpc
Uy=—77— Uy = 0.00422]
1 2EA 1

(b) LoAD P, ACTS ALONE
Py
sin(@)
Fpc = —Fpcos(f) Fpe = —6928.203 N

Fap = Fup = 8kN

! ABzLAB ! BC2 LBC
- + =0.30
2= Tom 2FA U2 = 03051

308

© 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 2.7-8

k‘ = 3k
ky = 1.5k
kz=k

8 = downward displacement of rigid bar

-

¢ k6
For a spring: U = — Eq. (2-38b)

(@) STRAIN ENERGY U OF ALL SPRINGS

2 2 .52
U= 2(-—3"8 ) - 2(__1.sw ) 2 L

2

(b) DiSPLACEMENT &

2 2

we
2
Strain energy of the springs equals 5k5°

Work done by the weight W equals

Waé o3 .__V_V_
3 = 5k6- and 8_l0k

309

(¢) FORCES IN THE SPRINGS

w
By D o By

3w
0 l.5k5=7)6' - 2

w
F3=k8=-—l0 =

(d) NUMERICAL VALUES

W=600N k= 75Nmm= 7500 N/mm

U = 5k8% = Sk(l)z -
ST TNk 20k

=24N'm=24] <

é W 8.0 «—
= Jox = 30mm

NOTE: W = 2F, + 2F; + F3 = 600 N (Check)
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Problem 2.7-9

- 1A 3__}3’
by - I P
s e—— X o ;T
' L —!
b _
B = By (2—be)¥
A(x) = tb(x)
_ (b — b,).r]
= tl:bz —L
(a) STRAIN ENERGY OF THE BAR
_ [ IN@)dx
U= 2EAR) (Eq. 2-41)
_ f Plax _ P? /‘L
o 2Eth(x)  2Et [y by — (by — by)f
i ax 1
From Appendix C: /a T In(a + bx)

(1)

Apply this integration formula to Eq. (1):

P [n - 22|
- b ——1
2EtL —(by — by)(3) L 0
T ]
T O R T T

PL b

e
2Et(by — by) by

(b) ELONGATION OF THE BAR (EQ. 2-42)

S W__ P b
P Etb, —b) b

NOTE: This result agrees with the formula derived in

Prob. 2.3-17.
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Problem 2.7-10

s = 1.0 mm

L=10m

For each bar:

A = 3000 mm’

E =45GPa

EA

— =135 X 10 N/'m

L

(a) LoADp P) REQUIRED TO CLOSE THE GAP
I it 2 i
n general, =~ an =%

For two bars, we obtain:

P = 2(%) = 2(135 X 105 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
8 — s.

P=P+ 3(%)(8 -

or 400 kN = 270 kN + 3(135 x 10° N/m)
& — 0.001 m)

Solving, we getd = 1.32l mm <—

(c) STrRAIN ENERGY U For P = 400 kN

EA3®
=1 oL
Outer bars: &= 1321 mm
Middle bar: 6=1321mm—s
= 0321 mm

U= %{2(1.321 mm)? + (0.321 mm)?|

= —;(135 % 10° N/m)(3.593 mm?)
=243N'm = 243] <«
(d) LOAD-DISPLACEMENT DIAGRAM
U=243]=243N'm

? = %(400 kN)(1.321 mm) = 264 N'm

P
The strain energy U is not equal to § because the

load-displacement relation is not linear.

400

300

Load P
(kN) 200

d=1.0mm

] i = [.J<1l mm

1 1 T I
0 0.5 1.0 1.5 2.0
Displacement & (mm)

U = area under line OAB.

Pa
— = area under a straight line from O to B, which is

larger than U.
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Problem 2.7-11

s

ky
£
k
——x
Force Py required to close the gap: (a) FORCE-DISPLACEMENT DIAGRAM
Py = ks 1)
FORCE-DISPLACEMENT RELATION BEFORE GAFP IS CLOSED 8
P=kx O=x=5)0=P=Py) 2) f i Skopemk, + 2

FORCE-DISPLACEMENT RELATION AFTER GAP IS CLOSED

All three springs are compressed. Total stiffness equals
ky + 2k,. Additional displacement equals x — s. Force
P equals Py plus the force required to compress all three
springs by the amount x — s. "Slope = &,
P = Py + (ky + 2k} (x — )

= ks + (ky + 2k)x — kys — 2kys
P= (kl o 2kz)x o 2&23 (X ] .\'), (P = Po) (3)

Py = force P when x = 25 =/|+| |+/]

Substitute x = 2s into Eq. (3):

Displacement x

(b) STRAIN ENERGY U WHEN X = 2§

U) = Area below force-displacement curve

1 1 1
=fs + Rs + (B — R)s = Ry + She

Py, = 2(ky + k)s 4)
— k|5‘2 + &y F kz)?z
Uy = (2 + kp)s* < (5)
Pé Pé . . ;

(c) STRAIN ENERGY U, IS NOT EQUAL TO 2— 7 = area under a straight line from O to B, which

P51 is larger than U).

For8 = 25— = — Py(2s) = Pys = 2(k; + kp)s® Ps
2 2 Thus, — is not equal to the strain energy because

(This quantity is greater than U,.) the force-displacement relation is not linear.
U, = area under line OAB.
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Problem 2.7-12

DIMENSIONS BEFORE THE LOAD P IS APPLIED From triangle ACD:
d=%\/l42,—b2=329.09mm )

DIMENSIONS AFTER THE LOAD P IS APPLIED

b = 380 mm

B Let x = distance CD
Let L, = stretched length of bungee cord
= k= 140 N/'m

e
Ly =760 mm

F; triangle ACD:
rom triangle - L|=Lo+£‘/—b2+412=vb2+4-‘2

L b\?
- (2) + 22 2)

L= Vb + 4 (3)

EqQuiLiBriUM AT POINT C

L0=(I —%)Vb2+4xl (7

This equation can be solved for x.

SUBSTITUTE NUMERICAL VALUES INTO EQ. (7):
Let F = tensile force in bungee cord

. [l (80 N)(1000 mm/m)]
s— 4(140 N/m)x
G ulP
x V(380 mm)? + 4 (8)
P=80N
760 = (1 = '42‘857)\/ 144,400 + 4x° ©)
x
IFAYA Units: x is in millimeters
‘9 g Solve for x (Use trial-and-error or a computer program):
x = 49788 mm

- g / §ig (%)- 4) (a) STRAIN ENERGY U OF THE BUNGEE CORD
2

ké
ELONGATION OF BUNGEE CORD U= T k= 140 N/m P=80N

Let & = elongation of the entire bungee cord From Eq. (5):

a_f_£/Hﬁ R T (R,
kK 2% 42 % B TrrEm

Final length of bungee cord = original length + &

P\/_bz‘ U= —;{140 N/m)(305.81 mm)? = 6.55 N-m
L= +8= +—=J1 +— 6)

SOLUTION OF EQUATIONS U=655] <

Combine Egs. (6) and (3): (b) DisPLACEMENT 8 OF POINT C
L|=lo+'2% HZ%:m 8¢ = x — d = 497.88 mm — 329.09 mm

= 168.8 mm <
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() COMPARISON OF STRAIN ENERGY [/ WITH THE

|
QUANTITY P2 P /;_ Large
displacements
U=655]1
A
Péc 1 E

= = ;(SD N)(168.8 mm) = 6.75]
The two quantities are not the same. The work done by
the load P is not equal to P8,/2 because the load-
displacement relation (see below) is non-linear when .

the displacements are large. (The work done by the é¢ Displacement
load P is equal to the strain energy because the bungee

cord behaves elastically and there are no energy

losses.)

T Small
displacements

U = area OAB under the curve OA.

Pé¢
TC = area of triangle OAB, which is greater than U.
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Problem 2.8-1

(a) DOWNWARD DISPLACEMENT OF FLANGE

WL
=
Eq. (2-53):
2h\ 12
Sax=08g| L+ | 1+ —
Bt
= 0.869 mm <«
(b) MAXIMUM TENSILE STRESS (EQ. 2-55)
E
s =T““‘“= 152.1MPa <

(c) ImpacT FacTOR (EQ. 2-61)

Impact fact _ Simax
W= 650 N mpact factor = 5.

h =50 mm L=12m =117 <«
E =210GPa A=5cm?

315

© 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 2.8-2

M = 80kg

W = Mg = (80 kg)(9.81 m/s?)
= 784.8N

h=05m L=30m

E=170GPa A = 350 mm’

(@) DOWNWARD DISPLACEMENT OF FLANGE

WL
b6y = A 0.03957 mm

[
Eq.(2-53): Oy = 8,,[! + (1 - ?) ]

s

=633mm
(b) MaximMum TENSILE STRESS (EQ. 2-55)
E5
Cosx ™ T"‘“ = 35 MPa <«

(c) ImpacT FacTOR (EQ. 2-61)

B nax 6.33 mm
8,  0.03957 mm

Impact factor =
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Problem 2.8-3

W=200N h =50 mm
s ik I L=09m
~ E =210GPa A=15cm?
T (a) DOWNWARD DISPLACEMENT OF FLANGE
— |
WL
&y =—
" EA
i 2h 12
Eq. (2-53): 8m=8,,[l +(l +—) ]
8y
=0762mm <
L —

= 8.463 X 1074

(b) MaximMum TENSILE STRESS (EQ. 2-55) (c) ImpacT FacTOR (EQ. 2-61)
Omax = ——=1777MPa <« Impact factor = —=
L 8y
=133 &
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© 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 2.8-4

W=50N h = 200 mm k = 90 N/m

(a) MAXIMUM SHORTENING OF THE SPRING

A\ 12
EqQ. (2-53): 8y = ,,[l+(l+ﬂ) ]

st

=215mm <

k

d
i

318

(b) ImpaCT FACTOR (EQ. 2-61)

Impact factor =

O 215 mm

5,  55.56mm
=39
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Problem 2.8-5

o
h
¥
k
W=8N h =300 mm k=125 N/m

319

(a) MAXIMUM SHORTENING OF THE SPRING

W
Bump

2h

=270mm <

(b) ImpacT EacTOR (EQ. 2-61)

8
Impact factor = —;E

st

=42 <

5t
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Problem 2.8-6

WHEN THE RUBBER CORD IS FULLY STRETCHED!

_EAS* EA_
T By 2L0”“‘ Lo

CONSERVATION OF ENERGY

M’z EA 2
KE=U 2% = Z_LO(LI Lg)

S
WLy ! 0

g=981ms> E=20MPa oA
A= 1.6 mm’ Ly =200 mm = =) m -
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)
K= = Bims <
320
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Problem 2.8-7

L
2
r

W =20kN d =300 mm

L=55m
wrd> 2
= T = 0.0707 m

321

E =10GPa
T oiow = 17 MPa
Find Agax

STATIC STRESS

_WV__20kN _
A 0.0707 m?
MAXIMUM HEIGHT Aqax

Eq. (2-539): Opex = a,,[l + (1 +

or

Oy Lo,

12
0‘““—1=(1+2"E)

Square both sides and solve for A:

_2) 5

SUBSTITUTE NUMERICAL VALUES:

h=hyx =

2E Oy

Coax = Tallow = 17 MPa

Rpax = 027m  «

j &) . ( o P

2hE

st

© 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.

2) |



Problem 2.8-8

ﬁr-« StaATIC STRESS
LR W 3434N

E’ Ou =4 = o o7 = 8585 MPa

MiNIMUM LENGTH Ly

2hE\\2
Eq. ( 2-59): am-a.,{l +(l +E) ]

: or
w T ( ME)"Z
A = 1w [ P
5 T o, Lo,
Square both sides and solve for L:
;A
/ L 2Ehe,, -
g T Tnay — 2‘7#)
- SUBSTITUTE NUMERICAL VALUES:
W= Mg = (35 kg)(()x' m,sz)_ 3434 N b 2(130 GPa) (1.0 m) (8.585 MPa)
A = 30 in E = 130 GPa (500 MPa) [500 MPa — 2(8.585 MPa)]
h=10m Oy ™ Tpu = 500 MPa =925m <
Find minimum length L ;..
322
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Problem 2.8-9

- STATIC STRESS

W
oy =~ =29 MPa

MINIMUM LENGTH Lgin

Eq. (2-59): Omax = a,,[l + (1 + La',,) ]

or
—= 1= (1 + )
Ost Loy,
Square both sides and solve for L:
2Eho,

olmax(o'max - 20'11)

SUBSTITUTE NUMERICAL VALUES:

L 2Eho,
W=145N N e
min 20‘.")

B 0,0, —
A=05cm* E=150GPa
h=120cm o, = 480 MPa

Find minimum length L.

=459m <
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Problem 2.8-10

STRAIN ENERGY WHEN SPRING 1S COMPRESSED TO THE
MAXIMUM ALLOWABLE AMOUNT

[~

‘,‘2 == ﬁ
Ig
Vv =Y — £
k=80MN/m W=>545kN max = Wig
d = maximum displacement of spring SUBSTITUTE NUMERICAL VALUES!
d = 8., = 450 mm 8.0 MN/m

Vmax = (450 mm\/
i Z (545 kKN)/(9.81 m/s?)

=5400 mm/s = 54 m/s <«

Find ¥gax.
KINETIC ENERGY BEFORE IMPACT
My? W 2

2 2

KE =
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Problem 2.8-11

k=176 kN/m W =14kN Solve for Byt e = }MV -
v = 8 km/hr £
g = 9.81 m/s? SUBSTITUTE NUMERICAL VALUES:
SHORTENING OF THE SPRING 8000 2
m
Conservation of energy: Wey? ! N 3600s )
: : s Sax = = 200mm
KE before import = strain energy when spring is fully e ok N
compressed * 81— 1
M2 kdZa Smax = 02m = 200mm <«

2 2
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Problem 2.8-12

W = Mg = (55 kg)(9.81 m/s?)

= 539.55N
EA =23kN
Height: A = 60 m

Clearance: C = 10 m
Find length L of the bungee cord.

PE. = Potential energy of the jumper at the top of
bridge (with respect to lowest position)

U = strain energy of cord at lowest position
 EASL,,
2L
CONSERVATION OF ENERGY
EAB
PE.=U WL+ 8,,) =——
2L
5 2WL 2WL2
or Omax — or Omax — —py =
EA EA

SOLVE QUADRATIC EQUATION FOR 8 max:

B (2 )

WL ( 2&)'“]
= 1+(1+—
EA W

VERTICAL HEIGHT

h=C+L+8p

h—C——-L+—[] +<1 +—)

SOLVE FOR L:
h—C

H (]

SUBSTITUTE NUMERICAL VALUES!:

W 539.55N
T 0.234587

Numerator=h —C=60m — 10m =50m
Denominator = 1 + (0.234587)

2 12
X R S
[‘ 5 (l & 0.234587) ]

= 1.9586

50 m
=osEe, 0%

Jirz
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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

Omax = elongation of elastic cord

PE. = potential energy of weight before fall (with
respect to lowest position)

PE. = W(L + &,,,)
Let U = strain energy of cord at lowest position.
EA8Z,,

U=
2L

327

CONSERVATION OF ENERGY

EA82

PE=U WL+8m)=— L’"“"
QWL 2wi?

O B = gy e ~ g =0

SOLVE QUADRATIC EQUATION FOR &,
s B EA EA

STATIC ELONGATION

WL
%

IMPACT FACTOR

- S 2EA |2
=1+4+|1+—
e 1+ 2]

NUMERICAL VALUES
8, = (2.5%)(L) = 0.025L
WL W EA
8y=— —=0. =
w=g g4 =005 =

Impact factor = 1 + [1 + 2(40)]'? =10 <

=40
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Problem 2.8-14

GEOMETRY OF BAR AB AND corp BC

'," /, ‘~\\~ _!___ o D
’ lll g o h CG c
¢ +—2" N
/' ,’ h , b
b s L 8y
% o | &,
[ g ) A
o b4 Smas L
W :
I L
CD=CB=b
RiGip BAR: P
= . AD =AB =L
== GRABosEak) h = height of center of gravity of raised bar AD
=98IN z
Smax = clongation of cord
ne-e From triangle ABC:sin 6
rom triangle sin ) = ———
NYLON cOrD: \ /biL + L!
A = 30 mm + 12
b=025m 2h 2h
E =2.1GPa melchD:smzo-E-L—
Find maximum stress o'may in cord BC. From Appendix C: sin 26 = 2 sin f cos 0
. 2h_ 2( b )( L ) __ 2L
L Vi + 12 +1}) P+
and h oL’ (Eq. 1)
b* + 12 )
CONSERVATION OF ENERGY Substitute from Eq. (1) into Eq. (3):
PE. = potential energy of raised bar AD 2 W 2WILE
= . g = (Eq. 4)
5 i g 2 2
=W(h+£) Ab- + L)
2 SOLVE FOR 0" pax:
2
: w 8L°EA
U = strain energy of stretched cord = ——— R _[| + f 1+ _] =
2b max 24 Wb + 12)
s B S .
PE =U Wilh+ = (Eq. 2) UBSTITUTE NUMERICAL VALUES:
2 2 Omax = 33.3MPa <«
O maxl
For the cord: 8, = =

Substitute into Eq. (2) and rearrange:

w 2WhE
Oax = 1 Tmax = pa— =0

(Eq. 3)
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Problem 2.10-1

4 ()

(@)

P=13kN (G (b) STEPPED BAR WITH SHOULDER FILLETS

(a) BAR WITH CIRCULAR HOLE (b = 150 mm) b= 100mm ¢ = 64 mm; obtain K from Fig. 2-86.

Obtain K from Fig. 2-84

£ 33.85 MPa
ct

o'nom

Ponpg=gsmme g=-ig=1atum ForRR=6mm: Rlc =01  blc=15

= g- = 17.33 MPa K =225 040 = KOy =76 MPa <«
For R = 12 mm: R/c = 0.19, bl/c=1.5
K= 187 Onax = Kogoy = 61 MPa <

‘rnom

dib = 0.167 K =~ 2.60
Omax = KOpom = 45 MPa <«
Ford =50 mm: ¢ = b —d = 100 mm

@ nom =§ = 21.67MPa

dib =033 K = 231
Omax = Kopom = S0 MPa <«
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Problem 2.10-2

P=25kN

(a) BAR WITH CIRCULAR HOLE (b = 60 mm)
Obtain K from Fig, 2-84

t=50mm

Ford=12mm:c=bh—d=48mm
P 25kN

-— — = 10,42 MPa
¢t (48 mm) (5 mm)

U nom

dlb'-% K ~ 251

Omax = KOpom =26 MPa
Ford = 20mm:¢c = b —d = 40 mm

j i i 25kN
¢ (40 mm) (5 mm)

= 12.50 MPa

T nom

1
dlb-? K = 231

Orax = KOpory = 29MP2
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(b) STEPPED BAR WITH SHOULDER FILLETS

330

b = 60 mm ¢ =40 mm;
Obtain K from Fig 2-86
P 2.5kN

@ nom ™ -—(40mm)(5mm) = 12.50 MPa

For R = 6 mm: R/c = 0.15 ble = 1.5

K=200 0Omux=Kogom=25MPa <«
FORR = 10 mm: Ric = 025  blc= 1.5
K=1.75 Omax = KOpom =22 MPa <



Problem 2.10-3

d
-—
Of b : i
0 3.00 0.333
: 0.1 2.73 0.330
A 0.2 2.50 0320
a; = allowable tensile stress 0.3 2.35 0.298
Find P, 04 224 0.268
Find K from Fig. 2-84 We observe that P, decrcases as /b increases.
Therefore, the maximum load occurs when the hole
max ay
Poax = O o€l = X ot = ?(b - dj becomes very small.
d
a,m(| d) (;—‘0 and K—’3)
K b
. abt
Because oy, b, and f are constants, we write: Posx = v «—
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Problem 2.10-4

p dy=26 mm dy=20 mm p Use Fig. 2-87 for the stress-concentration factor:
1 P SEA; SE
O poin ™ =
+ L
|._1,_,_...——L,——..—-Lz__. Ay Sy 21_2(%) ¥l
2
SE
T
E = 100 GPa 21.,(—') ¥l
6 =0.12mm &
SUBSTITUTE NUMERICAL VALUES:
=l 0.12 mm) (100 GPa)
(0.12 mm) ( a
Ly=03m O nom = 50\2 = 28.68 MPa
2 = 2(0.1 m (—) + 03m
R = radius of fillets = 6mm—020mm_ = 3mm ‘ 26
) L TR
5-2(&).;& D, 0mm
EA; EA,
SEA A, Use the dashed curve in Fig. 2-87. K = 1.6
Solve for P: P
20,A; + LiAs Omax = Koroom = (1.6) (28.68 MPa)

=46 MPa <«
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Problem 2.10-5

3= (PLZ) PL,
dy=36mm 4 =25mm  dy B EA, EA
AP 2 o —
————— — e S8EA A
t | ! | | Solve for P: P = ﬁ
i L - A + LAy
Use Fig. 2-87 for the stress-concentration factor.
E =170 GPa
P P 8EA, _ 8E
& =0.1 mm nom Al 2L2A| + L|A2 Al
L, =500 mm 2Ly e + Ly
L, =125 mm _ 8E
36 mm — 25 mm dy \?
R = radius of fillets R = = dalg] T
= 55 mm
SUBSTITUTE NUMERICAL VALUES: Use the dashed curve in Fig. 2-87. K = 1.53
(0.1)(170)
@ som = 2512 = 27.39 MPa Omax = KO pom = (1.53)(27.39 MPa)
[2(125)(§) + 500] ~419MPa <«
R 55mm
— = =022
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Problem 2.10-6

dy = 20 mm
dy, = 20 mm
d, = 25 mm

Fillet radius: R = 2 mm
Allowable stress: o, = 80 MPa

(a) COMPARISON OF BARS

- wd}
Prismatic bar: P, = 0 Ay = o, &

= (80 MPa)(-})(ZOmm)z -25.1kN «

Stepped bar: See Fig. 2-87 for the stress-concentration

factor.

R=20mm
R/D, = 0.10

w2
o

Dy =20 mm D; =25mm
DyD; = 1.25 K=~ 175
P O s

=4 Tk

o o
Py = 0 pom A] = ——A; = —A,

K K
_ 80 MPa l 2
—( 175 )(4)(20mm)
~ 144kN <

Enlarging the bar makes it weaker, not stronger. The

ratio of loads is P\/P, = K = 1.75

(b) DIAMETER OF PRISMATIC BAR FOR THE SAME
ALLOWABLE LOAD

h=5 Ut(

d

do =~/ =

334

L"O)=£(’L‘l) a4
4 K\ 4 “x

0 mm
~ 5.1l mm <«

V175

[~
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Problem 2.10-7

. | a
P £ P
b 6(; S Basep uron HOLE (Use Fig. 2-84)
¢ =40 mm b=60mm  d = diameter of the hole (mm)
Fillet radius: R = 5 mm S e
amm
Find dmax. Prax = O pom €1 = K (b —dj
Basep uron rFILLETS (Use Fig. 2-86.) _ li(( - %) btoy,,
b =60 mm ¢ =40 mm R =5mm
R/c = 0.125 ble = 1.5 K=2.10 d(mm) ab K Prax/btormax
B T Tk e 12 0.20 25 032
Frnax = O pomi€t = ==t = = (3)(’") 13 0.22 2.45 0318
14 0.23 24 0.321
£ 031751 G 15 0.25 2.35 0319
0314 / Based upoa hode
T Based upon fillets
0321 @317 e £
031 ] : o
} | ¢ gy = 13 mm
Wmar 030 | > . o i
75 10 125 15 1715 20
335
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Problem 2.11-1

R

Let A = cross-sectional area
Let N = axial force at distance x
N = yAx

>z

oc=—=w

336

STRAIN AT DISTANCE X

o o ( o )’" ¥x Uo( 'yx)'"
g =—+ — — = — + AT
E E \oy E  aE\oy

ELONGATION OF BAR

L L. i FE N
6=/edx=/7—'dx+L/(7—) dx

_ol? ool (yL

m
2E  (m+ DE 0'0) QED. >
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Problem 2.11-2

A B_ P& p
L ?'??‘:-5;'2‘\ L — .:.;:I--—)
@ o & ]

' 3 J 3

L=18m A = 480 mm’

Py =30kN P> = 60 kN

Ramberg—-Osgood equation:

o 1 o 10
€= 15000 m(m) l=MEa)

Find displacement at end of bar.

(a) P; ACTS ALONE

P, 30kN
AB:o = —L = —— — 62.5 MPa
A 480 mm
& = 0.001389

. = e(zTL) = 1.67Tmm <

(b) P5 ACTS ALONE

ABC =ﬁ—ﬂ— 125 MPa
A 480 mm?
& = 0.002853

337

(¢) BorH P; AND P> ARE ACTING

_P|+P)__ 90 kN

AB:o = 5 = 187.5 MPa
A 480 mm-
e = 0.008477
2L
dap = S(T> = 10.17 mm
P
B o Y S
A 480 mm~
= 0.002853

SBC — e(%) = 1.71 mm

8c =20 + Opc=11.88mm <

(Note that the displacement when both loads act
simultaneously is not equal to the sum of the dis-

placements when the loads act separately.)
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Problem 2.11-3

: . 2
| L | >

L =810 mm d =19 mm

A=ﬂTdZ A=%92=283529

(a) STRESS-STRAIN DIAGRAM

- 18’0008)6809 0=e=003 (c=MP
o= l+3008(' ) 0=¢e=0. (o= a)

w slope =124 GPa

A0 mposagboscsocssisianasssssansisnanns R
o | e Asymptote = 420 MPa
(MPa) 0 |
=
140 f'
i £
0 0.01 0.02 0.03

338

(b) ALLOWABLE LOAD P

Max. elongation 8y5x = 6 mm
Max. stress o, = 275 MPa

Based upon elongation:

Bos: 6 4
R T
Emax = 7 = 215 = TA07 X 10
18,0008 1 ax
= 6.809( ———==_) — 281.752
Tmax (1 % 300st)

S0 max. stress controls.

BASED UPON STRESS:

P, =0ma A
P,=799kN <
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Problem 2.11-4

P : P
e e At sy ek e o b =
L J
* \

L=20m
A = 249 mm?

STRESS-STRAIN DIAGRAM
(See the problem statement for the diagram)

LOAD-DISPLACEMENT DIAGRAM

P o= P/A £ 6 =¢elL
(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

50 -
40 -
30 -
P (kN)
20
10
T AL, T 4
0 5 10 15 20 & (mm)

NOTE: The load-displacement curve has the same
shape as the stress-strain curve.

339

© 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 2.11-5

LOAD-DISPLACEMENT DIAGRAM

P P
f’ | E P o=PA & (from d=ceL
- L - (kN)  (MPa)  Eq.lorEq.2)  (mm)
35 27 0.00039 1.5
STRESS-STRAIN DIAGRAM 70 54 0.00078 3.0
106 82 0.00121 45
4 140 108 0.00275 10.5
e 180 139 0.00462 17.5
E‘.l //—
s
S 180 kN
i 180 mpm i mmmwmw
g/ | |
& 5 135 106kN 5
0 él € P _',:""r" ; :
(N 90 ¢ 175 mm
45~ [ l45mm 5
E, = 69 GPa /i E
0 g & (M)
E, =16.5 GPa 0 5 10 15 20
o) = 83 MPa
o _ 01 _83MPa
'"E,  69GPa
= 0.0012
For0=co=o0y:
o o
=—= = P/A (1
5~ eoGpa (o ) (Eq. (1))
For o = oy
ca+ T ooz + -2V
sl "B 165 GPa
o
i 0.0038 (o = P/A) (Eq. (2))
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Problem 2.11-6

af

Wire: E = 210 GPa

oy = 820 MPa
L=10m
d=3mm
2
A= ": — 7.0686 mm>

STRESS-STRAIN DIAGRAM

o= Eg O=0o=o0y
E n

o= oy (—8) @=0p) (=02
Ty

(a) DISPLACEMENT & AT END OF BAR

6 = elongation of wire ép = %6 = %sL

Obtain & from stress-strain equations:

oFE

FromEq. (1): & = m

(1

2)

(3)

4)

iin
oyl o
F Eq.(2): e = —| — 5
rom Eq. (2): E(Uy) 5)
Axial force in wire: F = 32—P
F 3P
Stress i ire: g =— = — 6
ress in wire: o 9 (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:
e = 0.0039048 P = 3.864kN dg = 5.86 mm

(b) LOAD-DISPLACEMENT DIAGRAM

341

P
(kN) 4 -+

8-
6 -

2 ‘V
' 6 =5.86 mm
/I T
0 20 40 60 Jg(mm)
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Problem 2.12-1

JoinT B

2F\eﬂ =0
Structure is statically determinate. The yield load Py SR
and the plastic lead Pp occur at the same time, namely, QoryA) sin .= P
when both bars reach the yield stress. Py=Pp=20yAsinf <

342
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Problem 2.12-2

Fac = ovAy Fep = oyA>
P e FAC + FCB
Pp=o0yA; + oyA2 = 0{A; + A7) <

SUBSTITUTE NUMERICAL VALUES!
d; =20 mm d; = 25 mm oy = 250 MPa
DETERMINE THE PLASTIC LOAD Pp:

At the plastic load, all parts of the bar are stressed to the
yield stress.

Pp = (250 MPa)(-E)(d% + d})

U5 2 2
= (250 MPa)(Z)[(ZO mm)~ + (25 mm)~]

Point C: =201 kN <«

e T e ]
Fyc Feg

343
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Problem 2.12-3

(b) BArR AB IS FLEXIBLE
At the plastic load, each wire is stressed to the yield
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

F F
F — U','A
Sum forces in the vertical direction and solve for the
load:
At the plastic load. all four rods are stressed to the yield Pp=2F + 2F sin a
stress. Pp=20A (1 +sina) <

345
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Problem 2.12-5

Jowt E PLASTIC LOAD Pp
Fee Equilibrium: At the plastic load, all bars are stressed to the yield
Fir 3 4 stress.
® 2&5(—) + 2FBE(—) =p
5 5 5 Fpap=0yAsg  Fpp = 0Wpg
or
6 8
\ 6 8 Pp=—0oyAp + —OyApy —
= P=§FAE+“FBE P =5 OYUE T S OYARE

5
SUBSTITUTE NUMERICAL VALUES:

Aip = 200 mm?® App = 400 mm?
oy = 250 MPa
Pp= 2(250 MPa)(200 mm?) +
8
5 (250 MPa)(400 mm?)

= 60kN + 160 kN = 220kN <«
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Problem 2.12-6

F F F F F At the plastic load, all five bars

1 are stressed to the yield stress
F= 0’yA

Sum forces in the vertical direc-
tion and solve for the load:

YpP
1 2
Pp=2 W)*P?,F(W)-FF

A
=%(5\/§+4\/§+5)

g =0 =408l
2
A= 17:' = 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

» o Py =20yA ‘&
DA | P B{p m
f————==—uf Pp = (2)(290 MPa)(j;)(ls mm)?
d = 102kN <«
d=15
mm (b) Pp is not changed.
oy = 290 MPa

Tensile stress = 60 MPa

(a) PLaAsTIC LOAD Pp

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
A c ! | B
= ,,
_L a , a a—> a—

(a) YLD LOAD Py

Yielding occurs when the most highly stressed wire
reaches the yield stress oy

UyA

IM-=0
Py=0yA <
At point A:
- (2)2)-2
2 EA 2E
At point B:
8p =36y =08y = 3;—EYL

349

(b) PLASTIC LOAD Pp

oA

Pp

G'yA

At the plastic load, all wires reach the yield stress.
EMC =0

doyA
3

At point A:

L
8y = (UYA)(E)

At point B:
3(TyL

dp =384, =6p
(¢) LOAD-DISPLACEMENT DIAGRAM
P

Pp
| —
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Problem 2.12-9

FREE-BODY DIAGRAM

D
L
| ||
=
A = cross-sectional area
EqQuiLiBRIUM:
oy = yield stress s —
—(AF 3 =
E = modulus of elasticity Ma Ful 22 :; 3 gpc-?:) 4 PP(‘“,) 3)
DISPLACEMENT DIAGRAM FORCE-DISPLACEMENT RELATIONS
A B C D
- c(%)
83 8C 80 88 = L 5(. = (4. 5)
Substitute into Eq. (1):
COMPATIBILITY: FL 3L
3 e
= 553 ) 4EA 2FA
Fe=2Fp (6)
8p = 28p (2)
STRESSES From Eq. (3):
Fp Fc -
g~y =g -l ay Ao Sel)
5
Wire C has the larger stress. Therefore, it will yield first. P=PF= Z«ryA =
(a) YIELD LOAD
From Eq. (4):
oc=0y o= o e 4 (From Eq. 7) _ FpL oyl
= 3
1 . (2):
Fc - o’yA FB - —U‘yA Fram EC[ (2)
2 20yL
Sp=8p=Wp=—7T— <
From Eq. (3): E
1 (¢) LOAD-DISPLACEMENT DIAGRAM
2 Eﬂ'yA + 3(oyA) =
P 3
P=Py=0yA < P = ZPY
' Pol oo,
From B]. (4). Py ------ E sP - 28}'
5 FBL (TyL E §
“EA T 2E | :
From Eq. (2): f T
Ba. (D 0o 8 & %
O‘yL
8p =06y =20p =

(b) PLASTIC LOAD
At the plastic load, both wires yield.

Op =0y =0¢ FB=FC=0’yA
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A = 48.0 mm?

Problem 2.12-10
L=40m
E = 160 GPa

d = difference in length = 100 mm

{ {1, | or=500MPa

INITIAL STRETCHING OF CABLE |

Let W, = load required to stretch cable |
to the same length as cable 2

W =%d= 19.2kN

8, = 100 mm (elongation of cable 1)

W Ed
- =_'=_=400MPa(a| <oy..

>
A L oK)

(a) YiELp Loap Wy
Cable | yields first. F| = o0yA = 24 kN

61y = total elongation of cable |

81y = total elongation of cable 1
diy=——=——=0125m = 125 mm
Sy =28;y=125mm <

&,y = elongation of cable 2

=8[y—d=25mm

EA
F = —8&;y = 48kN

L
Wy=F, + F; = 24kN + 48kN
= 288kN <«

Initially. cable | supports all of the load.

(b) PrLasTiC LoaD Wp
Fi = oyA Fr=0yA
Wp=200A = 48kN <
&»p = elongation of cable 2
= FZ(L) = 0‘_yL = 0.125 mm = 125 mm

EA E

81p=20.p+d=225mm
Op=28p=225mm <

(c) LOAD-DISPLACEMENT DIAGRAM

W osodo o
(kN) |
40 - :
W, :
30 ooy 5
0./ i i
10- .
815y 8p
0 ] I T
100 200 300 8 (mm)
Wy Oy
“Yoqs X135
W 8
Wp op
—=1667T —=1.38
Wy Sy

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

L = 380 mm
¢ =0.26 mm
E = 200 GPa
oy = 250 MPa
Tuse:

d, =76 mm
d, =70 mm

dy = 38 mm

T a2_2
Ar 4(dz dy)

ku
dge Tl
B 4b

ﬁ

INITIAL SHORTENING OF TUBE T'

Initially, the tube supports all of the load.
Let P, = load required to close the clearance

EAr
Py = Tc = 94.1 kN

Let 8, = shortening of tube 8, =c¢ =026 mm

P
o = A—‘T =1368MPa (01 <oy .. OK)

(a) YIELD LOAD AND SHORTENING OF TUBE
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= oyAr = 172kN
87y = shortening of tube at the yield stress
oy = % = 0.475 mm
Sy=8ry <
8py = shortening of bar
=87y —¢c=0.215mm

EAp
Fp= Tﬁgy = 128.3 kN

Py=Fr+Fg
= 300kN
Py=300kN <«
(b) PrasTiC LOAD Pp

Fr=oyAr Fp = oyAp
Pp=Fr+ Fp = oAt + Ap)
=456 kN <«

8pp = shortening of bar
= ?iL- = 0475 mm
E
87p = 8pp+ ¢ =0.735mm
.

&p =d7p

(¢) LOAD-DISPLACEMENT DIAGRAM

N Pp=456 kN
P :
(kN) 400+ ;
Py=300kN E
0| 0 . iR , ;
200- i
Py =94.1kN i ;
b
| 8,=0.26 | 8y=0475 |5p=0.735
! mm | mm | mm
0 T - T ! T ! T
02 04 06 08
P 5
T=319 X=1827
Py 1
P
L1517 2=1507
Py Y

P
0 < P < Py:slope = 8—‘ slope = 362 kN/mm
1

Py —. P

P, < P < Py:slope = Hslope = 950 kN/mm
Yy — 9
Pp — P,

Py < P < Pp: slope = Y Slope = 597 kKN/mm
Y

T
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Problem R-2.1

E; =210 GPa E. =120 GPa

Displacements are equal: 8,=86.

o PL_ P
EsA.v EcAc
SO E,A, p— ECAC
A E
and —=—"
5 c

d;

4 ES d(' 5
== s0o S=]F=-1323 <
(mi,z) E. s E.

4
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Problem R-2.2

L=45m
A = 4500 mm?

E =170 GPa
Smax = 2.7 mm

Statics: sum moments about A to find reaction at B

L L
P; +P3
Rp=—"— Rg=P
B L B
Method of Joints at B:

Fap = P (tension)

Force-displ. relation:
EA
P = Ta‘"‘“ =459kN <

P

Check normal stress in bar AB: ¢ = T“ = 102.0 MPa

354
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J

A
|

< well below yield stress of 290 MPa in tension
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Problem R-2.3

E=110GPa A = 250 mm?

a=2m b=075m

P L)
_ L. N [— e
=12m 1A B C D 3
| a | b l ¢ |

Py = 15kN P; = 10kN '
P =8 kN
Segment forces (tension is positive): Nig= P, + P, — P3=17.00 kN
NBC = Pz — P3 = 2.00 kN

Nep = —P3 = —8.00kN
Change in length:

1
ép = E_A(NABa + Npcb + Ngpc) = 0.942 mm ==

&

—2 __ —2384x 107

a+b+c
Mpositive so elongation

Check max. stress:

N
TAB = 68.0 MPa < well below yield stress for brass, so OK
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Problem R-2.4

L=25m P=25kN |4 !42
d, = 18 mm dy = 12 mm |

E =110 GPa L2 l L2 |

a7 %

Al = %d[z = 254.469 mm2

Ay= %dzz = 113.097 mm?
Volume of nonprismatic bar:

VOInonprixmmic =(A; + Az)é = 459458 mm3

VOlnonpn'snan'c

Diameter of prismatic bar of same volume: d = - = 1530 mm
=
4
T
A prismatic = zdz = 184 mm?
Virismatic = Aprismatic L = 459,458 mm?
Elongation of prismatic bar:
PL : :
§= —=309mm < < lessthan é for nonprismatic bar
EA rismatic

Elongation of nonprismatic bar shown in figure above:

A=E(i + 1—)=3.63mm
2E \ Ay Az
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Problem R-2.5

Forces in Segments 1 and 2: Segment 1 I Segment 2
3P —-P
L |
2 2 d 3 i
4 A
Displacement at free end: ] >2P |«
Nix Ny(L — x
85 = 1 3 2 ( ) 3 3 3
3 EA 2
E ZA X L-x
3P A
o 3% TZEE  pmeegy
3 A EA 2AE
E zA

Set 83 equal to PL/EA and solve for x:

P(L—5x) PL
2AE  EA

P(L — 5x) PL g
~2iE B 0 simplify then solve for x:

Sox =3LI5 <«

T T

2AE
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Problem R-2.6

E=21GPa L=45m d =12 mm
A
wd® ¥
A =T= 113.097 mm

Y= llﬁ3 L
m
W=+yLA=5598N ‘
WL (yLA)L B
B=2pa & T Tom
yL
80 dp = T T 0053 mm <

Check max. normal stress at top of bar o, =

% = 0.050 MPa

< ok - well below ult. stress for nylon
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Problem R-2.7

En = 170 GPa Ep = 96 GPa

dy = 6 mm d, = 8 mm
dy =12 mm L =100 mm Monel shell
- Brass core
A, = :(df — dy?) = 62.832 mm?
LY 2
Ap = zdl = 28.274 mm
1
Compatibility: 8, = 8y d
2

E Ay  EpA E A,

Statics: Py +Py,=P S0 Py, = (

Set 8, equal to 0.10 mm and solve for load P:

PyL EpA
By =225, with 8, =0.10mm
EpAy

SO b= L

andthen P =—-5§,

A E.A
B4y (1 g M)= 1340kN «
L »Ap

359

© 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 R-2.8

E, =210 GPa
d, = 12 mm dp = 15 mm

- %d% = 113.097 mm?

Clevis
Ap = 53 = 176715 mm®
a, = 12(107%)/°C
T, = 45 MPa o, = 70 MPa
Force in rod due to temperature drop AT: And normal stress in rod:

F,
F, = EA, (o) AT o, =—

Ay

S0 AT max associated with normal stress in rod:

o,
AT axrod = I3 ; =278 <« degrees Celsius (decrease) < controls
et ¥

oy r
Toin "0,

Now check AT based on shear stress in pin (in double shear):

Ta(2Ap)
AT apin = Fa i, =:55.8

360

© 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 R-2.9

E; = 210 GPa d, =15 mm dy = 22 mm

A, —4’54,2 = 176.7 mm?

A ji= -}(d?, — d?) = 203.4 mm?

oy = 12(107%/°C
Opa = 55 MPa o, = 90 MPa

Force in rod due to temperature drop AT: And normal stress in rod:

F, = E;A (as)AT o, =—

So AT, associated with normal stress in rod:

o
AT axeed = 3 ; = 35.7 degrees Celsius (decrease)
{ At J

F,
Now check AT based on bearing stress beneath washer: oy = A—’
w

ThalAw) -

AT cvmiber = EA
rs

25.1 < degrees Celsius (decrease)
< controls

361
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Problem R-2.10

Copper tube
E;=210GPa E.=110GPa L=05m \
Ac=400mm®> A, = 130 mm? 7
7
n =025 p=125mm
Steel bolt
Compatibility: shortening of tube and elongation of bolt = applied displacement of n X p
P.L P,L
= —— =np
ECAC ESAJ
Statics: P. =P
Solve for Py:
B b P, = e = 10.529 kN
EA LA n or = = 10.

o)
EA,  EA;

P
o = Z"z =81.0MPa < < tension

5

Stress in steel bolt:

Stress in copper tube:

o, =—=263MPa < compression
Ac
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Problem R-2.11

a =38 mm b= 50 mm b
A = ab = 1900 mm? P { J?_f
o, = 50 MPa _(
T, = 24MPa a

Bar is in uniaxial tension 80 Tgax = Omax/2: since 27, < 0, shear stress governs.

Ppagx = 27,A=91.2kN <«

363
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Problem R-2.12

E=110GPa d=20mm T IE |4 d
o, =19.5(107%)/°C T=85N

A= Idz = 3.14 mm?
4
Normal tensile stress in wire due to pretension 7 and temperature increase AT:
T
=— — Ea, AT
o A oy

Wire goes slack when normal stress goes to zero; solve for AT:

T

A
AT = TN +12.61 < degrees Celsius (increase in temperature)
b

364
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Problem R-2.13

E=110GPa d=10mm B 1d p
o B [
A= zdz = 78.54 mm?® ey T F—
P=115kN
Normal stress in bar:

o=2 = 146.4MPa
A

For bar in uniaxial stress, max. shear stress is on a plane at 45° to axis of bar and equals 1/2 of normal stress:

ad
2

=73.2MPa <«

fmax
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Problem R-2.14

P=200kN A=3970mm*> H=3m L=4m
Statics: sum moments about A to find vertical reaction at B

—PH

By = g —150.000 kN
(downward)
Method of Joints at B:
CByen = —Byert CBhosiz = %CB\fcrt = 200.0 kN

So bar force in AB is: AB = P + CBhoz
= 400.0 kN (compression)

AB
Max. normal stress in AB: Oap == 100.8 MPa

Max. shear stress is 1/2 of max. normal stress for bar in uniaxial stress and is on plane at 45° to axis of bar:

TAB

Toax = —= = 50.4 MPa

2
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Problem R-2.15

0’0=78Wﬂ

Plane stress transformation formulas for uniaxial stress:

o9
o, = . and o, = 2
cos(6)? * sin(9)?
/\ on element face /\ on element face
at angle at angle 6 + 90

Equate above formulas and solve for o,

1

2 1
tan(@) 2
so 8= amtan(L) = 35.264°

V2 )
Ty

o, =

cos(9)*

0p/2 o

NN
N

= 1170 MPa also 7y = —o,sin(#)cos(#) = —55.154 MPa

Max. shear stress is 1/2 of max. normal stress for bar in uniaxial stress and is on plane at 45° to axis of bar:

Ox
Tw=7=58.5MPa €=
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Problem R-2.16

: 5 'ﬂ'do2 (18 mm)?
Prismatic bar Py pox = Callow 75 (75 MPa) I 19.1 kN
R 2 dy 25
Stepped bar — = —— 0100 =2 = 20 L1950 s K=175
di 20 mm dy  20mm

From stress conc. Fig. 2-66:

3.0 -
/’3_2 =2 p p
n —\ 0 Dy \—>
25 1.5

K=175 DDy St
i TR e e

L5 "o —
0 0.05 0.10 0.15 0.20 0.25 0.30
R
D,

Tallow (wdnz) _ (75 MPa) [11(20 mm)?

Prmax = =\~ K 4

=135
2 ] 3.5kN

Pimm _ 19.1kN
Py 135KN
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