
Chapter 1
Overview of Engineering Analysis



Chapter Learning Objectives

Learn the concept and principles of engineering analysis, and the vital roles that engineering
analysis plays in professional engineering practices.

Learn the need for the application of engineering analysis in three principal functions of
professional engineering practice: creation, problem solving, and decision making.

Learn that engineers are expected to solve problems that relate to protection of properties and
public safety and also to make decisions.

Appreciate the roles that mathematics plays in engineering analysis, and acquire the ability to use
mathematical modeling in problem solving and decision making in dealing with real physical
situations.



1.1 Introduction
Engineering analysis involves the application of scientific principles and approaches that often use
mathematical modeling as a tool to reveal the physical state of an engineering system, a machine or
device, or structure under study. Applications of engineering analysis also include electrical circuit design,
derivation of algorithms for computer programming, and so on. It is an integral part of the professional
practice of all engineering disciplines.

Engineering analysis provides engineers with viable tools in their professional practice, which in general
involves creating new products or engineering systems; solving technical problems that either are
required to sustain current operation and maintenance of engineering processes or relate to developing
new products or engineering systems; and making logical decisions in dealing with complex professional
activities, such those involved in design processes and concerning proper actions required to deal with
many critical problems that often involve serious consequences to public welfare and safety.

Engineers who apply engineering analysis to these professional activities must realize that mathematical
modeling is widely used as a “working tool” for their analyses, and the problems that they are required to
deal with are fundamentally of a physical nature. Consequently, engineering analysis does not involve
simply finding suitable mathematical formulas or equations with mathematical solutions for the
problems. Engineers must have thorough understanding of the physical nature of the problem and be able
to identify the appropriate mathematical modeling as a tool in finding the solutions. It also requires
engineers to recognize that mathematics serves as the “servant” to its “master”—the corresponding
physics.

This book will primarily focus on application of engineering analysis to problems primarily relating to
mechanical engineering. However, the principles of mathematical modeling derived for these applications
may also be applicable to other engineering disciplines.



1.2 Engineering Analysis and Engineering Practices
Practicing engineers are often expected to undertake the following functions in their professional
practices.

1.2.1 Creation
There is a common understanding that engineers originate many devices and engineering systems that
benefit humankind and as such are principal contributors to those aspects of our contemporary
civilization that improve the quality of lives and living standards for all. This belief in the creativity of
engineers is exemplified and supported by this quotation from Albert Einstein, underlining that
“creativity” is indeed a part of engineers' professional practice

Scientists investigate that which already is. Engineers create that which has never been.
(http://thinkexist.com/quotation/scientists-investigate-that-which-already-is/761229.html)

Table 1.1 lists the 20 greatest achievements by engineers in the last century as selected by the American
Academy of Engineering. One will readily observe that all these achievements have substantially enhanced
people's quality of life. Engineering analysis offers the necessary means for engineers to develop and
produce all the products and systems listed in Table 1.1.

Table 1.1 Greatest engineering achievements of the 20th century

Electrification Highways

Automobile Spacecraft

Airplane Internet

Water supply and distribution Imaging

Electronics Household appliances

Radio and television Health technologies

Agricultural mechanization Petroleum and petrochemical technologies

Computers Laser and fiber optics

Telephone Nuclear technologies

Air conditioning and refrigeration High-performance materials

American Academy of Engineering (http://www.greatachievements.org/)

1.2.2 Problem Solving
Engineers are constantly required to solve technical problems that can vary in many different ways. Some
of the problem areas that engineers often encounter include ambiguity in the design of new products or
engineering systems, improper ways of manufacturing and production of products, inferior quality of
products, run-away cost control in design and/or production, resolution of customers' complains and
grievances, and addressing public grievances and mistrust. Many of these problems require immediate
solutions, whereas others may require and be afforded more time to resolve. Some problems that
engineers contribute toward solving may have major impacts on the wellbeing and safety of the general
public: a real-life case is the devastating rupture of a small section of natural gas pipelines in San Bruno,

http://thinkexist.com/quotation/scientists-investigate-that-which-already-is/761229.html
http://www.greatachievements.org


California in the autumn of 2010. This accident destroyed 20 family houses in the neighborhood and
caused the loss of 10 human lives. The owner and operator of the gas pipelines, Pacific Gas and Electricity,
has since been involved in major litigation by the victims. Large numbers of engineers have spent
countless hours of time in the search to identify the causes of the rupture of the pipeline, and from these
are expected to devise solutions to avoid recurrences.

Problems such as this relating to rupture of pressurized pipelines can be investigated by engineering
analysis using scientifically sound mathematical modeling based on fracture mechanics analysis, such as
proposed by (Hsu and Bertel, 1976; Hsu et al., 1988).

1.2.3 Decision Making
Engineering is a profession, not just an occupation. The welfare of others depends greatly on the expertise
and judgment exercised by engineers as reflected in the quality of what they design and manufacture.
Decisions made by engineers represent a public responsibility (Pearsall and Hadley Cocks, 1996).
Engineers are often required to investigate serious issues of various natures and degrees of complexity;
many of the decisions that engineers make in resolving these issues are based on the use of proper
engineering analysis. Incorrect or inadequate analyses by engineers may result in loss of productivity,
compromise of the value of products or systems, and—most seriously—have grave consequences in terms
of loss of both property and human lives. Engineering analyses used in decision-making processes may
sometimes involve simple scientific principles and simple mathematical manipulations, but the analysis of
many problems requires sophisticated advanced analytical tools and modern computational power.

The following represent some common classes of problems that require decision-making in mechanical
engineering practice.

1. Decisions relating to design of new products or systems: Decisions are required in
configuring new products or engineering systems and selecting design methodology. Decision on the
latter activity may involve selecting the empirical formulas established by a company or those available
in published design handbooks (Avallone et al., 2006; Kreith, 1998; Bishop, 2002; Gad-el-Hak, 2002;
Whitaker, 1996; Gibilisco, 1997). On other occasions engineers may decide to derive their own
methodology for the design analysis. Important decisions are also required in selecting materials for
the product or engineering systems at this stage of the design process.

2. Decisions on manufacturing and production of new products and engineering
systems: Once the design of new products or engineering systems is completed, engineers need to
make the further major decisions relating to the manufacturing and production of the products or
engineering systems.

Decisions on optimal ways of fabricating the parts and components of the target products or engineering
systems may include the choice of suitable and cost-effective machine tools, fabrication processes, and
assembly and packaging of components into the finished product or engineering system. Often, many of
these parts can be purchased from suppliers, in which case the engineers need to decide what parts to use
and select the suppliers.

Engineers are frequently also required to make decisions of a nontechnical nature. Such decisions may
include quality control and assurance of the products or engineering systems, as well as their maintenance
requirements. At times engineers must decide how to deal with unexpected demand for change orders
coming from the customers, as well as due to unexpected causes relating to the production.

On relatively rare but critical occasions, engineers are expected to be involved in making decisions in
“real-time” technical risk assessment to their superiors or clients. These may often involve potentially
grave consequences in terms of serious financial and public safety implications. Two hypothetical cases
are presented here to illustrate the critical decision making processes that may be encountered by
engineers.



Case 1 Decision on what action to take when a small crack appears on
a pipeline

We use the Trans-Alaska Pipeline as an example. Part of this mighty engineering undertaking is
shown in Figure 1.1.

Figure 1.1 The Trans-Alaska Pipeline.
(Courtesy of Alyeska Pipeline Service Company, Anchorage, Alaska, USA)

This vital long pipeline transports crude oil from Prudhoe Bay at the north shore of the state of
Alaska to the port of Valdez in the south shore of the state (https://en.wikipedia.org/wiki/Trans-
Alaska_Pipeline_System). The 800 mile-long (287 km-long) pipeline was built between 1974 and
1977. A large portion of the pipeline was built over hundreds of miles of uninhabited fragile
permafrost land. The pipeline is supported by specially designed supports that have foundations
rooted deep in the ground below the permafrost layer, and that elevate the entire pipeline to allow
free passage for wildlife over this vast uninhabited land. It costs millions of dollars to build but it
also earns millions of dollars revenue daily for the owner with a daily crude oil transportation
capacity of 2136 million barrels. The oil inside the pipeline is subjected to high pressure maintained
by 11 pumping stations along the way.

One scenario is “what would the field engineer do if he or she detects a fine crack on the surface of
the pipeline, either by visual inspection or by online instrumentations?” A sensible action would be
for the engineer to report this discovery to his or her superior without delay. Upon the receipt of the
report of the finding of the field engineer, the management (or the owner) of the pipeline has the two
options: (1) Do nothing and continue the routine operations as usual, but run a risk of possible major
pipeline rupture after the “small” crack grows beyond a “critical length” under the internal pressure
of the pipeline. (2) Order an immediate shut-down of the pipeline operations and invoke a thorough
investigation to find the cause or causes of the small crack and assess the possibility of its stability
against further growth under the normal operating conditions of the pipeline.

Either of these actions may have serious consequences: Option (1) could lead to a devastating
rupture of the pipeline by miles should the crack grow to a critical length over the time of continuous
operations. This would not only require costly replacement of the ruptured pipeline section but
would also jeopardize the public safety with possible losses of human life and wild animals' lives.
Option (2) in contrast appears prudent as far as safe operations are concerned. However, such action
requires the shut-down of the pipeline operations and that would result in substantial loss of income
revenue to the company.

https://en.wikipedia.org/wiki/Trans-Alaska_Pipeline_System


Case 2 Decision on proper actions to be taken when cracks appear on
the surface of an aircraft

This scenario is similar to that in Case 1 but involves even more grave consequences and the need for
a “real-time” decision.

It is common practice for commercial airline pilots or technicians to conduct visual inspections of
their aircraft prior to scheduled flights. Figure 1.2 shows a commercial airplane docked at a gate in a
civilian airport, ready for flight.

Figure 1.2 A commercial airplane ready for a scheduled flight.
(Courtesy of San Francisco International Airport.)

The purpose of walk-through visual inspections by field inspectors is to ensure that the airplane is
sound in structure and is ready for a safe flight. However, the inspection may reveal the appearance
of a small crack in some part of the aircraft—the wings, stabilizer and rudder, engines, or fuselage.
Such finding pose the crucial question “what should the flight manager do after the field inspector
has reported such finding to him or her?”

As in Case 1, the manager may choose one of two options: (1) Ignore the report by the field inspector
and allow the aircraft to take off as scheduled, but run the risk of a mid-air failure if the “small crack”
found by the field inspector grows to a “critical length” and propagates through the aircraft structure,
resulting in the airplane coming down. (2) Abort the scheduled flight and tow the evacuated aircraft
to a hangar for detailed investigation of the cause or causes of the crack and assess its stability under
conceivable in-flight conditions and situations. The latter decision is prudent but would lead to a
substantial loss of revenue to the airline in addition to unavoidable complaints by the ticketed
customers about the disruption in their travel plans.

In either of the above hypothetical cases, the persons who make the ultimate decisions on the
optional actions rely heavily on the “risk assessments” by their engineers and technical staff, from
which they would recommend the optimal decisions on the follow-up actions. Real-time risk
assessments submitted by engineers to their superiors obviously cannot—and should not—be
reached arbitrarily. What engineers need in such decision-making process are the “appropriate
tools” that are available to them in such process. Whatever tool they use should be derived from
logical “scientific principles” and employ sound engineering analysis.



1.3 “Toolbox” for Engineering Analysis
The “tools” that are available in engineers' tool box for their creation of new products or engineering
systems, problems solving and making critical decisions are the mathematics derived from the laws
of physics. For instance, the tools that engineers could use in making real-time risk assessments and from
there making reasoned judgments on whether the surface cracks appearing in the pipeline or airplane in
the two scenarios in presented are “stable” (i.e., safe) or “unstable” (i.e., leading to structural failure) may
be found among the theories and principles of fracture mechanics, such as described in the literature
(Landes et al., 1979; Kim and Hsu, 1982; Hsu, 1986; Luxmoore et al., 1987).

While using mathematics as the principal tool for engineering analysis, engineers have to recognize this
tool as a “means” for obtaining the solutions of the many problems that they have to deal with. These
problems are actually the “ends” in the process. It is fundamentally important to realize that the “means”
should be made to serve the “ends”—not the other way round. In the real world, engineers have problems
on hand first and then seek appropriate mathematical tools to solve the problems. Often the search for the
appropriate mathematical tools in engineering analysis is nonmathematical, as is illustrated in the
following typical statements of the problems

“A coat hanger that hangs garments of a specified range of weights and sizes.”

“A diving board that can spring a person weighing up to 100 kilograms to a height of 20 centimeters.”

“An underwater electric light fixture that is safe to swimmers against electrocution and has a long
working life of 2000 hours.”

“A washing machine that will function for 20 000 cycles.”

“A wine bottle to contain a volume of 750 milliliters of wine.”

“The rate of growth of a surface crack is 0.1 mm per hour on a pressurized pipe with given geometry
and loading.”

There are innumerable physical statements of problems involving complex engineering systems, such as
in the design and production of special-purpose bicycles, computer disk drives for mass data storage,
engines for automobiles and airplanes, and so on. Some of these physical statements are expressed in the
specifications describing the product, but many others will be long documents that may fill several freight
craters, as in the case of airplanes.

We thus see that engineering problems are of “physical” nature not mathematical. Accordingly, solutions
to engineering problems also need to be physical rather than mathematical. Unfortunately, there is rarely
a direct link between the physical engineering problem and the answer that is also of physical nature. In
fact, solutions to most engineering problems can be obtained only by engineering analysis that involves
mathematical manipulation, as illustrated in Figure 1.3.



Figure 1.3 Role of engineering analysis in the solution of engineering problems.

Figure 1.3 illustrates how most engineering problems are solved by engineering analysis, which
involves first translation of the physical conditions of the engineering problem into mathematical form, as
indicated in the dashed box “Mathematical interpretation”. Only then can a mathematical analysis be
performed, leading to a logical solution. However, the results of all mathematical or analytical analyses
are in the form of numbers, charts, or graphs, which cannot be directly related to the sought solutions to
the physical problem. Consequently, one needs to translate whatever mathematical solutions are obtained
from the mathematical analysis into the physical sense, as indicated by the dotted box “Physical
interpretation of results.” These general steps in the engineering analysis, although apparently complex,
are necessary in solving most engineering problems that are of physical nature.

The flow chart in Figure 1.4 illustrates the major steps involved in a typical engineering design process.
Depending on the complexity of the case, some of these steps in this flow chart may be skipped, but the
design of most engineering systems involves all of these steps in the design process.



Figure 1.4 General engineering design procedures.

The three principal components in a design process include “design synthesis,” “design analysis,” and
“design optimization” (Hsu and Sinha, 1992).

“Design synthesis” involves “brainstorming” to search for all possible solutions that might satisfy the
design objectives. Determination of design parameters may include considering plausible configurations,
materials, design, fabrication and assembly methods, design verifications (testing, etc.), and so on, along
with the pros and cons of each of the listed options. The engineer(s) will then conduct an elimination
process on each of the listed options based on the relative merits of each listed option and thereby reach
an optimal, but not necessarily the best, decision on the required design parameters.

Design synthesis is usually followed by “design analysis,” in which all the design parameters established



from the synthesis procedure are considered using whatever methodology has been chosen for reaching
quantitative decisions. The methodology, or the “tools,” involved in the design analysis often involves
mathematical formulations; these can be as simple as empirical or algebraic equations to complex
sophisticated numerical analyses such as the finite element method (FEM) described in Chapter 11, or the
finite difference method (FDM) using digital computer methods as presented in Chapter 10. The
remaining procedures included in Figure 1.4 relate to the logical sequences from which optimal design of
a product or engineering system is reached by meeting all required conditions and set criteria.

One will readily observe that engineering design is an “open-ended” problem that requires design
engineers to make a number of assumptions and hypotheses about many items of information and
conditions that are normally available in the case of class assignments in the school but are missing,
though required, in reality. Solution to these problems involves “iterative” procedure as illustrated in
Figure 1.4. The solution that design engineers obtain are “optimal” but not necessarily the “best” solution
that many might expect.

Another aspect of engineering design analysis is that “design is a process of creating something from
nothing.” In this, the design engineer needs to assign values of missing information relating to the
geometry and dimensions of essential components on the basis of his or her professional intuition and
experience. The validity and suitability of these assumed values are to be confirmed at the end of the
design process, as shown in the flowchart in Figure 1.4.



1.4 The Four Stages in Engineering Analysis
Engineers create new products or engineering systems through design processes that involve engineering
analysis as described. “Design analysis” as presented in Figure 1.4 is an important part of an engineering
design process. While the complexity of the problems and thus the “tools” used in engineering analysis
may vary from case to case, these tools play major roles in all types of design processes.

In general, engineering analysis involves the following four stages.



Stage 1 Identification of the physical problem

The engineer must first have a clear understanding of the problem for analysis, whether it is an
original design problem or an existing problem that requires a solution or decision. For many design
problems, this stage of work relates to understanding of the specification of the product or
engineering system.

The items listed below are some pertinent items of information that are normally required in the
design of a product or an engineering system. This information is normally supplied by the
customer, or come from other sources. Essential information required in this stage of analysis may
include, but is not limited to the following:

1. The design objective such as the intended application(s).

2. Options and/or restraints in configurations in geometry and size of the product or system to be
designed.

3. Selection of materials for all components.

4. Expected loading conditions, including normal and overloading situations.

5. Other conditions and constraints, on space, environment, cost, government regulations, etc.



Stage 2 Idealization of actual physical situations for mathematical
analysis

After being made fully aware of the specific conditions and requirements for the intended product or
engineering system, the engineer will search for the analytical tools that is required to do the work.
There are times when the engineer will realize that many of the stipulated requirements and
constraints cannot be met with the available analytical “tools” that he or she is aware of or has the
necessary access to. The engineer would thus be compelled to create idealizations of many of the
physical aspects of the problem through assumptions about the conditions that were stipulated in
Stage 1 of the analysis so that he or she can handle the analyses using the available analytical tools.
Idealization may be required in the following specific areas:

1. The geometry. Most engineering analytical tools, such as mathematical formulations and
solutions offered in much published literature and many handbooks (such as referenced in
Sections 1.2 and 1.3) are available for typical solid geometries of beams, rectangular or circular
plates, cylinders, etc., whereas the geometry of machine components in reality may not fit any of
these typical geometries. Idealization of the geometry of the products in real-world design
analysis is thus necessary to allow use of the available analytical tools.

2. Loading conditions. Again, most existing engineering solutions available in textbooks or
handbooks are applicable only for simple loading conditions. For example, classical solutions of
beam analysis are available for beams subject to concentrated forces or uniformly distributed
forces. Cases with beams subject to other types of loading require special derivation of equations
and their solution. Engineers are expected to idealize the expected loadings to the components in
the current design analysis so as to enable use of the available analytical tools.

3. Boundary or support conditions. Many end fixtures of machine components are neither
completely fixed nor freed to rotate. For example, for a beam “bolted” to end supports, this joint,
in reality is neither a “hinged” support that allows the beam complete freedom to rotate nor is it
rigidly fixed, the cases offered by almost all textbooks and handbooks. In such cases, engineers
need to “idealize” the boundary or end conditions in their analysis by using simply supported
conditions with “frictionless hinge and rollers,” or rigidly held ends with no rotations, as in the
cases of beams subjected to bending. Approximate bolted end supports are usually handled as
idealized situations between the two extreme cases of simply supported and rigidly held end
conditions.
One must realize that idealization of the physical requirements of the problems via a number of

assumptions, although necessary for the analysis, will compromise the accuracy and credibility of the
analytical solutions and prevent them from being entirely realistic. This shortcoming is usually

compensated by “design margins” set by the design engineers, as will be illustrated by examples in
Section 1.5.



Stage 3 Mathematical modeling and analysis

At this stage of analysis, the engineer is ready to apply whatever available analytical tools he or she
has acquired either from what he or she previously learned from his or her schools or from available
engineering handbooks such as that of Avallone et al. (2006) to solve the problem. Major tasks at
this stage of analysis may involve the following:

1. Developing a suitable mathematical model based on the idealized physical characteristics of
the problem.

2. Deriving applicable mathematical expressions; these may be in simple algebraic form or may
be published or self-derived differential equations, or empirical formulas developed by the
engineers themselves, or empirical equations developed by their employer in handling similar
problems in the past.

3. Establishing a mathematical representation of loading and boundary conditions.

4. Solving the equations for numerical solutions with idealized loading and boundary conditions.



Stage 4 Interpretation of results

This is a critical stage of any engineering analysis. Whatever analytical method the engineer uses in
the analysis, the results are most likely to be in the forms of raw numbers or in graphs or charts. A
major effort at this stage of the analysis is to invest these forms of solution with a physical sense
required for the solution to the physical problem.

Some of these four stages in engineering analysis may well take longer time and more effort to
accomplish than others. Some analytical cases may involve only the use of formulas available in
textbooks or handbooks; others may require tedious derivation of equations and computations using
powerful digital computers running appropriate numerical analysis software. There are still cases
that are too complicated to be handled by closed-form solutions from the required analysis. In these
cases, qualitative solutions based on designers' own experience and interpretation may, necessarily,
prevail.

Figure 1.5 shows how the four stage of engineering analysis fit into general design process illustrated
in Figure 1.4.

Figure 1.5 Four-stage engineering analysis in general engineering design process.



1.5 Examples of the Application of Engineering Analysis in Design
Two examples will illustrate the application of engineering analysis in the four stages described in Section
1.4. The first example relates to the simple design analysis of a low-cost but common consumer product—
a coat hanger; the other relates to the design of a bridge structure with aspects that have implications for
public safety.



Example 1.1 Design a simple coat hanger involving the four stages in
engineering analysis

Stage 1. The problem

The objective of this analysis is to assess whether a coat hanger designed for a customer is strong
enough to hang an overcoat weighing up to 6 pounds (lbf). The geometry and dimensions of this
hanger are illustrated in Figure 1.6.

Figure 1.6 Coat hanger with specified geometry and dimensions.

The customer requires the hanger be made of plastic for low cost and light weight with an allowable
tensile strength of 500 psi from a materials handbook. Other requirements include the length of the
hanger to be limited to 17 inches as shown in Figure 1.6, and the cost of producing each hanger from
a batch of 30 000 units be kept to less than 50 cents.

Stage 2. Idealization of actual physical situations for subsequent mathematical
modeling and analysis

The engineer recognizes that the principal loading on the coat hanger in Figure 1.6 would cause the
two inclined support plastic rod members to bend, leading to a decision to use the mathematical
formulas for “beam bending” in the analysis. Solutions for the strength of the beam bending under
different loading and end conditions are available in many textbooks or handbooks (such as Avallone
et al., 2006 or Kreith 1998). However, the geometry of the hanger as shown in Figure 1.6, with
rounded corners and a hook, is too complicated to match any structural geometries that are available
in any textbook or reference book. Consequently, the engineer has to make the necessary
idealizations of the geometry and loading conditions on the load-bearing members of the hanger in
the analysis so as to be able to make use of the available mathematical formulas and their solutions
available in reference works.

1. On the geometry:

2. On loading conditions:

3. On boundary (end) conditions:

3. Mathematical modeling and analysis

The problem required to be answered in the present case is “will the coat hanger depicted in Figure



1.1

1.6 withstand the specified maximum weight of a coat up to 6 lbf?” This is a physical problem that
requires a physical statement in the answer.

The answer to this question may be obtained by following the principles of structure design by
keeping the maximum stress induced in the coat hanger by the expected maximum load (the weight
of a coat up to 6 lbf) below the allowable limit. In the present case, keeping the maximum tensile
strength of the hanger material below the specified value of 500 psi.

With the idealization made in Stage 2, the maximum stress in the coat hanger can be computed from
the formulas of “simple beam theory” available from handbooks (Avallone et al., 2006; Kreith, 1998)
as follows.

First using the actual loading on the load-bearing member as and subsequently converting to an case
available in the handbook consulted, as illustrated in Figure 1.7.

Figure 1.7 Loading on the idealized coat hanger member.

The maximum normal bending stress induced by the distributed load in Figure 1.7 can be obtained
with the following formula:

In Equation 1.1, Mmax is the maximum bending moment in the beam, c is the radius of the beam of
circular cross-section, and I is the section moment of inertia of the beam.

We may compute the following:

The section moment of inertia of the frame rod:

The maximum bending moment:

The radius of the frame rod: c = 0.125 inch.

The maximum bending stress is computed to be



It occurs at both ends of the inclined rod members in Figure 1.6, and it is a tensile stress at the
top face of the rod members.

Stage 4: Interpretation of results

As described in Section 1.4, the results obtained from Stage 3 of the analysis are usually in the form
of raw numbers or graphics. In the current analysis, we have computed the maximum normal
bending stress σn,max to be 2078.8 psi that occurs at both ends of the rod members of the hanger.
This “number” needs to be interpreted to the physical statement about “will the coat hanger
withstand the specified maximum weight of a coat up to 6 lbf?”, which is the ultimate answer
required from the current design analysis.

We know from the specification of this example that the allowable tensile strength of the material is
σall = 500 psi as specified in Stage 1 of the analysis. Physically, it means that the coat hanger material
cannot sustain any tensile stress larger than the specified 500 psi in any part of this product. The
maximum normal bending stress (which turns out to be in tension, at the top surface of the inclined
rod members) at 2078.8 psi is much greater than the allowed limit of 500 psi, which means that the
hanger will not have the strength to withstand the weight of a coat at 6 lbf.

The conclusion reached at the end of this analysis means that the specified design of the coat hanger
with its geometry and dimensions indicated in Figure 1.6 will not be strong enough to carry the
intended weight of the coat. The customer must be informed of this finding and advised either to
adjust the dimensions of the hanger, for example, by increasing the diameter of the members of the
coat hanger or to implement some other change such as replacing the plastic material for the hanger
with a stronger material such aluminum or steel. These adjustments will increase the cost of
production. Alternatively, the customer will need to reduce the maximum weight of the garment to
be supported. In that case, the engineer will use a similar analytical approach to determine the limit
on the weight of the garment for the new design of the coat hanger.



Example 1.2 Design analysis on a bridge cross a narrow creek

This example demonstrates the use of the four stages in engineering analysis on the design of a
bridge structure such as that illustrated in Figure 1.8. The bridge is designed and constructed to
handle limited local traffic over a narrow creek. The span of the bridge is 20 feet, and the maximum
load designed for the bridge is 10 tons (or 20 000 lbf).

Figure 1.8 A bridge across a narrow creek.
(Courtesy of HC Bridge Company, Wilmette, Illinois, USA)

The bridge is supported by two I-beams made of steel, as illustrated in Figure 1.9. The nomenclature
of the I-beam cross-sections is shown at the right of the figure.

Figure 1.9 Specifications of a bridge over a narrow creek.

The engineering analysis on the strength of the bridge begins with a summary of the description of
the problem as indicated in the following Stage 1 of the analysis.

Stage 1. Definition of the problem

The analysis is intended to satisfy the following physical requirements:

1. A bridge over a narrow creek.

2. Distance of crossing, i.e., the length of the bridge is 20 feet.

3. Width of the bridge is 8 feet.

4. Maximum designed load is 10 tons (or 20 000 lbf)

5. Steel is chosen as the load-carrying structural material.

6. Maximum tensile strength for steel = 75 000 psi (from a handbook).

7. Maximum shearing strength for steel = 25 000 psi (from the same handbook).

8. Maximum allowable deflection of the structure is not critical in this case.

The relatively simple design of the bridge structure as illustrated in Figure 1.9 requires the two steel



I-beams to bear the load of the crossing traffic, which allows the engineer to use simple formulas for
beam bending available in a popular handbook (e.g., Young et al., 2012). However, the desirable
convenience of using existing formulas requires several idealizations of the real-world situation with
regard to the geometry, loading, and end support conditions as described for Stage 2 in Section 1.4.
It also requires caution in the “interpretation of results” in Stage 1.6 of the analysis using proper
values of “safety factors,” because of the high potential risk of loss of property and human life
resulting from a structural failure of the bridge. The “safety factor” is often used as a “design
allowance factor” in engineering analysis involving structures. It is intended to make up the likely
discrepancies between the solutions for the “real” structure and those obtained from “idealized
conditions.”

Stage 2. Mathematical idealization

As mentioned in Section 1.3, engineers are often required to assign values to information that is
required for the engineering analysis but is missing. In this situation, we need to make the following
“logical” assumptions on the missing conditions.

1. The maximum load applied to the bridge is carried equally by two identical I-beams as shown
on the right of Figure 1.9. The weights of the beams and other materials are neglected. (This is
obviously a serious violation of reality. We need to make this idealization, nonetheless, in order to
simplify the subsequent mathematical analysis.)

2. We have tentatively selected 12-inch I-beams for the load-bearing components. The exact
dimensions for these beams are presented in manufacturer's handbook, which indicates: H1 = 12
inches, H2 = 10.92 inches, b1 = 5 inches, and b2 = 0.35 inches (these dimensions are not the
choice of the design engineer).

3. Each I-beam carries half of the total load, i.e., 10 000 lbf.

4. Assume that each of the four wheels of the vehicle crossing the bridge carries an equal amount
of load. (This may be another questionable assumption, but it is a necessary condition for the
analysis.)

5. The worst condition to be considered for the integrity of this bridge structure is when the
vehicle is at the mid-span of the bridge.

6. In order to use the formula for beam bending with “simply supported ends” available in the
handbooks, we need to fix the two I-beams with one end of each of the beams hinged to a fixed
anchor and the other resting on “rollers.”

Stage 3. Mathematical analysis

Based on the assumptions and idealizations made in Stage 2 of the analysis, we can now use the
simple beam theory for the case illustrated in Figure 1.10 for the current analysis.

Figure 1.10 An idealized structural support of a bridge.

In Figure 1.10, the concentrated forces, P = 5000 lbf represent the load transmitted to the bridge by
the wheels of the vehicle. The objective of the current analysis is to assess whether the proposed
structure of the bridge would be strong enough to sustain the expected load: expressions for the
induced bending stresses and deflection due to the loading conditions illustrated in Figure 1.10 are
available in handbooks (Young et al., 2012; Avallone et al., 2006; Kreith, 1998) or any textbook on
strength of materials, from which we have the following formula for the induced bending stresses
and deflection. The maximum induced normal tensile bending stress at the bottom surface of the I-
beam's edge is
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and the maximum shear stress at the center of the I-beam cross section is

where

Mmax = maximum bending moment induced by the load.

c = half the depth of the I-beam cross section (6 inches in the present case).
I = section moment of inertia of the beam cross-section.
V = maximum vertical shearing force induced by the load.
b2 = width of the rib of the I-beam

Q(0) = static moment at the center of beam cross-section.

The maximum deflection of the beam is

at the mid-span of the bridge, where E = Young's modulus of the beam material (=30 × 106 psi for
steel, from handbooks).

One may determine the following parameters required for determining the stresses and deflection of
the beam structure illustrated in Figure 1.10: M = Pa = 480 000 in-lbf, c = 6 in, I = 215.4 in4; V =
5000 lbf, b2 = 0.35 in, Q(0) = 20.688 in3. The maximum bending and shearing stresses and the
deflection are obtained by substituting these parameters into Equations 1.3, and 1.4, respectively.
The corresponding maximum values of the induced normal and sharing stresses and deflection in
each of the two beams subjected to the specified loads are

Maximum normal stress: σn,max = 13 370 psi (tensile at the bottom of the I-beams).

Maximum shear stress: σs,max = 1372 psi.

Maximum deflection: ymax = 0.42 in.

Stage 4. Interpretation of results with safety factors (SF)

The magnitude of the maximum normal and shearing stresses and deflection of the beam computed
in Stage 3 of the analysis need to be interpreted into physical terms to be of practical value. For the
present case, a critical question that engineers need to answer is “would the bridge structure with the
selected I-beams be strong enough to sustain the maximum intended load of 10 tons?” We will thus
need to translate the computed numerical results of the analysis with the maximum normal bending
stresses σn,max = 13 370 psi, the maximum shearing stress σs,max = 1372 psi, and the maximum
deflection ymax = 0.42 in into physical statements to form the answers to the above questions.

A conventional way of translating these computed stresses into physical meanings is to compare
these values with the “maximum strength” of the materials of the structure specified by material
handbooks, as in Example 1.1. The maximum strength of the material is a material property that can
be taken as either the measured yield stress (σy) or ultimate tensile strength (σu). Values of both σy
and σu for common materials are available in handbooks (Avallone et al., 2006). However, because
the maximum induced stresses and deflection of the structure are obtained by an analysis that is
based on the assumption of an idealized situation in Stage 2 of this analysis, which may not be
sufficiently realistic to reflect the real situation, a factor, called the “safety factor” (SF) with a value
greater than 1.0 is used in setting the allowable stress defined by the expression (1.5):
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The safety factor SF may be defined in alternative way by the expression (1.6):

We observe from the definition of SF in Equation 1.6 that a “discounting” of the ultimate tensile
strength of the material (σu) is applied in order to make up for the less-than-realistic maximum
induced stresses and deflection obtained in the analysis.

With the maximum tensile stress, σmax = 13 370 psi obtained from Stage 3 of the analysis, a safety
factor, SF = 75 000/13 370 = 5.61 is obtained from Equation (1.6). The induced maximum deflection
of 0.42 inch in the mid-span of the bridge by the expected maximum loads is not considered to be
excessive for this type of application. The SF of 5.61 in this analysis is considered to be within a
“safe” margin for the bridge structure, as will be elaborated in the subsequent section. Hence, the
selected I-beam structure is considered to be strong enough to withstand the designed maximum
load of 10 tons.



1.6 The “Safety Factor” in Engineering Analysis of Structures
“Safety factor” or “factor of safety” is common terminology in machine design. The definition of safety
factor may vary according to occasion (Shigley and Mischke, 1989; Norton, 2013; Hagen, 2014). In
engineering analysis that involves the structure of machines or engineering systems, the definitions of SF
as expressed in Equations 1.5 and 1.6 are frequently used in interpreting the analytical results from
analyses into the physical states of an engineering problem.

The safety factor (SF), as defined in Equations (1.5) and (1.6) has numerical values great than 1.0, that is,
SF > 1.0. A value SF = 2 means that only half of the ultimate tensile strength of the material is used in the
design.

There is no established rule for setting values of SF in engineering analysis. The definition of SF in
Equations 1.5 and 1.6, however, implies that SF is used to “compensate” the discrepancies between
analytical results obtained from the idealized state of the structures and those from their actual state. One
would thus expect the value of SF be established on factors depending on the nature of the problems in
the analysis. Primary factors that affect setting of the values of SF may include the following: (1) The
degree and number of idealizations on the real conditions made in Stage 2 in the analysis. The greater the
idealization of the problem, the higher the SF values used in Stage 1.6 of the analysis. (2) The credibility
and sophistication of mathematical analysis used in Stage 3 of the analysis. The more sophisticated the
analysis in Stage 3, the lower the value of SF. (3) The reliability of material properties used in the analysis.
The greater the amount of testing on the materials and components, the lower the value of SF. (4) The
liability of the product or engineering system to public safety. (5) The environmental conditions for which
the products or engineering systems are designed. Table 1.2 shows recommended typical safety factors for
engineering analysis with various applications (http://www.engineeringtoolbox.com/factors-safety-fos-
d_1624.html).

Table 1.2 Typical safety factors for engineering analyses

Equipment Recommended safety factor (SF)
Aircraft components 1.5–2.5
Boilers 3.5–6.0
Bolts 8.5
Cast iron wheels 20
Engine components 6.0–8.0
Heavy duty shafting 10.0–12.0
Lifting equipment 8.0–9.0
Pressure vessels 3.5–6.0
Turbine components—static 6.0–8.0
Turbine components—rotating 2.0–3.0
Springs, large heavy duty 4.5
Structural steelwork in buildings 4.0–6.0
Structural steelwork in bridges 5.0–7.0
Wire ropes 8.0–9.0

The Engineering ToolBox (http://www.engineeringtoolbox.com/factors-safety-fos-d_1624.html)

The SF values presented in Table 1.2 may be used in interpretation of analytical results in Stage 1.6 of
engineering analysis involving structural design of machines or engineering systems. For instance, the
value SF = 5.61 obtained in Example 1.2 may be translated into a “safe” design because this value is within
the range of SF recommended in Table 1.2.

Table 1.2 also reveals an interesting fact that higher SF values are used for the design analysis of pressure
vessels with a range of 3.5 to 6. The adoption of a high value of SF in such case is mainly due to serious

http://www.engineeringtoolbox.com/factors-safety-fos-d_1624.html
http://www.engineeringtoolbox.com/factors-safety-fos-d_1624.html


concern about public liability in the event of structural failure. Consequently, the Unfired Pressure Code
(http//en.wikipedia.org/wiki/ASME_Boiler_and_pressure_vessel_code) developed and published by the
American Society of Mechanical Engineers (ASME) uses a value of SF = 4. A safety factor of 4 in this case
means that pressure vessels designed by the ASME code use only 25% of the maximum measured strength
of the vessel materials. The “unused” 75% of the vessel material allows engineers to use simple design
formulas such as σθθ = pr/t ≤ σa = 0.25σu, in which σθθ is the hoop stress of a cylindrical pressure vessel'
p, r, and t are the internal pressure, inner radius, and required thickness of the vessel respectively; and σu
is the ultimate tensile strength of the vessel material. The physical implication of using such a high value
of SF means an “underuse” of the material strength in the design with corresponding use of more than the
necessary amount of materials. However, potential grave public liability takes priority over material
usage, and the overweight of the pressure vessel associated with high SF in the design analysis is not a
primary design consideration.

In contrast to the case of design analysis of pressure vessels, in which high SF values are used because of
the potentially serious public liability in the event of the vessel bursting, very low SF values are used in
aircraft component design analysis, with SF = 1.5–2.5 as indicated in Table 1.2. One might wonder why
such a low SF value is assigned for aircraft design analysis given that the possible crash of a commercial
airplane due to structural failure would generate even more serious public liability than failure of a
pressure vessel. The reason for using low SF values in aircraft components design is to use the “good”
portion of the material strength to minimize the weight of the aircraft's structure so as to allow higher
payloads carried by the aircraft to maximize revenue earned by the owners. The risk of using low SF
values in aircraft design analysis is justified by using highly sophisticated analytical tools such as the
finite-element method in the design analysis, as will be presented in Chapter 11, coupled with extensive
materials and components testing and with stringent quality inspections and control. All of these activities
permit the least requirements of “idealization” of conditions in Stage 2 of the analysis, which means that
the analytical results are closer to the realistic situations.

Comparison of these two analytical cases typifies the important roles that the safety factor plays in major
engineering systems. It also underlines the significance of the safety factor in the design analysis of
machine and structure analyses in engineering practice.

http://http//en.wikipedia.org/wiki/ASME_Boiler_and_pressure_vessel_code


Problems
1.1 Why do engineers “create” but not scientists?

1.2 Give one example for each of the three major functions of professional engineers in their routine
work.

1.3 Why is engineering a profession and not merely an occupation?

1.4 Describe the role of mathematical modeling in engineering analysis and also the major tasks
involved in the four stages of engineering analysis.

1.5 Use no more than 25 words in answering each of the following questions:

a. Why is Stage 2 a part of an engineering analysis?

b. Why is Stage 1.6 necessary in an engineering analysis?

c. What is the reason for including safety factors in engineering analysis involving structure
design?

d. How are safety factors determined, and on what bases?

e. Why the use of higher safety factors in the analysis means a smaller portion of the material's
strength is used?

1.6 What would you do in the four stages of engineering analysis in the design of

a. A diving board for a swimming pool 2 m from the water level with a maximum deflection of 5 cm
by a diver weighing 80 kgf.

b. A bar handle bolted to the chassis of a bus; the bar should be strong enough to support a person
weighing 200 lb in a sudden stop from 20 mile/hour cruising.

1.7 Comment on the validity of the idealizations made in Stage 2 in Examples 1.1 and 1.2 in Section 1.5.

1.8 Conduct an engineering analysis on the bridge structure given in Example 1.2, but include the
weight of the steel structure plus the weight of the concrete road surface, 20 ft long × 12 ft wide and 6
in thick.

1.9 Conduct an analysis to find the variation of bending stresses with the truck at four different
locations on the bridge.

1.10 Study the principles of fracture mechanics on your own initiative and indicate what judgment you
would offer to your superiors as to what decisions they should make in dealing with the situations
described in Case 1 and Case 2 in Section 1.2.3.
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