CE231: Strength of Materials
Spring 2003
Thornton Hall D221, Tuesday/Thursday, 9.30-10.45

Instructor:  Prof. Matthew R. Begley Office Hours:
begley@virginia.edu T: (03 HdSam. 2-3 poo
B229E Thornton Hall (across from CE office) W:9.00 - 11.00 a.m.
(434) 243 8728 of Dl F:il-12 om
Teaching Assistant: Ms. Kyle Maner Office Hours:
kembr@virginia.edu M: 3.00 - 5.00 p.m.

123 B2 Thornton Hall (CE Structures Lab)  R: 12.00 — 2.00 p.m.*
*Thursdays hours held at Egpresso Royale Caffe' on the Corner.

Course Description (catalogue): Stress and strain definitions: Normal stress and strain,
thermal strain, shear stress, shear strain; transformations of stress and strain; Mohr's circle for
plane stress and strain; stresses due to combined loading; axially loaded members; torsion of
circular and thin-walled closed sections; deformation, strains and stresses in beams; deflections of
beams; stability of columns; energy concepts in mechanics.

Course Description (Begley): a study of the fundamental concepts used to describe the
behavior of materials and predict the behavior of (usually) solid structures: course topics provide
the foundation to: (i) predict the (mechanical) performance and lifetime of applications ranging
from bridges and stadiums to microelectronics and biomedical devices, (ii) serve as the
cornerstone for advanced research into the behavior materials and structures.

Course Objectives:

(1) to develop an understanding of fundamental concepts used to describe the behavior
of solid materials and structutes, such as stress, strain, energy, etc.

(2) to develop a proficiency in mechanics and structural analysis in order to predict the
performance of engineering structures and designs

(3) to further develop the ability to critically analyze engineering problems, with a
particular emphasis on the physical behavior of materials.

These objectives also support broader or more ‘global’ objectives that relate to civil
engineering practice and core ABET outcome areas, such as:
science
(2) an ability to apply knowledge in of mathematics, sinee-and engineering
(b) an ability to design a system, component or process to meet desired needs
(c) an ability to identify, formulate and solve engineering problems
(d) a knowledge of contemporary issues
(e) proficiency in the analysis of structures (one of the competency areas of ABET)

' Kyle insists that this is the spelling used by this café.
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Course Policies:

Text (required): Mechanics of Materials, R.C. Hibbeler, 5" Edition, 2003, Prentice Hall.

Grading: Midterm #1: 15 %
Midterm #2: 20 %
Final Exam: 35 %
Homeworks (8 to 10): 20 %
Mini-projects: 10 %

Homework Assignments:

The plan is to distribute homework assignments on Thursdays and have them turned
in by the Friday of the following week. Specific details will be included with each
assignment. Current plans are for ten (10) homework assignments of 5-8 problems
(an unspecified fraction will be graded), and two mini-projects consisting of the
analysis of one problem and experiment for comparison.

Homework is not pledged but should never be copied. Students may consult each
other and share ideas in the early stages of homework solutions, but each student
must complete his/her own homework independently. Homework that is identical in
all significant respects is unacceptable.

A due date will be given when homework is assigned, and will typically be the Friday
of the week following the homework’s distribution . Homework turned in after the
due date will be accepted only if arrangements are made prior to the original due date;
this will only be possible under extremely extenuating circumstances.

Students should regard homework problems as professional presentations. Homework
should be neatly organized, with the answers to problems summarized at the
appropriate locations. Sufficient detail must be included to permit satisfactory
evaluation of student performance, but excessive detail should be avoided.

Tests:

1.

All tests and examinations will be administered under the University of Virginia
honor system. Students will be assumed to be familiar with the honor system, and will
be bound by it. The honor system is a very important attribute of the University of
Virginia, but only works if the concept of honor is taken seriously by all involved.

The detailed formats of tests will be announced prior to their administration, and
specific limits within which the student is permitted to work will be announced. Time
permitting, review sessions will be held in the evening, prior to each exam.

Miscellaneous:

Please turn off cell phones.
Use e-mail to make an appointment with me if you can not attend office hours.
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Course Content:

Previous topics that will be useful:

Force resultants in two and three dimensions and equilibrium
Moments, couples and equivalent force systems

e Analysis of trusses: method of joints, sections

e Internal forces: axial force, shear torsion, shear bending and moment diagrams

e Moment of inertia

e Distributed forces

e Principal of virtual work

e Stability of equilibrium

e (Calculus - all of it.
~ HW #1: Stress and strain v' HW #7: Mohr’s circle
/HW #2: Material behavior " HW #8: Mohr’s circle, maximum
v~ HW #3: Axial loads shear, principle stress
v HW #4: Torsion " HW #9: Deflection of beams
 HW #5: Bending +HW #10: Energy methods, buckling

v HW #6: Transverse /Combined loads
Mini-Project #1 - Mechanical Measurements at the Nanoscale:

Students will be asked to analyze the behavior of a beam with a load acting at a single
point, then verify this analysis with experiments on a micro-beam (with dimensions only
a fraction of a human hair. The ultimate goal is to illustrate the application of strength of
materials in a cutting edge application, such as micro-mirror arrays used for optical
switching of fiber optic signals.

Mini-Project #2 - Failure Prognostics: “Squash You Like An Egg”:

Students will be asked to analyze a beam structure that will support your instructor’s
weight, then specify the clearance between the beam and the underlying surface. The
goal will be to set the clearance such that the deflected beam just contacts an egg —
naturally without breaking it. The project is designed to illustrate the role of strength of
materials in practice, i.e. in situations where ‘lethal” damage can occur.

CE231 Spring 2003 3
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Course schedule
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Axial Load Shear
Normal Stress Average direct shear stress
T v
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Material Property Relations
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Elastic Curve

Buckling
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Energy Methods

Conservation of energy
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CE231 Strength of Materials Spring 2003

MIDTERM #1
Wednesday, February 19% 2003
7.00 p.m. — 8.15 p.m, D221 Thornton Hall

° WRITE ON ONLY ONE SIDE OF A PIECE OF PAPER, AND WRITE
YOUR NAME ON EACH PAGE THAT YOU USE.

e CLEARLY CROSS OUT THOSE PARTS OF YOUR RESPONSE YOU
DO NOT WANT GRADED: IF IT IS NOT CLEAR, EVERYTHING
WILL FACTOR INTO THE GRADE,

 IF YOU ARE RUNNING SHORT OF TIME, SKETCH AN OUTLINE
OF THE STEPS YOU WOULD TAKE TO SOLVE THE PROBLEM (as
opposed to attempting to grind out the solution).

° PLEASE WRITE AND SIGN THE HONOR PLEDGE ON THE FIRST
SHEET OF YOUR EXAM.

CE231 Strength of Materials Midterm #1
Snring 2003 : Page 1 of 3



Problem One:

Calculate the average normal and shear stresses on planes A-B and C

-D in the plate
below: the thickness (into the page) is 5 mm.
A C
| |}
I .
\\
P=10kN +— W @:3“‘ —> P=10KkN
! 60° '
!
B’ D

w=10 cm]

Problem Two:

Solve for the elongation of the bar an

d the new diameter of the bar after the load is
applied; assume the elastic moduluys j

s E =200 GPa, and the shear (or bulk) modulus is
G =150 GPa.
d,=1cm
P=1kN E: i P=1kN
Tﬁ —>
L=1m

CE231 Strength of Materials Midterm #1
Snring 2003

Page 2 of 3



Problem Three:

A rigid platform is supported from below by two concrete posts, and from above by a
steel rod. A load hangs from middle of the structure, as shown. Solve for the fractions of
the weight that are carried by the posts and rod. Assume the posts and rod are one meter
long, and the concrete posts are one meter apart from center-to-center.

Steel rod: A =0.1 m% E =200 GPa

Rigid platform

Concrete

. posts:
W=1x10"kg A=025m?
E=8GPa

Problem Four:

A metal bar is fixed between rigid supports. The temperature change of the bar is a
function of position along the bar, as shown. Solve for the reaction forces supplied by the
rigid supports. [Bonus: solve for the displacement as a function of position in the bar, i.e.

u(x)].

T AT(x) = 150°C [(¥/L) — (x/L)]
' L=1m
. A=015m?
i ., E=200GPa
> L~ a=23x10°1/°C
CE231 Strength of Materials | Midterm #1

Snring 2003 ‘ Page 3 of 3
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CE231 Strength of Materials Spring 2003

MIDTERM #2
Thursday, April 4th, 2003
9.30-10.45 a.m., D221 Thornton Hall

* WRITE ON ONLY ONE SIDE OF A PIECE OF PAPER, AND WRITE
YOUR NAME ON EACH PAGE THAT YOU USE.

o CLEARLY CROSS OUT THOSE PARTS OF YOUR RESPONSE YOU
DO NOT WANT GRADED:; IF IT IS NOT CLEAR, EVERYTHING
WILL FACTOR INTO THE GRADE.

e IF YOU ARE RUNNING SHORT OF TIME, SKETCH AN OUTLINE
OF THE STEPS YOU WOULD TAKE TO SOLVE THE PROBLEM
(as opposed to attempting to grind out the solution).

e PLEASE WRITE AND SIGN THE HONOR PLEDGE ON THE FIRST
SHEET OF YOUR EXAM.

CE231 Strength of Materials Midterm #2
Spring 2003 Page 1 of 3



Problem One:

(1) Solve for the angle of twist at location C for the rod below, which is built-in on both
ends labeled A and B. The bar has a torsional modulus of 120 GPa and a radius of 10
mm. (2) Sketch how the shear stress is distributed along the rod and along a radial line
of the cross section.

3kN

Problem Two:

Explain the assumptions and procedure by which one obtains the result that the bending
stress in a beam has a linear distribution from top to bottom. In other words, explain how
one obtains the following relation:

Be sure to clearly indicate the meaning of your variables and how they are calculated (or
defined). A couple of well-labeled schematics or sketches are highly recommended.
Your response will be evaluated first in terms of the big picture - e.g. how the derivation
invokes (or does not invoke) the three keys of any solids analysis — and then in terms of
detail.

CE231 Strength of Materials Midterm #2
Spring 2003 Page 2 of 3



Problem Three:

Solve for the variation in transverse shear stress from top to bottom in the bow-tie shaped
beam illustrated below, which is subjected to a vertical resultant shear force denoted as
V. What is the maximum shear stress in terms of V? Note: you do not need to sketch or
simplify the distribution!.

1€ >

1cm

1cm

Problem Four:

A right-angled circular bar is built into a wall at one end, and loaded in the y-direction
with a point load on the other end. Find the stresses acting at point A located at the wall.
(The bar is in the x-z plane: it is fixed perpendicular to the y-z plane).

y
A

R=1cm

Note: not to scale!

CE231 Strength of Materials Midterm #2
Spring 2003 Page 3 of 3
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CE231 Midterm #2
Make-Up Exam
April 2", 2003

1. Solve for the angle of twist as a function of position for the rod shown below. The rod
is built into a wall on one end, and free on the other. The rod is subjected to a uniform
twist per unit length, as shown. (You may ignore the points labeled A, B and C).

G = loMs;

2. Solve for the state of stress at the top of the beam, in the center of the span that
supports a distributed load, as illustrated below.

W(x) = [60 N /u

0»03:8 <e(}wﬁ ~

(\b /LL = SOcy

W o= JOewm



3. A pressurized tube is simply supported and subjected to a point load centered
between the supports. The wall thickness is 1 mm and the mean radius of the tube is 50
mm. The internal pressure in the tube is 10 MPa, and the load applied to the center is 1
kN. If maximum allowable tensile stress is 750 MPa, what is the minimum spacing

between the supports?

P= N
yz‘ 7Lf L/Z_

»

Y& = /DMP@.

Ao

4. Explain why the shear stress is has a parabolic distribution through a beam (in the
depth direction) for rectangular cross-sections. Clearly state any assumptions that factor
into your explanation, and draw clear fi gures indicating what your variables refer to.
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CE 231: Strength of Materials Homework #1
Spring 2003 Due: 1/31/03, 5:00 PM

1. The sign has a weight of 1650 1b and a center of gravity at G. Ifit is subjected to
the uniform wind load of 72 Ib/ft%, determine the resultant internal loadings acting
on the cross section of the post at 4. The post has a weight of 120 1b/ft.

safi| .
S -'3;_\_' 2l
72 Ihifi? %)/:”};{,\C:
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s 140t
f'f{
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2. The anchor bolt was pulled out of the concrete wall and the failure surface formed
part of a frustum and cylinder. This indicates a shear failure occurred along the
cylinder BC and tension failure along the frustum 4B. If the shear and normal
stresses along these surfaces have the magnitudes shown, determine the force P that

must have been applied to the bolt.
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The bar has a cross-sectional area A and is subjected to the axial load P. Determine
the average normal and average shear stresses acting over the shaded section, which
is oriented at@ from the horizontal. Plot the variation of these stresses as a function

of @ (08 <90°).

The shape has a radius that is defined by » = 0.6 cos[% y) m. Determine the

average normal stress at the support if the material has a density of p = 4.2 Mg/m’.

.1-.

=10, Sms;l'_% ¥vim

1.2 m \'\

,*
b
=
e
e

Determine the smallest dimensions of the circular shaft and the circular end cap if
the load it is required to support is P = 225 kN. The tensile stress, bearing stress,
and shear stress is (G)anow = 180 MPa, (Gp)atiow = 325 MPa, and Tajow = 100 MPa.

/\E:: 225kN
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6. The rigid bar ABC is originally in a horizontal position. If loads cause the end 4
to be displaced downwards A , = 0.008 in. and the bar rotates 6 =1.2° , determine

the average normal strain in the rods 4D, BE, and CF.

e 10ift. ———=+——10ifl, ———=
lf [ — 1 !
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7. The rectangular plate is subjected to the deformation shown by the dashed line.
Determine the average shear strain y_ of the plate.
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8. The guy wire AB of a building frame is originally unstretched. Due to an
earthquake, the two columns of the frame tilt @ =3.2°. Determine the
approximate normal strain in the wire when the frame is in this position. Assume
the columns are rigid and rotate about their lower supports.
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CE 231: Strength of Materials Homework #2
Spring 2003 ' Due: 2/7/03, 5:00 PM

v 1. The stress-strain diagram for a bar of steel alloy is shown in the figure.
Determine approximately the modulus of elasticity, the proportional limit, the
ultimate stress, and the modulus of resilience. If the bar is loaded until it is
stressed to 320 MPa, determine the elastic strain recovery and the permanent set
or strain in the bar when it is unloaded.

F{MPu}
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400
360 |1 h
32014
250
240 J
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50
40
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DOE0 R Oaenn

v 2. The change in weight in an airplane is determined from reading the strain gauge 4
mounted in the plane’s aluminum wheel strut. Before the plane is loaded, the strain

gauge reading in a strut is &; = 0.00250 in./in., whereas after loading & = 0.00536

in./in. Determine the change in the force on the strut if the cross-sectional area of the
strut is 4.15 in>. E,=10x10° ksi.




v 5. The support consists of three rigid plates, which are connected together using two
symmetrically placed rubber pads. If a vertical force of 62 N is applied to plate 4,
determine the approximate vertical displacement of this plate due to shear strains in
the rubber. Each pad has cross-sectional dimensions of 34 mm and 18 mm. G, =
0.24 MPa.
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46 mm - S 46mm

A

1 62N

v 6. The block is made of titanium Ti-6A1-4V and is subjected to a compression of 0.084
in. along the y-axis and its shape is given a tilit of 6 = 88.2°. Determine gy, gy, and
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CE 23): Homework ¥2
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CE 23\: Homework ¥ 2
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CE 231: Strength of Materials Homework #3
Spring 2003 Due: 2/14/03, 5:00 PM

v 1. A spring supported pipe hanger consists of two springs which are originally
unstretched and have a stiffness of £ = 68 kN/m, three 304 stainless steel rods, 4B and
CD, which have a diameter of 5.4 mm and EF, which has a diameter of 14 mm, and a
rigid beam GH. If the pipe and the fluid it carries have a total weight of 4.5 kN,
determine the displacement of the pipe when it is attached to the support.

S 0 S
]
O
=]

035m 035m

v 2. The segments of pipe and couplings used fro drilling an oil well 25,000 ft deep are
made of A-36 steel weighing 24 Ib/ft. They have an outer diameter of 6.50 in. and an
inner diameter of 5.15 in. In order to prevent buckling or sidesway of the pipe due to
its own weight, it is partially supported at its tip by the drawworks of the rig. If this
force is P =319 kip, determine the force F of the ground on the drill pipe and the
elongation of the pipe for this condition.

] st




v 3. The load of 15 kip is to be supported by the two vertical A-36 steel wires. If,
originally, wire AB is 52 in. long, and wire AC is 52.25 in. long, determine the cross-
sectional area of AB if the load is to be shared equally between both wires. Wire AC
has a cross-sectional area of 0.024 in”.

v 4. The A-36 steel wires AB and AD each have a diameter of 2.3 mm and the unloaded
lengths of each wire are Lyc=1.60 m and L4z = Lyp =2.15 m. Determine the
required diameter of wire AC so that each wire is subjected to the same force caused
by the 160-kg mass suspended from the ring at 4.

+ 5. The rigid bar is supported by the two short wooden posts and a spring. If each of the
posts has an unloaded length of 550 mm and a cross-sectional area of 830 mm?, and
the spring has a stiffness of £ = 1.6 MN/m and an unstretched length of 580 mm,
determine the force in each post after the load is applied to the bar. E,, =12 GPa.
T2 RN 72kN

113mm TESmm
i ll i

550 mm
\ A

| ssomm

X




v 0.

v 8.

v 9.

B
A 7<ft-long steam pipe is made of A-36 steel and is connected directly to two turbines
A4 and B as shown. The pipe has an outer diameter of 5 in. and a wall thickness of
0.475 in. The connection was made at 7} = 85°F . If the turbines’ points of
attachment are assumed to have a stiffness of k = 90x10° kip/in., determine the force
the pipe exerts on the turbines when the steam and thus the pipe reach a temperature
of 7, = 260°F .

The bronze 86100 pipe has an inner radius of 0.65 in. and a wall thickness of 0.315
in. If the gas flowing through it changes the temperature of the pipe uniformly from
T,=220°F atAto T, =70°F at B, determine the axial force it exerts on the walls.

The pipe was fitted between the walls when 7' = 70°F .

R T s e A il ..\1#3}' e e 4

B

16.211

The member is to be made from a steel plate that is 0.45 in. thick. Ifa 1.25-in. hole is
drilled through its center, determine the approximate width w of the plate so that it
can support an axial force of 3450 Ib. The allowable stress 1S Gajow = 26 ksi.

JUERIH

34501b <— ) —> 3450

The resulting stress distribution along the section 4B of the bar is shown in the figure.
From this distribution, determine the approximate resultant axial force P applied to
the bar. Also, what is the stress-concentration factor for this geometry?
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CE 231: Homework #32
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CE 231: Strength of Materials Homework #4
Spring 2003 Due: 2/28/03, 5:00 PM

v 1. The shaft has an outer diameter of 1.50 in. and an inner diameter of 1.15 in. Ifit is
subjected to the applied torques as shown, plot the shear-stress distribution acting

along a radial line lying within region £4 of the shaft. The smooth bearings at 4 and
B do not resist torque.

800
0 Jbin

v 2. The solid aluminum shaft has a diameter of 60 mm. Determine the absolute maximum
shear stress in the shaft and sketch the shear stress distribution along a radial line of
the shaft where the shear stress is maximum. Set 7 7 =25 N*m.

+/ 3. The 55-mm diameter solid shaft is subjected to the distributed and concentrated
torsional loadings shown. Determine the absolute maximum and minimum shear
stresses in the shaft and specify their locations, measured from the fixed end.




v 4. The solid shaft is subjected to the distributed and torsional loadings shown.
Determine the shear stress at points 4 and B and sketch the shear stress on volume
elements located at these points. The distributed torque from D to C varies from zero
to 1050 N*m/m. Take d =45 mm.

> >
0.15m / 365 N-m/m
0. 15><\/

v 5. The gears attached to the 304 stainless steel shaft are subjected to the torques shown.
Determine the angle of twist of gear C with respect to gear B. The shaft has a
diameter of 1.8 in. 800

630 bt

14004

. 6. The tapered shaft has a length L and a radius r at end 4 and 2r at end B. If it is fixed

at end B and is subjected to a torque 7, determine the angle of twist at end 4. The
shear modulus is G.




v 7. Arod is made from two segments: AB is A-36 steel and has a diameter of 34 mm and
BD is C83400 red brass and has a diameter of 56 mm. It is fixed at its ends and

subjected to a torque of 7= 580 N*m. Determine the absolute maximum shear stress
in the shaft.

8. The shaft of radius c is subjected to a distributed torque #, measured as torque/length
of shaft. Determine the reactions at the fixed supports 4 and B.
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CE 231: Strength of Materials Homework #5
Spring 2003 Due: 3/14/03, 5:00 PM

v 1. Draw the shear and moment diagrams for the shaft and determine the shear and

moment throughout the shaft as a function of x. The bearings at 4 and B exert only
vertical reactions on the shaft.

300

v/ 2. Draw the shear and moment diagrams for the compound beam. It is supported by a
smooth plate at 4 which slides within the groove and so it cannot support a vertical
force, although it can support a moment and axial load. '

| ]

i RRE (7 5
] B oy ID

§
}‘—u a a " a

v 3. The boom 4BC has a weight of 40 Ib/ft and is used to lift the load of 2200 Ib. Draw

the shear and moment diagrams of the boom when it is in the horizontal position
shown.

v 4. Draw the shear and moment diagrams for the wood beam, and determine the shear and
moment throughout the beam as functions of x.

350 1b

l 200 Ib/ft

Y vv A

e e vean

A === o

S B t |
l

3 8 fl a3 oo




v 5. If the beam has a square cross section of 8 in. on each side, determine the absolute
maximum bending stress in the beam.

400 Ib
600t i
P i
@ rriyved
A §
sl
6 fr : 6t -

v 6. If the beam has a rectangular cross section with a width 4 and a height 4, determine
the absolute maximum bendingin the beam.
Stress

i

W
S
‘\

ﬁ:ex ”

------ Li3mmemtme [3

v 7. Determine the smallest allowable diameter of the shaft which is subjected to the
concentrated forces. The sleeve bearings at 4 and B support only vertical forces, and
the allowable bending stress is Gapow = 24 ksi.

600 Ib
4
fR
a7
: TReG— B 200 ib
g in._\ \\:{\\\\
~ 20 H’]. é.‘}"“«n‘ By

6.
v

8. If the internal moment acting on the cross section of the strut has a magnitude of
M= 600 N*m and is directed as shown, determine the bending stress at points 4 and
B. The location z of the centroid C of the strut’s cross-sectional area must be

determined. Also, specify the orientation of the neutral axis.
¥y

/ L— 200 mm-~

M=600N*m |
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CE 231: Strength of Materials Homework #6
Spring 2003 | Due: 3/21/03, 5:00 PM

v 1. The two steel rods are bolted together along their length and support the loading
shown. Assume the support at 4 is a pin and B is a roller. Determine the required

diameter d of each of the rods if the allowable bending stress is oyow = 130 MPa.

v 2. The boat has a weight of 2300 Ib and a center of gravity at G. If it rests on the trailer
at the smooth contact 4 and can be considered pinned at B, determine the absolute
maximum bending stress developed in the main strut of the trailer. Consider the strut
to be a box-beam, having the dimensions shown, and pinned at C.

5

%
Ea
—l> q

51t 4 ft —=




v/ 3. The member has a square cross section and is subjected to a resultant moment of M=
850 N*m as shown. Determine the bending stress at each corner and sketch the stress
distribution produced by M. Set 8= 45 degrees.

PN o ok

/250m71 125m>n’1’
Pl g

v 4. The steel beam has the cross-sectional area shown. Determine the largest intensity of

distributed load w that it can support so that the bending stress does not exceed Gy, =
22 ksi.

8 fi 8 ft———

5. If the T-beam is subjected to a vertical shear of V= 12 kip, determine the vertical
shear force resisted by the flange.




v 6. Determine the maximum shear stress in the strut if it is subjected to a shear force of I/
=20 kN.

20 mm

v 1. The supports at 4 and B exert vertical reactions on the wood beam. If the distributed
load is w = 4 kip/ft, determine the maximum shear stress in the beam at section a-a.

8. The beam has a square cross section and is subjected to the shear force V. Sketch the
shear-stress distribution over the cross section and specify the maximum shear stress.
Also, from the neutral axis, locate where a crack along the member will first start to
appear due to shear.
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Homework #7

CE 231: Strength of Materials
Due: 3/28/03, 5:00 PM

Spring 2003
The beam is constructed from three boards. Determine the maximum shear ¥ that

it can sustain if the allowable shear stress for the wood is Tallow = 400 psi. What is
the required spacing s of the nails if each nail can resist a shear force of 400 Ib.

v 1.

v 2. The beam is fabricated from two equivalent channels and two plates. Each plate
has a height of 6 in. and a thickness of 0.5 in. If a shear of ¥/ =50 kip is applied
to the cross section, determine the maximum spacing of the bolts. Each bolt can

resist a shear force of 15 kip.

= o, ~—j
[ 05 in‘\ -
1 =

+
08 -t/;j:f in;
\0\1'.. = A
\AQ\?Am.z & L‘\\-»i.\ o =

v 3. The beam supports a vertical shear of /=7 kip. Determine the resultant force
developed in segment 4B of the beam.

e ] —

os{-"1 ; I~045 in,
\J\B

A

v 4. The member is subjected to a shear force of V=10 kip. Sketch the shear-flow
distribution along the vertical plate 4B. Indicate numerical values of all peaks.




v 5.

v 6.

v 7.

v 8.

The open-ended pipe has a wall thickness of 2 mm and an internal diameter of 40
mm. Calculate the pressure that ice exerted on the interior wall of the pipe to
cause it to burst in the manner shown. The maximum stress that the material can
support at freezing temperatures is Omax = 360 MPa. Show the stress acting on a
small element of material just before the pipe fails.

(‘ﬁﬁ"ﬁvﬁ
0 Tl

The ring, having the dimensions shown, is placed over a flexible membrane which
is pumped up with a pressure p. Determine the change in internal radius of the
ring after this pressure is applied. The modulus of elasticity of the ring is £.

The offset link has a width of w = 200 mm and a thickness of 40 mm. If the
allowable normal stress is Gaow = 75 MPa, determine the maximum load P that
can be applied to the cables.

The chimney is subjected to the uniform wind pressure of p = 25 Ib/ft>. It is to be
constructed with 1-ft-thick brick walls. If the bricks and mortar have a specific
weight of 145 1b/ft’, determine the smallest outer diameter d of the chimney so
that no tensile stress is developed in the material. The wind loading can be
approximated by w = pd.
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CE 231: Strength of Materials ' Mini-Project
Spring 2003 Due: Monday, 4/21/03, 5:00 PM

The following schematic is an example of micro-electro-mechanical (MEMS)
device that is currently being developed by a colleague in the ECE Department and being
tested in the Advanced Materials and Structures Laboratory in Civil Engineering. The
goal is to determine whether or not the fabrication procedure introduces residual stresses
in the device. Measuring the deflection of the device under mechanical load provides one

| piece of evidence that can be used towards this end. Your assignment is to model the ’
| response of the device to an applied load. The deflection of the load point (i.e. where the |
Toad yapplied) needs to be determined for loading at any location on the center span of the
device, i.e. 100 pm < x <230 pm. (Put another way, we need to know the load-
displacement relationship for any point in the center section). The device is made of
gold. A preliminary test revealed the load-displacement behavior shown in the schematic
on the next page.

You may use the following relationships to develop expressions for the deflection

as a function of position along the beam, which is denoted as v(x);

. d’v - d d'v
Em"=EI e M(x), EI e V(x), EI P -w(x)

The first of these expressions comes from relating the curvature of the beam to the strain
distribution; the second two follow naturally from the first via equilibrium, as discussed
in class.

While the deflection of beams has not been covered yet (it’s in Chapter 12 if you
wish to get a leg up), it can be solved for simply by twice integrating an equation for the
resultant moment as a function of position. The integration constants are determine from
the boundary conditions (i.e. the deflection and its derivatives at various locations along
the beam). IMPORTANT: there is no single answer to this! This will involve your
engineering judgment as to how the physical reality can be approximated. Feel free to
discuss it with us (Prof. Begley and Kyle), and more importantly, with each other. Feel
free to come up with multiple models/assumptions, and check them against experiment.

On that note, there will be a sign-up sheet outside Prof. Begley’s door for groups
to observe (and possibly conduct) experiments on the devices you are modeling. It is not
required, but all are welcome (provided you sign up in advance). To get the most out of
your lab experience, you should have (at the very least), prelimary models of the beam
worked out to give you an idea of the forces, displacements and response you will be

looking for.

NOTE:

Unfortunately, this will be the only mini-project, due to time constraints. This
project will comprise 6.5% of the final course grade, or roughly the equivalent of two -
homework assignments, which we anticipate will be worth ~ 10x2.35 = 23.5%.

CE231 Strength of Materials Mini-Project
April, 2003 1
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of the top horizontal section is so great in comparison with that of the smaller pieces on the sides (3 um vs.
0.5 pm) that it can be considered to be a rigid beam — all deflection across the film comes in the thin
sections on either side. This assumption can be justified by realizing that deflection in a beam is inversely

related to the moment of inertia, I, of the beam. For a rectangular section,

3

= —-b'h
Lrect 15

where b is the width of the section (the depth into the page, in this case), and h is the height. So, in

comparing the simple deflection of two beams of heights 3 um and 0.5 um, it can be seen that the larger
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section deflects not just 1/6™ of the amount of the smaller one, but 1/6°, or 1/216™ times less, assuming
equal depths into the page. However, looking at the film from the top, as shown in Figure 2, it should be

noted that the two sections do not have the same depth.

i x
20 um |
3 I
&0 um
20ur
um |
3 v

l— 100um —sf+—— 130um ———+— 100um —>|

Figure 2: Top view of gold film
To clarify, the thinner section of the film is from x = 0 um to x = 100 um, and the thicker section is from x
= 100 pm to x = 230 ym. From Figure 2, it can be seen that the thicker section has a value for depth of b =
60 um, whereas for the thinner section, b =20 um @lthough the load is distributed across two “legs” of the i ;
~NE e R e wa g Yy s i{(ﬁ%\ ]
iz

film on each side, only one is considered at a time).\ Taking the different values for b into consideration as

well as the different heights of the sections, it can be seen that the thicker section has a moment of inertia or

o B >

1 =405
\Z.

around 650 times as large as the thinner section. Remembering the inverse relationship between deflection

and moment of inertia, this justifies the assumption that the top section of the film can be thought to be
rigid.

The last assumption considers the intersection between the thin and thick parts of the film. In
Figure 1, it is shown that the larger section rests on the smaller sections, overlapping by 1 pm on each side.
In considering that the entire section is 130 pum, this overlap is very small. The third assumption made is
that the larger section is held up by the ends of the smaller sections as if resting on a pin. Any upward

reaction forces at the pins at either end of the larger beam due to the applied load will result in downward

forces on the ends of the smaller beams and cause deflection. Keeping-these-three-assumptions-immrird; the—
film can be redrawn,-as-shewnimFigore 3. Aw\vs Hhe @ven A e phans , Yhe % T
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Figure 3: Simplified version of the film.



To dedermwne W
I\)Imf,’ﬂtrexpeeted'vdeﬂection in one of the smaller sections (labeled A on Figure 3) can be
calculated as a function of where the load is applied within the larger section (labeled B). This is done by \{
finding the reaction forces at either of the pins when a load, P, is applied, as a function of distance from the

pin. This can be written as \ Corld be wong b vy showlde sy Mg Sone

€ esldh g q e Bl47 '—v\cue«mv\d,M““g;k

\al R : : e B RPN
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where X,;, is the distance from the pin to the location of the applied load, and Lg is the entire length of

¥\V\( bt o
section B, or 130 um. This force, Fp,, is equal in magnitude to the applied force on section A that is then L o~ ‘ \
responsible for any deflection in the film. ek cal

?a(x{ vy Wie
The deflection of section A can be calculated using the expressions for the deflection of a beam as e
a function of the position along the beam, and by knowing boundary conditions. The relationships are CARPAST
edvtor.
2 3 4
d d d
ELv'= EI-—: = M(x),EL—;' = V(),ELl— = —w(x)
dx dx dx’

and it is known that at the wall (x = 0), the deflection, v, and the slope, v’, both equal zero. This leads to

the general equation for the deflection of the beam of
P I

P 3
(F--L
. pn} A

3-EI

Substituting in the F,;, found above, as well as changing the X, to (x — L), since x is measured from the
wall results in a specific equation for the deflection of the film in terms of the magnitude and placement of
the applied load:

PLA" [ (x-1a) 5 BAN madh someuhere

v(x) = 8(x) = ——- . -
3EI Ly At 1l aness!!”

It was initially stated that the location and magnitude of the load were important in determining
deflection within the film, and this is shown in that equation. The problem is that, because of the small
scale of the apparatus, the placement of the load is not always exactly known. The goal is to indent at the
middle, or x = 165 um, but this is not always possible. For one, the location of indentation is only as close

to the middle as the tester can make it by eyeing the location on a computer screen. As well, due to the



accuracy limitations within the apparatus, the actual location of indentation may not occur at the point
specified by the experimenter. For these reasons, the value of x is not precisely known. It was noted, upon
running this trial, that the location of the indentation was at a point less than halfway across the entire film;
X < 165 pm.

The data gathered in the laboratory test was plotted as load vs. displacement, and is shown in
Figure 3. Also included in this graph are two theoretical load-displacement relationships. As marked, one
uses a value of x = 165 um, and one uses x = 160 um. A perfect theoretical relationship would end up

mirroring the section of the experimental load-displacement curve from 300 to 1300 nm.

0.03

0.025

0.02

0.015

@ Experinental
—®— Theoretical x=165um

Load (mN)

0.01 —a— Theoretical x=160um

0.005

500 1000 1500 2000 2500

-0.005

Dis placement (nm)

Figure 4: Load vs. Displacement, experimental and theoretical
The theoretical and experimental curves do not line up exactly because of the different behavior of
the gold at small deflection values. This variation could be caused by many things; the most likely cause is
in limitations or uncertainties in the testing apparatus, such as tip calibration and the possibility that at first
contact, the tip bites into the gold film, indenting the surface but not actually causing deflection of gold.
This would result in a different relationship between load and displacement as opposed to when an increase

in load causes pure deflection as opposed to deflection and penetration into the surface. An upper limit to




the load-displacement relationship should be considered because there is a point at which increasing the
load will not increase the displacement.

An accurate theoretical relationship should have a slope equal to that of the experimental data
within the range mentioned above. In Figure 4, two theoretical plots are made: one is at the center point, or
the intended location of indentation. As noted, the actual location of the indent was at an x-value less than
that, and so a second plot was made at x = 160 um. The slopes of these two plots can be compared to the
experimental data. Ifthe theoretical curve were set with a different y-intercept, the theoretical plots should
line up well with the experimental data. However, practically, the load needed for zero displacement is
zero, so the theoretical line must pass through the origin to be correct at boundary conditions.

Developing a relationship between load and displacement will depend on the specifics of the
experiment run. The general equation, given above, for 8(x), can be used to write an equation for load as a
function of displacement for any given x. Therefore, if experimental data is plotted, theoretical graphs can
be compared to the data with various values for x. The theoretical relationship that best approximates the

slope of the experimental data is the one that incorporates the most accurate value for x.
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Smal) Strains: Elastic
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/ Ao .
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il A RN
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C=EE Hooke's Law

Stee\ vi.conarete
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Econt. \S SensiTive
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Hehe —Stump e Professor!
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Exam: 7-9PM_wednesday Febrvary 19,2003

chapters 1-4, noforsion

Last Yopic —axial loads

y .
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X=0 A,E
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—= Secondexampie: uniform strain',
ety v

3 B .

| } v PLA WelgnFaencity i
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[EXam Revieyy (no,we don+t have ¥hem back yet)

onc:
P o— 410 AB:
6 A’—‘t(lﬂ'd\) &= %(\“_d)
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atress concentration
3% Normal Stress
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Two:
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—f— €
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rod elengaves and gevs bygger !

Three : ;
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YAY! TORSION PROBLEMS USE POLAR COORPINKATES . AN T THAT GRAND.

‘Shear deformation
a\ong \ength Shear is unitorm

olong & Shee deformation depends on k& Eave=const, then Tavg= congt.

AZ

=y Twist 1S \1ke displacement

du
e

d
:‘c“i‘f
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Jhneitew "‘1% (eF-ci*)

YAY. HOMEWORL 1S NOW (SUPPOSEDLY) DORBLE. DAMIM T — HE'S STILL 0T AN ENAM PLE!

, ((7—_‘_‘:@9 find 4, ,tnen §, , add— SUPERPosITION! |

\\\\\\

w :T,l_,,
tor=2 a6 TF

=i




Equilibrium’s Differential Element Meets Confusion at the
Sign Convention

In class, I created confusion and controversy when I tried to apply the sign convention used for
positive internal shear and moment to the differential element (a.k.a. ‘little piece”) used to derive
the equilibrium equations. A quagmire of a debate ensued as to which way I should draw the
shear forces to obtain the correct equilibrium equations.

The short answer is this: the sign convention is not relevant when doing a sum of forces (i.e.
deriving equilibrium). For equilibrium purposes, I define a positive direction of force - forces
going that direction are positive, those going opposite are negative. The sign convention is only
useful for distinguishing which direction balanced forces are aligned — i.e. the resultant
forces/moments at a cut! The sign convention should not be applied when considering a single
force — it physically points in a single direction, whose sign is dictated by the positive
force/displacement direction.

For example, consider two cuts in a simply-supported beam with a center load, as follows:

»; ;g; AR
Te/,_ K

<S>

d=c

The resultant force parallel to the surface denoted as V; is a shear force, and obviously physically
points in the downward direction; I define this as negative. The resultant force on the mating
surface, denoted as V,, is an equal in magnitude and opposite reaction force and hence is positive.
(If V, was not equal and opposite, this point would be in motion as the sum of forces at this point
would not equal zero.) The internal forces V, and V, indicate that “internal shear” at this point is
positive, by convention. This does not alter the fact that the resultant force acting on the left side
of the cut is a negative force, and that acting on the right side of the cut is a positive force.

Equilibrium on the little piece of width dx says that the resultant force V; should be equal and
opposite to V,, so it acts downwards — i.e. it is a negative force. At the second cut (i.e. mating
surfaces with resultants V; and V,), the internal shear is still positive, because it meets the
positive sign convention for shear at a point.

So, when drawing the forces acting on a little piece —i.e. a differential element, the internal
resultant forces should be drawn consistent with equilibrium (i.e. off-setting), and their sign
should be different (to ensure that sum of forces is zero.) When deciding on the sign used to draw
on a shear-moment diagram, use the convention given in the book and covered in class — it
doesn’t affect the sign of individual resultant forces used to sum forces.

—

2
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1Y
e
< vernicol shear thoudnt 4o equal zero
Ny
i i becavse 1¥ caryies such a svioll percentaqe
S v

dfz

Y[g(éh_g).t]
=T L2+ 2 > force Junit \engtn m‘mgm 2-dicecrion
Yo batance forcejunit \engih

N x-Adrecrion

iS ¥ force creared onhe botrom by e

MonRNT Imbaiance the came S ¥ 10p? o - opposite direction

e ECHIONS A 4todirechnon of Shear have Wwearly AisTribysed snecr Slow -

> gechions | 1o Sheawr (V) are parabolic in snear flow »

PR o
i bj .
i l/fvrw E= SG %@)43 §=Tly> t %\\\éjé% gince TLY) s parabolic,

Fw=V <
= w ‘_‘t.’ 88 must C\) <ia



No Mmore peams !

Pressure vesselg

> oxia) divection

C.Hovell

MQAYCN2S 2002

STrege 1S .- NIGNESY on T Ingide wall

however, ¥hin walls o assume CoNSIant sfress

Frough Ymckness of Yank

=

F <
/ :
_ . oy
Weop direction K force consed by pressure -
¥
LR de-dx
W2,
SF= —Q_F-i—j; ALRCOSE dO-dX
7
F
REXER. F"/f’l RdX =R A=dx-t t—_v}q\\ﬁh\cmcsS
=% TV | eivcomSerenticl ervess L

' (R
Tavial = 2 ¢

rp‘: '5_6‘:_
Combine d Lo&&\nag
; - e
“Bending bl
_va
C Qe oy T <%
P
- oo TEN
T.c

Forionel K Ty




C.Hovell

Arah = No OFfice Hovrs | march 27,2003
Shear in voits

whal @ Ao you vse

s
w &: (1 ] A)
Area for & s whnal 1S yemoved
NA @ 22 cn From poitom by the cut

Feac'n = —o—b- .o
vatr 4 .
Space verween noi\s

romawoyp ¥
V— guse fov A valvue
“ Lok, 2 \eceions of syhear
3
z

| Combined Stresses

WNGT 1S Box  SUCH Fnodr there s no Jensite strecs av A2

o =
SNROY STyess L= _It
g - M
noYmal SYvess. 6= A Tovoletress: R+ T -0
\ MC . .
bendingstyes: 5 7y pOIOT O Whith compressive

arress 1§ balsnced by 1endio) sigess

50 vam
= 100 mm
20 i J
s
>y M V=4.5¥N
1:31&}.&
e By N=6 N
I M- (30 mm)
M =226 kN'm TR A Ty=

a8

N My n -
~-Q L Sy S Se = 5T.% Nva
— = x . —
™ 1 77 — () sign gevs concelled outT

~~use for @




C.Hovell

AReview?! ~ April 1,2003

Torgion (5.1-5.5)
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Sivess Transformaions
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Stessig cool i\
il

—

pos irive rotations

...__-91 \(«-—— 2 KS\ = Tx et oy

. =il 4KS\‘—EXV

)z

2¥SV =Ty
oY)
5\3"‘ S o * positive shear stress cavses
= G COV'nTe(‘C‘OCKW\SQ !(04‘0:‘..\0n

4..4'[\_}_,

|

Vv

a\\ &, T OY€ pasifinNe

Lets v NONY'S Circle some .. mobr. ..

O Y GOD. I TRINK VAN SO MUCK FUNNIER THAN L ACTOAUWY AN BUTTHRT wag sunNy.

» Caltuiate some pOIS: ;
Gx + Ty (0% + 0y )* :
Gave™ — 53— R= T+ Tuy

PIUAR (Ux ,Txy) ;T
3 = i e
Pre: (03, Tyx)  Tyx=-Tyy /‘EL"—
—
>
¥
(prs From exampie above)
4

o, ¥'m 80 good ot drawing cireles
principal siresses ave af moxX ,min O yalueg

sSowe by finding cadilus » Tomex Bk

0,= ovg+ R 02= Cavg~ R y\<6
. Pa\;mienﬂo‘n\‘o\,\m\c\f\ tace w,,0, goeson' )& 7 y

=-8;)od—?u‘:\ T



o Hovell

Its H-0-M-E-R! April 22,2003
e e
Strein Frontformations

> very similer o STress Hrans formanens

__ VERY IMPORTANT CHANG E)

S
= ONE B¢ DIFFERENCE: e
x*y ~ .~ 4 -
Exy* 3 §xy = engineeringSnear styein

Exu = 1ENSOY DNEQY STY A0

& +Ey & - & L , 1
Ex = xz e )‘1 220526+ £y S10 26 Mohr g circle
Ex— & —Exy
e Y Yain26+ Sxye0s26
Sy EHE

— £ =5 { €
,4// %y ;\ ,ﬂs,/ TR

] I ; xy
i E!“i i

f“ § N\ ;

T

} €x+£y
) S

T (gosk snxespin saind)
€ (Jusy Yo XeEP N mMin "&_"Sv)z i
5 ( = +é&xy

Planay elasTicity prob\ems

€y
REMEMBER POISON's RATVOL V=~ =
. !
Ag Genexa\ized HOOXES L&w7
| Yy
P
[ o~ Ty 02
¥ 0_ how doec blockchomse?, £,= ~€ -\ = G =
X
o iz
S PE RPCS N, IELL N - e
se SUPERPCSITIO gy= = 202
x gr= BB gD
Xy — = =
Wy =28xy= G E

_ vz X Tex

Y\J't - "E" X’éx' G

WOW . LgTS OF EQUATIONS. NO DERWATNONS .
Plone 8¥ra\n

U3=-V {0y *+Ty) X onficlastic bending

4 ﬁ EANS
Beam Deglecrion

St
\ =
TZRvj_ posivive corvasure (concave up) beam face beNds oo
7Ir
e =3
X P

42

v
Mmoo =Eel 3




C.Hovel|

No kyle NoBegiey. o Apri\ 24,2003

Beam deflechon
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