CE323: Properties and Behavior of Materials
Fall 2003
Tuesday/Thursday, 9.30-10.45, D221 Thornton Hall

‘Gold is for the mistress — silver for the maid —
Copper is for the craftsman cunning at his trade.’
‘Good!” said the Baron, sitting in his hall,

‘But Iron — Cold Iron — is master of them all.’

- Rudyard Kipling
Instructor:  Prof. Matthew R. Begley Office Hours:
begley@yvirginia.edu M:10.45—-11.45 am.
B229E Thornton Hall F:9.00 - 11.00 a.m.
(434) 243 8728
Teaching Assistant: Ms. Lilian Minja Office Hours:
lilian@yvirginia.edu T:2.00 - 4.00 p.m.
B220C Thornton Hall W:2.00-4.00 p.m.

Course Description (catalogue): Studies the properties and behavior of engineering
materials, emphasizing construction materials, including metals, concrete, wood, and
composites. Considers service conditions and underlying scientific principles related
to applications and performance of materials.

Course Description (Begley):

The Plot: Why do things break? Why do materials have any strength at all? Why are
some solids stronger than others? Why is steel tough and glass brittle? Why does wood
split? Why do we really mean by ‘strength’ and ‘toughness’ and “brittleness’?

The Characters: Why are some roads made from concrete and others from asphalt? Why
did the World Trade Centers collapse — is it reasonable to expect they should not have?
Why knead bread? What did Kipling mean by the above poem?

The Sub-text: Are materials as strong as we ought to expect them to be? How far can we
improve existing types of materials? Can we make altogether different kinds of materials
[structures] which would be much stronger? If so, how, and what would they be like?
How and where should we make use of them?

Course Objectives:

1. Learn the “logic of the discipline”, which provides the framework to understand
the impact of material properties on reliability and design.
2. Identify fundamental material deformation mechanisms that control material
properties such as modulus, strength and toughness.
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3. Outline strategies to control and modify microscopic deformation phenomena to
improve material properties.

4. Describe key material behaviors that influence structural performance as a
function of environment.

Course Text (required):

The New Science of Strong Materials, Or, Why You Don’t Fall T, hrough the Floor, ] .E.
Gordon, Princeton Science Library, 1976

Key References:

Materials Selection in Mechanical Desien, M.F. Ashby, Butterworth-Heinemann,
Oxford, England, 1996. (Strongly recommended for purchase: inexpensive
paperback that is widely useful.)

Mechanical Behavior of Materials (Engineering Methods for Deformation, Fracture, and
Fatigue), N.E. Dowling, Prentice Hall, New Jersey, 20 Edition, 1999. (Recommended
for purchase: standard course text with comprehensive coverage, but expensive
in hardback ~ $120.)

Reinforced Concrete Design, McGraw Hill, Boston, K. Leet and D. Bernal,
Massachusetts, 3™ Edition, 1995. (Not recommended for purchase (yet): standard
course text that may be required later — (or a similar yet different book).)

Course Policies:

Homeworks: (8 @ 2 %) 16%
Quizzes: (4 @ 7.5 %) 30%
Midterm: 22%
Final: 32%

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 eight homework assignments of 3-4 problems (an unspecified
fraction will be graded).

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.
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A due date will be given when homework is assi gned, 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.

2. 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. Penalties will be decided on the spur of the moment and may
be egregiously disproportionate to the offense.

Use e-mail to make an appointment with me if you cannot attend office hours.
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CE363: Materials Laboratory
Fall 2003
Tuesday: 2.00-3.30 p.m, 3.30-5.00 p.m., Thursday: 2.00-3.30 p.m.

Instructor:  Prof. Matthew R. Begley Office Hours:
begley@virginia.edu T:10.45—-11.45 am.
B229E Thornton Hall W:9.00-11.00 am.

(434) 243 8728

Course Description: Laboratory study of the macroscopic mechanical, thermal, and
time-dependent properties and behaviors of typical civil engineering construction
materials (metals, concrete, wood, plastics). Students observe, plan and conduct
experiments, and prepare written reports.

Course Objectives:
1. Learn “the logic of the discipline”, which provides the framework to understand
the connections between material microstructure and mechanical properties.
2. Identify fundamental material deformation mechanisms that control material
properties such as modulus, strength and toughness.
Course Text:
None. Laboratory handouts/reading will be distributed before each lab.

Key References:

Materials Selection in Mechanical Desien, M.F. Ashby, Butterworth-Heinemann,
Oxford, England, 1996. (Strongly recommended for purchase: inexpensive
paperback that is widely useful.)

Mechanical Behavior of Materials (Engineering Methods for Deformation, Fracture, and
Fatigue), N.E. Dowling, Prentice Hall, New J ersey, gnd Edition, 1999. (Recommended
for purchase: standard course text with comprehensive coverage, but expensive
in hardback ~ $120.)

Course Policies:

e 3
Laboratory Reports/Exercises: }1/@ w (T &(ﬁﬁ %0
Final Exam: enmannidOV0 1O
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Laboratory Reports:

Specific details regarding the content and expectations of each laboratory report will be
included with each lab handout. Current plans are for six assignments: four laboratory
reports on traditional experiments, and two “thought experiments” which will be
conceptual exercises regarding the design of experiments.

Students may consult each other and share ideas in the early stages of laboratory report
development, but each student must complete his/her own report independently. Reports
that are identical in all significant respects are unacceptable.

Students who miss the laboratory section during which experiments are run and data is
collected will not be considered to have conducted the experiments. This implies that
experimental data may not be included in their reports, and will be considered illegally
obtained, unless arrangements are made with the instructor prior to the lab. It is difficult
to imagine an effective lab report (i.e. one that receives a grade that differs from
temperature reading in Celcius) — so please do not miss lab. Reports 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 reports as professional presentations. They should be well-written,
typed and with computer-generated graphics/plots. They should be neatly organized,
with the key conclusions summarized at the appropriate locations. Sufficient detail must
be included to permit satisfactory evaluation of student performance, but excessive detail
should be avoided.

Final Exam:

1. The final 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.

2. The laboratory final will be a one hour exam during the final week of class.

Miscelluneous:

Please turn off cell phones. Penalties will be decided on the spur of the moment and may
be egregiously disproportionate.

Use e-mail to make an appointment with me if you cannot attend office hours.
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CE323 Properties and Behavior of Materials Fall 2003
Remaining Schedule

Quizes/Homeworks

Tuesday, 11/18 HW #5 DUE

Thursday, 11/20 QUIZ #3: Fracture Toughness (open notes/book)

Tuesday, 11/25 HW #6 DUE

Tuesday, 12/2 QUIZ #4: Strengthening
Thursday, 12/5 HW #7: DUE
Laboratory Reports:

Experiment #5: Tuesday, 12/2, and Thursday, 12/5

Friday, 12/5 Laboratory Reports 3&5: Charpy and Wood Tests
(Early birds: turn in Lab #3 on 11/25)

Friday, 12/12 Laboratory Report #6: Concrete Testing
Extra-credit: completed Experiment #4: Cheese fracture tests

Final Exam: Friday, December 12%, 2-5 p.m.

(CLOSED BOOK/NOTES)
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CE323 Properties and Behaviors of Materials Quiz 1 ‘
Fall 2003 September 16", 2003 |

rculor shakt
L. You need to select a material for a(é(;mpa&eﬂ{ subjected to bending, to be used in
a Formula One racing car. Derive the combination of material properties that
should be maximized to make the lightest é’}%%ﬁ% possible for fixed values of load,
allowable deflection, length and width. (I.e. the thickness of the beam (hint hint)
can be adjusted once the material is selected.)

2. Explain the difference between strength, stiffness and toughness. Indicate the
engineering variables that correspond to each property.

3 A thin strip of Plexiglass [poly (methyl methacrylate) - PMMA] is tested in four-
point bending to determine its strength. The thickness of the strip is 5 mm, its
width is 2.5 cm and the distance between the inside and outside loading pins is 10
cm. The modulus of PMMA is ~4 GPa. Just before failure, the computer
acquisition system crashed (undoubtedly a Microsoft operating system), so that
loads and displacements were not recorded.

a. The boss is screaming for an estimate of the material’s failure stress, and
there’s no time to re-do the test. Luckily, you were clever enough to video
tape the test, and the shape of the strip just before failure is shown below.
Provide an estimate for the strength of the PMMA.

b. Your colleague (a VA Tech grad) thinks the load cell read P = 1 kN at failure;
impress your boss as to the quality of your education by estimating the true
failure load, ignoring for the sake of approximation the effect of large
geometry changes.

Extra Credit: In 1676, Robert Hooke informed the world he intended to publish a theory
on the deformation of materials: what did he call his theory?
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CE323 Properties and Behaviors of Materials Quiz 2
Fall 2003 October 9"

1. A block of metal is loaded in pure shear, and has a single disloqation, whose
orientation is defined by angle 0 from the horizontal. Monr's Civci€

a.) Explain the difference between the strength of the test specimen and that of
the material itself.

b.) Determine and sketch the relationship between the applied shear stress, the
critical stress needed to cause dislocation motion, and the orientation angle of
the slip plane.

c.) Sketch the deformed shape of the block just after yield if there are multiple
dislocations with a broad range of orientation.

et o

2. A piece of chalk is 6 mm diameter. Assume the elastic modulus is £= 70 GPa,

and the fracture toughness is G, =2 J/m”.

220

a.) If there is a flaw in the chalk and the chalk fails when subjected to ZZ N of
tensile axial force, what is the minimum possible flaw size?

b.) Suppose I have a second magical piece of chalk with the same properties and
only one flaw with a total length ~ 160 pum (located in the center of piece),
and suppose that the flaw is oriented 67.5° from the loading axis. What is the
tensile force that I must apply to break the chalk?

c.) Comment on the presence of energy absorption mechanisms during fracture in
this material.
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CE323 Properties and Behaviors of Materials Quiz 3
Fall 2003 November 20"

Problem One:

Explain what is meant by the transition flaw size and how it is used in the analysis/design
of structural components. Clearly identify the material properties that control the
transition flaw size.

Problem Two:

A thin layer of ice fills the gap between two moving steel pieces of a drawbridge and
bonds them together (ice sticks devilishly to steel). A crack that is much longer than the
gap size (a >> h) is running through the center of the strip of ice, as shown below.

S
I Steel
S ICE 2h)= 1 mm
l Steel I

: , , o ES .
The stress intensity factor for this scenario is: K = ﬁ’ where J is the
1-v

displacement of one side. The elastic modulus of ice is £ ~ 9 GPa. The Poisson’s ratio is
v=0.25. The fracture toughness is K. ~ 0.5 MPa m"2. The yield stress is o, =85 MPa.

The total gap size is: 22 =1 mm.

a. Compute the relative displacement of the two pieces of bridge needed to advance the
crack.

b. If the two pieces of the bridge move just enough to start the crack and stopped, does

the crack stop or continue one it begins to propagate — explain your answer.

Were you justified in using LEFM? Justify your answer with a quick calculation.

Are there any toughening mechanisms at work in this ice? Justify your answer.

e. What is the maximum tensile stress developed in the intact portion of the ice, far from
the crack tip? What if the ice is much thinner, say 0.001 mm? Comment on the
implications of your answer.

o
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CE323 Properties and Behavior of Materials Review for Quiz #2
Fall 2003 Thursday, Oct. 9™

e Material selection: performance indices for:
o bending stiffness for weight

o buckling
o strength for weight
O energy storage
O cost.
,V\c’ e Strength of materials:
/Z?‘ ) i? o Hooke’s law in three dimensions (with problems)
oy /\\4‘” " o Elastic bending
Far ¥ & o Elastic-plastic bending
QR
o é/\ e Material properties:
§ o Stiffness: elastic modulus

o Strength: yield strength, ultimate tensile strength, fracture strength.
o Toughness: work of fracture, critical energy release rate
Quiz 1
e Theoretical Strength of Materials:
o Stretching of inter-atomic bonds

o Conversion of strain energy to surface energy
o Atomic slip in crystals: no dislocations

e Introduction to Defects and Failure Mechanisms:

o Circular holes

o Elliptical holes: component strength vs. intrinsic material strength
(theoretical)
Stress concentrations vs. stress singularities
Dislocations: slip planes, component yield vs. critical shear stress
Crushing: compressive loading of brittle materials
Cracking: conversion of strain energy to surface energy, work of fracture,
fracture toughness, critical energy release rate

0O 00O

Quiz 2
A few questions we’ve answered (in one way or another):

e What is the property ratio of density and strength that will optimize the
performance of a component loaded in ? (E.g. for torsion, maximize

& lp)
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Tresca law

® Copper
Ak X Aluminium
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0 ] ] | |
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.
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Fic. 4. Experimental results of Taylor and Quinney from combined torsion and

tension tests, each metal being work-hardened to the same state for all tests.

The Mises law is 024372 = Y2, while the Tresca law is ¢2+4+2 = Y2, where
o = tensile stress, r = shear stress, ¥ = tensile yield stress.

7 oct. shear Yielding (6= o,)

Ni-Cr-Mo steel
AISI 1028 steel
2024-T4 Al
3S-HAI

®E O e O

Fracture (csC =0,)

A Gray cast iron

powlinG, % 75 2~

ThyLoR

2
i

Ruinngy's

Figure 7.11 Plane stress failure loci for three critetia. These are compared
with biaxial yield data for ductile steels and aluminum alloys, and also with
biaxial fracture data for gray cast iron. (The steel data are from [Lessells 40]
and [Davis 45], the aluminum data from [Naghdi 58] and [Marin 40], and the
cast iron data from [Coffin 50] and [Grassi 49].)
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LOAD CONTROL

Load, P
Thickness, b
2h
= e
Crack length (beam length), a
DISPLACEMENT CONTROL

Thickness, b

Applied opening ¢

displacement, A 2h

=i iz
Crack length (beam length), a
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CE323 Properties and Behavior of Materials

Homework #5

Fall 2003 Due: Tuesday, Oct. 18"
SOLUTIONS
Material Yield stress, oy | Toughness, Kj. Transition Plastic zone
(MPa) (MPam'?) | flaw size (nm) | size (mm)
AISI 1144 540 66 4.76 2.38
(steel)
ASTM A470-8 620 60 2.98 1.49
(Cr-Mo-V)
ASTM A517-F 760 187 19.3 9.64
AISI 4130 1090 110 3.24 1.62
300-M (3000C 1750 65 0.44 0.22
temper)
2014-T651 415 24 1.06 0.53
2024-T351 325 34 348 1.74
2219-T851 350 36 337 1.68
7075-T651 505 29 1.05 0.52
7475-T7351 435 52 4.55 2.27
Problem One:
Data 1 11:24:01 AM 11/19/2003
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Very generally speaking, a material becomes less tough as the yield strength increases.
Increases in yield strength mean that it is more difficult to move dislocations; this means
that there is less plastic flow (or deformation) near crack tips. Plastic flow near crack tips
is one mechanism that materials use to dissipate energy; this increases toughness by
converting elastic strain energy to plastic work, instead of crack growth. Another way to
look at it is that materials with high strength remain primarily elastic, storing more elastic
strain energy to advance a crack.

The plot does not reveal a very obvious trend because there aren’t enough data points for
different materials. For a given alloy, the trend might be eliminated due to changes in the
fracture mechanism: for example, if the size of hard particles is changed for a given steel,
you might significantly change the toughness, without affecting the yield stress too much.
A more consistent data set that illustrates the global trends is provided by Ashby, who has
a materials selection map involving Ki. and o,. This map reveals that materials that are
less ductile (i.e. high strength, low failure strain) generally have smaller toughness.

Problem Two:

The transition flaw size is the size at which the failure stress predicted via linear elastic
fracture mechanics (LEFM) is equal to the yield stress. This is determined by:

2
LEFM __ KIc =L _]' ch
o/ =——===0,>a,=—|—%
Jm, 7\ o,

For flaws near the transition, fracture and generally yielding are equally likely. For flaws
less than the transition flaw size, the failure stress predicted by LEFM is larger than the
yield stress; hence, as the sample is loaded, the entire plate will yield before the crack
grows. Conversely, for flaws greater than the transition flaw size, the fracture stress is
less than the yield stress: this implies the crack grows before the plate undergoes general
yielding. Values for the transition flaw size are included in the table above.

In specific cases, either is acceptable. The key consideration with regards to flaw size is
that you want the transition flaw size to be big enough to detect. If the critical flaw size
is too small, you’ll never detect it in service and failure may be the first indication you
have a crack. Generally speaking, the consequences of acrospace component failure are
more dire, such that undetected but dangerous flaws are to be avoided at all costs; hence,
choose a material with as large a transition flaw size as possible. Conversely, civil
structures are typically easier to inspect (their infrastructure being fairly open) and more
conservatively designed (weight not being a problem), so they are typically (but not
always)strength-based design) This might seem like a bit of hand-waving — it is, as the
original question is poorly worded: in the future, we’ll deal with specific case studies that
have more details to consider.

Which theory to use? If you find a flaw larger than the transition flaw size, use LEFM. If
you do not, and your detection system is sensitive enough to find flaws bigger than the

CE323 Fall ‘03
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transition flaw size, you can predict failure via plastic yielding. A very dangerous
scenario: your transition flaw size is 0.1 mm, but your detection procedure (e.g. looking
at it), can only detect flaws > 1 mm. What to do? Assume the worst —i.e. there is a flaw
0.99 mm, and predict failure based on LEFM.

Problem Three:
The stress distribution directly ahead of a crack tip is given by:

K

)

where it should be noted that f; (6 =0)=1. The stress intensity factor for a crack in a
panel that is much, much wider than the crack length (equal to 2q) is:

K:a\/;;

where o is the stress applied to the panel. If we assume that the materials at all locations
where o, > o, then the plastic zone size for a given applied stress level is:

2

. a(O'J
| —
28 o,

The maximum plastic zone size is generated at the highest possible load: i.e., when the
plate fractures, in which case: o — K, /+/7m . Thus, the plastic zone size at failure can

2
max 1 ch
r B ] e
P27l oy

The estimated plastic zone size at failure is shown in the original table. Brittle materials
are easiest to determine the fracture toughness for, ductile materials are the hardest.
Why? Because brittle materials have little plastic flow, and LEFM can be used for pretty
much any sized specimen. Conversely, for materials that undergo lots of plasticity, a
large specimen is required to ensure small scale yielding (SSY), which means the size of
the plastic zone (or fracture process zone) is small compared to other length scales. If the
region of plasticity is small, it can be ignored and LEFM can be used. For 300-M (3000C
temper) steel, the strength is high, the toughness is low, and plastic zone size is about
twice the size of a human hair: in this case, you can choose small specimens that will fail
and small loads; this is the easiest to test from the above material set.

be estimated as:

So, the specimen dimensions have to be chosen such that LEFM can be applied, i.e. such
that the plastic zone size is small relative to all other dimensions. Ductile and tough

CE323 Fall 03
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materials generate large plastic zones before fracture (see above), so that very large
specimens are required. This implies the applied loads get very large, since the load
required to generate the failure stress scale with the cross section area of the specimen.

The hardest material to measure K, foris ASTM A517-F. (Note: ASTM = American

Society for Testing and Materials.). Why? Consider the estimated plastic zone size of ~ 2
cm. This implies that the crack introduced to measure toughness must be much larger,
say:

a> IOrIjmx ~20cm.

But to use the solution for a center crack in a large panel, the crack should be
considerably smaller than the panel width, so that:

W >10a > 10();*;“ax ~ 200 cm.

This is a big panel, approximately 6’x6’. Suppose the steel was ¥4 = 6 mm thick. The
failure load for a crack and panel of these dimension is:

=4-6y = A4- K —2.83x10° N = 636,000 Ibs..

Jma

This is a lot of force, not to mention figuring out a way to grip a panel 6’x6’. The
solution? The invention of elastic-plastic fracture mechanics, which does not require the
plastic zone to be small compared to other dimensions. In other words, you let large
plastic zones happen (that may span the entire specimen), and use crack tip fields based
on plasticity theory. The first to prove this works and explain how to measure toughness
this way? James A. Begley and John D. Landes, in the early/mid 1970’s.

Pfail

Problem Four:

Here, I assume that a = 3.4 (i.e. the crack length is 2a = 6.8). I chose this simply because
some of the materials would fail via fracture, and others via yielding. A plot is shown in
the next page. The line indicates the condition that fracture stress (i.e. the stress needed
to fracture the panel) is equal to the yield stress (i.e. the stress needed to yield the entire
panel). When the fracture stress is larger than the yield stress, the panel will yield before
breaking.. When the yield stress is larger than the fracture stress, the panel will break
before general yielding (although there will always be localized yielding near the crack).
Points near the line indicate the flaw is near the transition flaw size, such that both
fracture and general yielding are likely. Note that since the plastic zone size is
approximately equal to the transition flaw sizes, points near the line involve plastic zones
about equal to the given flaw size: hence, SSY does not apply and elastic-plastic fracture
theories should be used. This makes perfect sense, since there will be lots of plasticity!

CE323 Fall ‘03
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TABLE 17-5 @ Types of Pontland cements

Approximate Composition

3C-S 2C-S 3C-A4 4C-A-F Characteristics
Type | 55 20 12 9 General purpose
Type Il 45 30 7 12 Low rate of heat generation, moderate
resistance to sulfates
Type I 65 10 12 8 Rapid setting , 0.9
Type IV 25 50 5 13 Very low rate of heat gen E [_
Type V 40 35 3 14 Good sulfate resistance g
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Figure 17-10 The volume ratio of aggregate to concrete

The amount of water per cubic yard of
concrete required to give the desired
workability (or slump) depends on the size of
the coarse aggregate.
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Figure 17-9

The effect of the water-cement ratio and
entrained air on the 28-day compressive
strength of concrete.
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330 Chapter 13  Response of Concrete to Stress
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Cracking maps and stress-strain curves for concrete in uniaxial compression. {From S. P, Shah and
E. O, Slate, in The Structure of Concrete, eds. A. E. Brooks and K. Newman, Cement and Concrete
(1968). Reproduced by permission of British Cement Association,

Association, London, pp. 82-92
formerly Cement and Concrete

FIGURE 13.21

Diagrammatic stress-strain curve of
concrete in compression. [From ACI
Committee 224, Journal of the
American Concrete Institute, Vol. 69,
No. 12, pp. 717-753 (1972).]
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'8 Chapter 7 Aggregates

iURE 7.3

nence of aggregate size on 28-day
npressive strength of concretes with
lcrent cement contents. [From
nposium on Mass Concrete, SP-6,
rerican Concrete Institute, Detroit,
» PP 219-256 (1963).]
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FIGURE 19.5

Compressive strength versus w/cm ratio for concretes from several sources.
[Adapted from S. Mindess. in High-Performance Concrete: Properties and
Applications, eds. S. P. Shah and S. H. Ahmad, McGraw-Hill, Inc., New York, p. 14
(1994).]
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TABLE 18.5 - auses of Cracking in Concrete Due to Interaction with Surroundings

Variables
Cause of Environmental to
Component Type Distress Factor(s) Control
Cement Unsoundness Volume Moisture Free lime
expansion and magnesia
Temperature Thermal Temperature Heat of hydration,
cracking stress rate of cooling
Aggregate Alkali-silica Volume Supply of Alkali in cement,
reaction expansion moisture composition
of aggregate
D-cracking Hydraulic Freezing and Absorption of
pressure thawing aggregate, maximum
size of aggregate
Cement paste  Plastic Moisture Wind, Temperature
shrinkage loss temperature, of concrete, protection
relative of surfaces
humidity
Drying Moisture Relative Mix design,
shrinkage loss humidity rate of drying
Sulfate attack Volume Sulfate ions Mix design,
expansion cement type,
admixtures
Thermal Volume Temperature Temperature
expansion expansion  change rise, rate of change
Concrete Settlement Consolidation Concrete slump,
of plastic cover, bar diameter
concrete
around
) reinicrcement
Reinforcement  Electro- Volume Oxygen, Cover,
chemical expansion moisture permeability of
corrosion concrete
TABLE 18.6 Types of Cracking in Concrete Structures
Nature of Crack Cause of Cracking Remarks
Large, irregular. frequemly Inadequ;}[e support, Slabs on ground,
with height differentiai overioading structural concrate
Large, regularly spaced Shrinkage cracking, Slabs on ground,
thermal cracking structural concrete,
i mass concrete
Coarse, irregular “map Alkali-silica reaction Extrusion of gel
cracking”
Fine, irregular “map Excessive bleeding, Finishing too early,
cracking” (crazing) plastic shrinkage excessive troweling
Fine cracks roughly Plastic shrinkage Perpendicular to
parallel to each directionof wind
other on surface of slab
Cracks parallel to sides Excessive moisture Deterioration of concrate
of slabs adjacent contents, porous aggregates slab due to destruction
to joints (D-cracking) of aggregates by frost
Cracks above and Settlement cracking Structural slabs due
parallel to to consolidation of plastic
reinforcing bars concrete around reinforcing
_ bars near upper surface
Cracking along Corrosion of Aggravated by the
reinforcing bar placements, reinforcement presence of chiorides

frequently with rust staining
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CE323 Properties and Behavior of Materials Review for Final
Fall 2003 Friday, Dec. 12

Vocabulary terms that involve relatively straightforward definitions are underlined.

e Material selection: performance indices for:
o bending stiffness for weight

buckling

strength for weight

energy storage

cost

O O O O

e Strength of materials:
o Hooke’s law in three dimensions (with problems)
o Elastic bending
o Elastic-plastic bending

e Material properties:
o Stiffness: elastic modulus
o Strength: yield strength, ultimate tensile strength, fracture strength.
o Toughness: work of fracture, critical energy release rate

QUIZ #1

e Theoretical Strength of Materials:
o Stretching of inter-atomic bonds
o Conversion of strain energy to surface energy
o Atomic slip in crystals: no dislocations

e Introduction to Defects and Failure Mechanisms:

o Circular holes

o Elliptical holes: component strength vs. intrinsic material strength
(theoretical)
Stress concentrations vs. stress singularities
Dislocations: slip planes, component yield vs. critical shear stress
Crushing: compressive loading of brittle materials
Cracking: conversion of strain energy to surface energy, work of fracture,
fracture toughness, critical energy release rate

O O O O

QUIZ #2

e Brittle Failure: Maximum Normal Stress Criterion:

CE323 Behavior and Properties of Materials 1
Fall 2003 Review for Final




O
O
)

Principal stresses
Mohr’s Circle/Stress Transformations
Failure surfaces: anistropic yield/fracture criterion.

e Ductile Failure

o
O

O
o
o

Maximum shear stress criterion: Tresca yield criterion

Absolute maximum shear stress and out-of-plane yielding for 2-D stress
states

Maximum shear yield (failure) surface (isotropic yield stress)

Von Mises yield criterion: formulae

Von Mises yield (failure) surface (isotropic yield stress)

o Introduction to Defects and Failure Mechanisms:

o
O

O O O O

Circular holes

Elliptical holes: component strength vs. intrinsic material strength
(theoretical)

Stress concentrations vs. stress singularities

Dislocations: slip planes, component yield vs. critical shear stress
Crushing: compressive loading of brittle materials

Cracking: conversion of strain energy to surface energy, work of fracture,
fracture toughness, critical energy release rate

MIDTERM

e Fracture Toughness and Linear Elastic Fracture Mechanics (LEFM)

e}

O
®)
O
O

O O

O

Stress fields near elliptical holes vs. cracks.

Stress fields near all cracks: the stress intensity factor
Fracture modes: I, II and III.

Critical stress intensity factors, or toughness: K,

Critical energy release rate vs. critical stress intensity factors: Irwin’s
Relation

Plastic zone size estimates

Transition flaw sizes

Conditions for LEFM

e Toughening Mechanisms:

O
6]
o

Damage at crack tips: metals, ceramics and polymers

Brittle fracture mechanism: role of hard particles

Ductile fracture: interplay of plastic deformation (and yield stress) on
fracture toughness

Ductile fracture mechanism: micro-void coalescence

QUIZ #3

CE323 Behavior and Properties of Materials 2

Fall 2003

Review for Final



Yield stress/Strengthening Mechanisms:

O

o O O O O O

Review of dislocations as basis for metal plasticity
Introduction to dislocation interaction and strain hardening
Yielding of single crystals: Stage I, IT and III hardening
Yielding of polycrystals: the Hall-Petch effect

Solid solution strengthening

Particulate/dispersoid strengthening: particle shearing
Particulate/dispersoid strengthening: dislocation bowing

QUIZ #4

Concrete

o

OO0 OO OO0 0 0 0

o O O

Definitions of constituent materials

Types of cement: cement hydration reactions
Global perspective: strength vs. workability (slump)
Role of aggregate size on workability

Role of aggregate size on strength: interface area per unit volume

Desired water content for workability (slump)
Role of water-to-cement ratio on strength

Desire aggregate volume per cubic yard concrete
Role of entrained air on strength

Mix computations

Compressive stress-strain data: damage evolution
Compressive stress-strain: role of constraint
Reinforced concrete

FINAL

CE323 Behavior and Properties of Materials

Fall 2003

3
Review for Final



A few questions we’ve answered (in one way or another): non-inclusive!

What is the property ratio of density and strength that will optimize the
performance of a component loaded in ? (E.g. for torsion, maximize

2/3
o’ /p.)
What is the difference in response of a block of material loaded in compression if
it does and does not touch restraining walls?
What are the three keys of solid mechanics? What are three specific examples
(formulae) that relate the key variables?
How would you solve for an equation that can be used to extract elastic modulus
from a beam loaded in bending?
What is the load that will cause first yielding in a beam in bending? What is the
load that will cause the entire beam to yield (i.e. the plastic collapse load)?
How much of a beam yields for a given applied moment (i.e. what is the size of
the elastic core)?
Why can glass fibers exhibit incredible strength if they are made sufficiently
small? What is an example (or proof) of this strength?
What are the relative properties (stiff/flexible, strong/weak. brittle/tough) of:
porcelain, a cracker, steel, nylon, Jell-O, pure copper?
What is the failure mechanism of: ceramics, metals, concrete? How does one
obtain an estimate for the strength of a defect-free material?
How do real yield strengths compare with theoretical yield strengths predicted for
a given slip plane orientation? Why?
How does necking occur? Explain in terms of dislocation motion.
What is the stress near a circular hole or elliptical crack? How does the stress vary
with geometry of the defect?
What is the difference between the strength of a test specimen and that of the
material? What is the relationship between the failure stress of a component, the
intrinsic material strength and a defect?
What is the difference between a stress concentration and a stress singularity? Can
you cite and explain an example that spans both concepts?
What was Griffith’s original fracture concept? What are the necessary
modifications to his theory to make it work for brittle materials? For ductile
materials?
What are the relative toughness(es) of glass, ceramic, wood and metals?
Do brittle materials fail in compression?
For what type of materials is the maximum normal stress criterion used to predict
failure?
Given a two-dimensional stress state, compute the stresses acting in a coordinate
system determined by a specified rotation from the original.
For what type of materials is the maximum shear stress (or Tresca) criterion used
to predict failure?
What is meant by a yield (or failure) surface? Illustrate failure surfaces for the
three stress-based approaches covered in class.

CE323 Behavior and Properties of Materials 4

Fall 2003
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e What is meant by absolute maximum shear stress, and what are its implications
for yielding in plane-stress problems?

e What combination of material properties should be maximized to make the
strongest, lightest cantilever beam possible? How does this differ from the stiffest,
lightest beam possible? What is the combination of material properties that should
be maximized to make the strongest beam possible if the material has low fracture
toughness?

e How does the stress vary near an elliptical hole, and how can this solution be used
to illustrate the fundamental stress distribution near a crack?

What are “damage mechanisms” near crack tips in metal, polymers and ceramic?
What is meant by stress intensity factor, and how does it relate to the stresses at a
crack tip?

e What is mean by the critical stress intensity factor, and how does it relate to
toughness? How is it used to predict fracture according to linear elastic fracture
mechanics?

e What are the fwo conditions that must be met to accurately apply LEFM? (

What is meant by the transition flaw size, and how is it derived (approximately)?

e Why is it difficult to measure the fracture toughness of very ductile materials
using LEFM? How is the plastic zone size estimated?

e What are the three fundamental modes of fracture? Which one is of greatest
concern (usually) and why?

e What is the relationship between the strain energy release rate and stress intensity
factors (for LEFM)?

What is the role of (brittle) particle size on toughness for brittle modes of failure?
What is the role of plastic deformation on toughness, and what does this imply
regarding the general relationship between yield stress and toughness?

What is the role of (brittle) particle size on toughness for ductile modes of failure?
What is an appropriate performance index for designing a strong, lightweight
beam comprised of a brittle material? Can you use this to explain why ceramics
make lousy macroscale beams? (What about microscale beams?)

e How is the strain energy release rate determined for simple beam specimens — e.g.
a beam with a crack down the axis and loaded with applied moments?

e Name five strengthening mechanisms and describe the global concept that
underlies their function (in increasing yield stress).

e Describe the yielding of single crystals and explain the various hardening stages
in terms of active slip systems and dislocation interactions.

Which stages of hardening do polycrystals experience and why?

What is the grain size effect in polycrystals?

How can a fracture mechanics analogy be used to derive the relationship between
yield stress and grain size?

What is the Hall-Petch effect, and what are implications for material design?
Why do solution solutions have higher yield strength (and/or strain hardening)
than pure materials?

e What is the difference between a substitutional and interstitial solid solution?
Which leads to greater increases in yield stress?

CE323 Behavior and Properties of Materials 5
Fall 2003 Review for Final



What is the effect of particle size in precipitate/dispersoid strengthening?

Why could one claim that big particles have relatively little effect on yield stress?
Why could one claim that very small particles have relatively little effect on yield
stress and toughness in ductile materials?

What is meant by concrete, cement, aggregate and mortar?

What is the difference between hydraulic and non-hydraulic cement?

What is the underlying chemical reaction that leads to hardening in cement?

Why might smaller aggregates lead to larger strength in concrete — support your
answer with a quick back-of-the-envelope calculation?

What is the global “trade-off” that should be considered when designing a cement
mix? How does slump play a role?

What is the relationship between water-to-cement ratio and the strength of
concrete?

What is the relationship between aggregate size and compressive strength in
concrete? Does aggregate size have a greater or smaller effect than cement
content?

What increase in strength of concrete can be anticipated over a week, a month and
year?

What does a typical stress-strain curve look like for aggregate, mortar, concrete
and pure cement?

What is the effect of confinement (i.e. compressive stress perpendicular to the
principal loading axis) on the strength of concrete? What is the underlying cause
of this effect?

What are the key microstructural features in wood? How do they each contribute
to the tensile and compressive strength of wood?

What is the effect of water content on the strength of wood?

Can you cite three examples of “materials science tradeoffs”, wherein increasing
one property may decrease another?

Can you briefly describe the “logic of the discipline” in the context of predicting
material behavior?

CE323 Behavior and Properties of Materials 6
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CE323 Properties and Behaviors of Materials MIDTERM
Fall 2003 October 28th

Problem One:

h adjustable

P=50kN

B=5 cm

a. Determine the combination of material properties that should be optimized

if one wishes to build the strongest, lightest cantilever beam possible —i.e.

derive the appropriate performance index for the scenario above.

b. Using the relevant material map, identify two very different classes of
material that have similar and desirable performance indices.

¢. Consider making two beams, one from each of the materials identified
above. How do the final designs differ? Be as quantitative as possible.
Briefly comment on the practicality of each material choice.

Problem Two:

Consider a brittle material and a ductile material with-a-single-dislocation.

a. Briefly explain the mechanism of “failure” for each material.

b—Identify-the Telationship between the stress needed to

......

ngle dislocation.

c. Briefly explain why these two materials have vastly different fracture
toughness.

fail a specimen and

d. Briefly comment on the implications of the different fracture toughness(es)
on the critical flaw sizes that lead to failure; if possible, use a numerical
example to illustrate your comment(s).

CE323 Midterm
Fall 2003



Problem Three:

The yield stress of a ductile metal is o, =200MPa. The stress state in a
component is shown on the stress element below:

137.5 MPa
A

4—1— 48 MPa

y
=
v

X

192.5 MPa

a. Sketch the stresses acting on a material element aligned with the principal
axes.

b. Determine if the material yields, according to the maximum shear stress
criterion and comment on the direction of yielding.

c. Sketch the appropriate yield surface and the point that represents the given
stress state.

d. Determine if the material yields according the Von Mises criterion; clearly
justify your conclusion.

CE323 Midterm
Fall 2003
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CE323 Properties and Behaviors of Materials Quiz 3
Fall 2003 November 20™

Problem One:

Explain what is meant by the transition flaw size and how it factors into the
analysis/design of specimens for measuring toughness. Clearly identify the material
properties that control the transition flaw size.

Ans. The transition flaw size is that such that the fracture stress is equal to the yield
stress. For a center cracked panel:

. K :
K =om , and at failure K = K »>Sothat o, =—£ = o, . Solving for the flaw

iy

2
& ] . The transition flaw size thus represents the boundary

Oy

between fracture based failure and yielding; flaw size less than the transition flaw size
imply that the component yields before fracture, while flaw sizes larger than the
transition flaw size indicate fracture occurs before general yielding.

: : 1
size, one obtains: a, = —
V2

To measure toughness, general yielding should be avoided if possible. This means that
one desires a small transition flaw size, such that a relatively small crack will lead to
fracture and enable the toughness measurement. Otherwise, large flaws will be needed to
avoid general yielding, in turn implying large specimens which are difficult to test. This
result is echoed by the estimated plastic zone size, which varies with toughness and yield
strength in the same manner. Large transition flaw sizes mean large plastic zones,
requiring large specimens such that LEFM can be applied.

Problem Two:

A thin layer of ice fills the gap between two moving steel pieces of a drawbridge and
bonds them together (ice sticks devilishly to steel). A crack that is much longer than the
gap size (a >> h) is running through the center of the strip of ice, as shown below.

The stress intensity factor for this scenario is: K = % , where & is the
1-v

displacement of one side. The elastic modulus of ice is £ ~ 9 GPa. The Poisson’s ratio is
v=0.25. The fracture toughness is K ~ 0.5 MPam"?. The yield stress is o, =85 MPa.

The total gap size is: 22 =1 mm.
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a. Compute the relative displacement of the two pieces of bridge needed to advance the
crack.

K, 5x10° Par/m - .
Ans. 5;,, =~ 1/‘1—v2E=ma—\/(1—0.252)5x10 *m =1.2um. Thisis

really small — small relative motions will crack the ice.

b. Ifthe two pieces of the bridge move just enough to start the crack and stopped, does
the crack stop or continue one it begins to propagate — explain your answer.

Ans. Once the crack is much longer than the thickness of the ice, the stress intensity
factor becomes dependent only on ice thickness, as indicated above. Hence, once the
crack advances, the energy release rate remains constant, and the stress intensity
factor is still equal to the critical stress intensity factor, so the crack never stops.

¢. Were you justified in using LEFM? Justify your answer with a quick calculation.

Ans. The requirement for LEFM is that the plastic zone size is much smaller than all
other dimensions. The plastic zone size can be estimated as:

2
1 (K_I] 1 [5x105Pa«/E

" 27| 8.5x107 Pa

2
J =55um<<h
27

Since h is the smallest dimension, the plastic zone is small compared to all other
physical length scales, so LEFM is correctly applied.

d. Are there any toughening mechanisms at work in this ice? Justify your answer.
Ans. This is determined by comparing the fracture toughness — in terms of energy —

to the surface energy of the solid. Using Irwin’s relation, the fracture toughness can
be converted to the critical energy release rate:



-y )K,c _(1-025)5x10° MPavm | J

26—— Note that ~1—
G 9x10° MPa m? ottt Yao ~ m?

GErme ~ 5 — 10 J ,and G ~ 50—100—‘]—2—. Hence, there are energy dissipation
m

mechanisms (1.e. toughemng mechanisms), and they are not negligible — ice is
tougher than ceramic. Though smaller, they are comparable to toughening
mechanisms in wood. Of course, they are not nearly as efficient as those in metal,
where plastic dissipation increases toughness over surface energy by 4-6 orders of
magnitude.

What is the maximum tensile stress developed in the intact portion of the ice, far from
the crack tip?

Ans. The stress far from the crack is uniform, and a simple tension specimen:

4 =& =(~ﬁ;this implies o, =—I&c———.
h E \/il—vzz

Rearranging the stress intensity factor, or via direct substitution, one obtains:
O e ® 23MPa. This is not inconsequential: if there is a flaw in the steel, which is

cold, it may trigger failure of the steel component first! This happens all the time in
off-shore oil rigs: cracks in ice adhered to structures lead to relative movement that
ruptures steel: the bonding of ice to steel in such scenarios is particularly
troublesome.

What if the ice is much thinner, say 0.001 mm? Comment on the implications of your
answer.

K,

It implies that thin layers of ice bonding steel are incredibly troublesome. The
thickness of the ice acts as the flaw size; small thickness implies the ice is very
strong, and you can wind up breaking the steel first! BUT: in this scenario the
estimated plastic zone is bigger than the ice thickness, implying elastic-plastic

fracture is needed for the ice. Moral: thin ice is a difficult problem!

= 516 MPa — this a large stress.



CE323 Properdties and Behaviors of Material s Quiz 4
Fall 2003 December 2"

SOLUTIONS

Problem One:

a.) Describe the yielding behavior of metallic single crystals and explain the various
hardening stages in terms of active slip systems and dislocation interactions.

Yield stress upon
2 reloading after unload

©
@ Stage Il
o
%)
~2tp Stage ||

Stage | Unloadreload path

A
>

Strain, ¢

Single crystals experience three stages of hardening:

Stage I: slip initiates on a single slip system with the largest resolved shear stress; the
minimum possible uni-axial stress to cause yield is o, =27 »» where 7, is the intrinsic

lattice resistance, or Peierl’s stress (previously discussed as the critical shear stress
needed to move a dislocation). Typically, o, = (2—3)r,. Additional dislocations are

created, but slip is still confined to a single slip plane, so the rate of strain hardening, or

slope of the stress-strain curve is relatively small, i.e. —i’ﬁ ~0.001F. Interms of shear
&

stress acting on a slip plane, the yield stress can be written as:

T, =1, +a,Gb\/;

where G is the material’s shear modulus, b is the Burger’s vector of a dislocation (a
measure of lattice distortion caused by the dislocation) and p is the density of

dislocations (measured as the number of dislocations passing through a unit area). A

CE323 Quiz 4 Solutions 1
Fall 2003




typical value for the constant ¢, ~ 0.05. Typical dislocation densities and increases in
shear yield stress are:

annealed: p~10" ¢cm®, Az =7, —7, ~ 0.1MPa
cold worked: p~10" em?, Az =7, -7, ~10MPa

Since slip occurs on a single slip system, you cannot get high yield strengths because
dislocations do not strongly interact (which reduces their mobility).

Stage II: in this stage, multiple slip occurs on different slip planes, and greatly increases
the number of dislocations interactions that reduce mobility. In this stage, slip of
dislocations on one plane is inhibited by forest dislocations threading through a
perpendicular plane. The shear yield stress can again be written as:

Ty =17, +a,,Gb\/;

where the hardening constant is «;, ~ 0.2—0.4 >> o, . From the above, this leads to
increases in yield strength on the order of 60 MPa, which is comparable to the intrinsic
lattices resistance. Hence, the yield stress during this stage of hardening may be double
the initial yield stress.

Stage III: in this stage, extensive cross slip and high dislocation densities result in
dislocation annihilation, which limits the dislocation density that can be achieved. Since
the dislocation density saturates (additional deformation doesn’t significantly increase
dislocation density since newly created dislocations are “cancelled” via annihilation),
there is no significant increase in yield stress.

b.) Describe the yielding behavior of polycrystals in the context of your response to
part (a). What is the role of grain boundaries?

Polycrystals do not experience Stage I hardening, since multiple slip occurs at the onset
of yield due to random grain orientation. Stage II happens immediately, and eventually
Stage III does occur. Grain boundaries act as obstacles to dislocation motion, increasing
the yield stress. Smaller grains have more grain boundaries (surfaces) per unit volume,
implying that there is a greater density of obstacles: hence, smaller grains mean larger
yield strengths. This is described by the Hall-Petch relation, which predicts that yield
stress will increase with grain size according to:

o, =0, +ky/\/3

For face-centered cubic (FCC) crystals, &, ~ 0.05- 0.1 MN m™?, which for body-

centered cubic (BCC) and hexagonal close-packed (HCP) crystals,
k, ~02-04MNm™.

CE323 Quiz 4 Solutions 2
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Problem Two:

a.) Why could one claim that very big particles/inclusions have relatively little effect
on yield stress? What are the conditions that are required for this to be true?

For the same volume fraction of particles, larger particles mean large particle spacing.
As the particle spacing increases, the shear stress needed to bow dislocations around the
obstacles decreases. This can be expressed as:

T Gb(ﬁ]
R

where G is the shear modulus, b is the Burger’s vector, fis the particle volume fraction
and R is the particle radius. For big particles to have relatively little effect on yield stress,
they must be spaced so far apart that the dislocations can move easily around the particles
via bowing; this happens when the particles are much much bigger than the distortion
caused by dislocations, i.e. the Burger’s vector.

b.) Why could one claim that very small particles/inclusions have relatively little
effect on yield stress? What are the conditions that are required for this to be
true?

Smaller particles can be susceptible to shearing by the dislocation; i.e., the dislocation
cuts through the particle with relatively little resistance and continues to glide, resulting
in little or no increase in the stress needed to move dislocations (i.e. the yield stress).
This can be expressed as:

Tsuear C (751;3 )\’ %

where y ., is the energy associated with the anti-phase boundary between the particle
and the matrix; this term can be thought of as the fracture energy of the particle. For
particles to shear, they must be relatively weak (such that it is easy to cut them, they have
a low anti-phase boundary energy) and comparable to the Burger’s vector.

c.) How might one experimentally determine the optimum particle size to maximum
yield stress in a precipitate —strengthened alloy?

One can make an alloy with extremely small particles by quenching rapidly from
elevated temperatures: this limits the particle size since the atoms comprising the
particles do not have time to coalesce into large particles. Then, a number of samples are
cut from the alloy, and each sample is heated for increasing intervals, i.e. the samples are
subjected to different annealing schedules to grow the particles to different sizes. When
the samples are heated, the precipate atoms have sufficiently mobility to grow larger

CE323 Quiz 4 Solutions 3
Fall 2003



particles (at the expense of smaller particles — the large particles get bigger while the
smaller particles get smaller, since larger particles have less surface energy) — this
process is known as Oswald ripening. The yield stress for each sample can then be
measured and combined with microscopy to determine which particle sizes yield the most
significant increases in strength.

CE323 Quiz 4 Solutions 4
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CE 323: Properties and Behavior of Materials HW#1
Fall 2003 Due: Friday, Sept. 12™

1. A nylon thread is to be subjected to a 2.5 Ib tension. Knowing that £ = 0.5x106 psi,
that the maximum allowable normal stress is 6 ksi, and that the length of the thread
should not increase by more than 1%, determine the required diameter of the thread.

2. A uniform edge load of 500 Ib/in and 350 Ib/in is applied to the polystyrene
specimen. Ifit is originally square and has dimensions of g =2 in, »=2in, and a
thickness of # = 0.25 in, determine its new dimensions a’, b’, and ¢’ after the load is
applied. E,= 597x10° psi, % =023.

350 Ibfin

A A4 AA A A

A A

500 Ib/in

Y YYYY

A A A A

i

A
{

(e
1]
N
=
A\

3. A member of uniform rectangular cross section 50 x 120 mm is subjected to a
bending moment M = 36.8 kN*m. Assuming that the member is made of an elastic-
plastic material with with yield strength of 240 MPa and a modulus of elasticity of
200 GPa, determine the thickness of the elastic core and the radius of curvature of the
neutral surface.

b =50 mm
E
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4. A steel bar of 0.8 x 2.5 in. rectangular cross-section is subjected to two equal and
opposite couples acting in the vertical plane of symmetry of the bar. Determine the
value of the bending moment M which causes the bar to yield. Assume o;, = 36 ksi.

0.8in

v Wl

( ) [

5. For the state of plane stress shown, determine the principal planes and the principal
stresses and the stress components exerted on the element obtained by rotating the
given element counterclockwise through 30°.

y
TGO MPa

———

100 MPa

-~ —_ —— x

—> 48 MPa

6. A hollow cylindrical shaft is 1.5 m long and has inner and outer diameters
respectively equal to 40 and 60 mm. What is the largest torque that may be applied to
the shaft if the shearing stress is not to exceed 120 MPa? What is the corresponding
minimum value of the shearing stress in the shaft?

1.5m



7. Determine the deflection at the point of loading and at the mid-span). Assume a = L/2.

P

|¢
iy e
- -

L/2 L/2

8. Determine the deflection at the points of loading and at the mid-span. Assume a=b.

P P

.

L/2 L/2
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