
B.1 SYSTEMS OF UNITS

Measurement systems have been a necessity since people first began to build
and barter, and every ancient culture developed some sort of measurement sys-
tem to serve its needs. Standardization of units took place gradually over the
centuries, often through royal edicts. Development of the British Imperial Sys-
tem from earlier measurement standards began in the 13th century and was well
established by the 18th century. The British system spread to many parts of the
world, including the United States, through commerce and colonization. In the
United States the system gradually evolved into the U.S. Customary System
(USCS) that is in common use today.

The concept of the metric system originated in France about 300 years ago
and was formalized in the 1790s, at the time of the French Revolution. France
mandated the use of the metric system in 1840, and since then many other coun-
tries have done the same. In 1866 the United States Congress legalized the
metric system without making it compulsory.

A new system of units was created when the metric system underwent a
major revision in the 1950s. Officially adopted in 1960 and named the Interna-
tional System of Units (Système International d’Unités), this newer system is
commonly referred to as SI. Although some SI units are the same as in the old
metric system, SI has many new features and simplifications. Thus, SI is an
improved metric system.

Length, time, mass, and force are the basic concepts of mechanics for
which units of measurement are needed. However, only three of these quantities
are independent since all four of them are related by Newton’s second law of
motion:

F � ma (B-1)

in which F is the force acting on a particle, m is the mass of the particle, and a is
its acceleration. Since acceleration has units of length divided by time squared,
all four quantities are involved in the second law.

The International System of Units, like the metric system, is based upon
length, time, and mass as fundamental quantities. In these systems, force is
derived from Newton’s second law. Therefore, the unit of force is expressed in
terms of the basic units of length, time, and mass, as shown in the next section.

SI is classified as an absolute system of units because measurements of
the three fundamental quantities are independent of the locations at which the
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B2 APPENDIX B Systems of Units and Conversion Factors

measurements are made; that is, the measurements do not depend upon the effects
of gravity. Therefore, the SI units for length, time, and mass may be used any-
where on earth, in space, on the moon, or even on another planet. This is one of
the reasons why the metric system has always been preferred for scientific work.

The British Imperial System and the U.S. Customary System are based
upon length, time, and force as the fundamental quantities with mass being
derived from the second law. Therefore, in these systems the unit of mass is
expressed in terms of the units of length, time, and force. The unit of force is
defined as the force required to give a certain standard mass an acceleration
equal to the acceleration of gravity, which means that the unit of force varies
with location and altitude. For this reason, these systems are called gravita-
tional systems of units. Such systems were the first to evolve, probably
because weight is such a readily discernible property and because variations in
gravitational attraction were not noticeable. It is clear, however, that in the mod-
ern technological world an absolute system is preferable.

B.2 SI UNITS

The International System of Units has seven base units from which all other units
are derived. The base units of importance in mechanics are the meter (m) for
length, second (s) for time, and kilogram (kg) for mass. Other SI base units pertain
to temperature, electric current, amount of substance, and luminous intensity.

The meter was originally defined as one ten-millionth of the distance from
the North Pole to the equator. Later, this distance was converted to a physical
standard, and for many years the standard for the meter was the distance
between two marks on a platinum-iridium bar stored at the headquarters of the
International Bureau of Weights and Measures (Bureau International des Poids
et Mesures) in Sèvres, a suburb on the western edge of Paris, France. 

Because of the inaccuracies inherent in the use of a physical bar as a stan-
dard, the definition of the meter was changed in 1983 to the length of the path
traveled by light in a vacuum during a time interval of 1/299792458 of a second.*
The advantages of this “natural” standard are that it is not subject to physical
damage and is reproducible at laboratories anywhere in the world.

The second was originally defined as 1/86400 of a mean solar day
(24 hours equals 86,400 seconds). However, since 1967 a highly accurate
atomic clock has set the standard, and a second is now defined to be the dura-
tion of 9,192,631,770 periods of the radiation corresponding to the transition
between the two hyperfine levels of the ground state of the cesium-133 atom.
(Most engineers would probably prefer the original definition over the new
one, which hasn’t noticeably changed the second but which is necessary
because the earth’s rotation rate is gradually slowing down.)

Of the seven base units in SI, the kilogram is the only one that is still
defined by a physical object. Since the mass of an object can only be deter-
mined by comparing it experimentally with the mass of some other object, a
physical standard is needed. For this purpose, a one-kilogram cylinder of
platinum-iridium, called the International Prototype Kilogram (IPK), is kept
by the International Bureau of Weights and Measures at Sèvres. (At the
present time, attempts are being made to define the kilogram in terms of a

*Taking the reciprocal of this number gives the speed of light in a vacuum (299,792,458
meters per second).
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SECTION B.2 SI Units B3

fundamental constant, such as the Avogadro number, thus removing the need
for a physical object.)

Other units used in mechanics, called derived units, are expressed in terms
of the base units of meter, second, and kilogram. For instance, the unit of force
is the newton, which is defined as the force required to impart an acceleration
of one meter per second squared to a mass of one kilogram.* From Newton’s
second law (F � ma), we can derive the unit of force in terms of base units:

1 newton � (1 kilogram)(1 meter per second squared)

Thus, the newton (N) is given in terms of base units by the formula

1 N � 1 kg�m/s2 (B-2)

To provide a point of reference, we note that a small apple weighs approxi-
mately one newton.

The unit of work and energy is the joule, defined as the work done when
the point of application of a force of one newton is displaced a distance of one
meter in the direction of the force.** Therefore,

1 joule � (1 newton)(1 meter) � 1 newton meter

or 1 J � 1 N�m (B-3)

When you raise this book from desktop to eye level, you do about one joule of
work, and when you walk up one flight of stairs, you do about 200 joules of work.

The names, symbols, and formulas for SI units of importance in mechanics
are listed in Table B-1. Some of the derived units have special names, such as
newton, joule, hertz, watt, and pascal. These units are named for notable persons
in science and engineering and have symbols (N, J, Hz, W, and Pa) that are capi-
talized, although the unit names themselves are written in lowercase letters. Other
derived units have no special names (for example, the units of acceleration, area,
and density) and must be expressed in terms of base units and other derived units.

The relationships between various SI units and some commonly used metric
units are given in Table B-2. Metric units such as dyne, erg, gal, and micron are
no longer recommended for engineering or scientific use.

The weight of an object is the force of gravity acting on that object, and
therefore weight is measured in newtons. Since the force of gravity depends
upon altitude and position on the earth, weight is not an invariant property of a
body. Furthermore, the weight of a body as measured by a spring scale is
affected not only by the gravitational pull of the earth but also by the centrifugal
effects associated with the rotation of the earth. 

As a consequence, we must recognize two kinds of weight, absolute weight
and apparent weight. The former is based upon the force of gravity alone, and
the latter includes the effects of rotation. Thus, apparent weight is always less
than absolute weight (except at the poles). Apparent weight, which is the weight
of an object as measured with a spring scale, is the weight we customarily use in
business and everyday life; absolute weight is used in astroengineering and
certain kinds of scientific work. In this book, the term “weight” will always
mean “apparent weight.”

*Sir Isaac Newton (1642–1727) was an English mathematician, physicist, and astronomer.
He invented calculus and discovered the laws of motion and gravitation.

**James Prescott Joule (1818–1889) was an English physicist who developed a method
for determining the mechanical equivalent of heat. His last name is pronounced “jool.”
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B4 APPENDIX B Systems of Units and Conversion Factors

TABLE B-1 PRINCIPAL UNITS USED IN MECHANICS

International System (SI) U.S. Customary System (USCS)
Quantity

Unit Symbol Formula Unit Symbol Formula

Acceleration (angular) radian per second squared rad/s2 radian per second squared rad/s2

Acceleration (linear) meter per second squared m/s2 foot per second squared ft/s2

Area square meter m2 square foot ft2

Density (mass) kilogram per cubic meter kg/m3 slug per cubic foot slug/ft3

(Specific mass)

Density (weight) newton per cubic meter N/m3 pound per cubic foot pcf lb/ft3

(Specific weight)

Energy; work joule J N�m foot-pound ft-lb

Force newton N kg�m/s2 pound lb (base unit)

Force per unit length newton per meter N/m pound per foot lb/ft
(Intensity of force)

Frequency hertz Hz s�1 hertz Hz s�1

Length meter m (base unit) foot ft (base unit)

Mass kilogram kg (base unit) slug lb-s2/ft

Moment of a force; torque newton meter N�m pound-foot lb-ft

Moment of inertia (area) meter to fourth power m4 inch to fourth power in.4

Moment of inertia (mass) kilogram meter squared kg�m2 slug foot squared slug-ft2

Power watt W J/s foot-pound per second ft-lb/s
(N�m/s)

Pressure pascal Pa N/m2 pound per square foot psf lb/ft2

Section modulus meter to third power m3 inch to third power in.3

Stress pascal Pa N/m2 pound per square inch psi lb/in.2

Time second s (base unit) second s (base unit)

Velocity (angular) radian per second rad/s radian per second rad/s

Velocity (linear) meter per second m/s foot per second fps ft/s

Volume (liquids) liter L 10�3 m3 gallon gal. 231 in.3

Volume (solids) cubic meter m3 cubic foot cf ft3

Notes: 1 joule (J) � 1 newton meter (N�m) � 1 watt second (W�s)
1 hertz (Hz) � 1 cycle per second (cps) or 1 revolution per second (rev/s)
1 watt (W) � 1 joule per second (J/s) � 1 newton meter per second (N�m/s)
1 pascal (Pa) � 1 newton per meter squared (N/m2)
1 liter (L) � 0.001 cubic meter (m3) � 1000 cubic centimeters (cm3)
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SECTION B.2 SI Units B5

The acceleration of gravity, denoted by the letter g, is directly
proportional to the force of gravity, and therefore it too depends upon position.
In contrast, mass is a measure of the amount of material in a body and does not
change with location.

The fundamental relationship between weight, mass, and acceleration of
gravity can be obtained from Newton’s second law (F � ma), which in this case
becomes

W � mg (B-4)

In this equation, W is the weight in newtons (N), m is the mass in kilograms
(kg), and g is the acceleration of gravity in meters per second squared (m/s2).
Equation (B-4) shows that a body having a mass of one kilogram has a weight
in newtons numerically equal to g. The values of the weight W and the accel-
eration g depend upon many factors, including latitude and elevation.
However, for scientific calculations a standard international value of g has
been established as

g � 9.806650 m/s2 (B-5)

TABLE B-2 ADDITIONAL UNITS IN COMMON USE

SI and Metric Units

1 gal � 1 centimeter per second squared (cm/s2) 
for example, g � 981 gals)

1 are (a) � 100 square meters (m2)
1 hectare (ha) � 10,000 square meters (m2)
1 erg � 10�7 joules (J)
1 kilowatt-hour (kWh) � 3.6 megajoules (MJ)
1 dyne � 10�5 newtons (N)
1 kilogram-force (kgf) � 1 kilopond (kp)

� 9.80665 newtons (N)

USCS and Imperial Units

1 kilowatt-hour (kWh) � 2,655,220 foot-pounds (ft-lb)
1 British thermal unit (Btu) � 778.171 foot-pounds (ft-lb)
1 kip (k) � 1000 pounds (lb)
1 ounce (oz) � 1/16 pound (lb)
1 ton � 2000 pounds (lb)
1 Imperial ton (or long ton) � 2240 pounds (lb)
1 poundal (pdl) � 0.0310810 pounds (lb)

� 0.138255 newtons (N)
1 inch (in.) � 1/12 foot (ft)
1 mil � 0.001 inch (in.)
1 yard (yd) � 3 feet (ft)
1 mile � 5280 feet (ft)
1 horsepower (hp) � 550 foot-pounds per second (ft-lb/s)

1 centimeter (cm) � 10�2 meters (m)
1 cubic centimeter (cm3) � 1 milliliter (mL)
1 micron � 1 micrometer (�m)= 10�6 meters (m)
1 gram (g) � 10�3 kilograms (kg)
1 metric ton (t) � 1 megagram (Mg) � 1000 kilograms (kg)
1 watt (W) � 107 ergs per second (erg/s)
1 dyne per square centimeter (dyne/cm2) � 10�1 pascals (Pa)
1 bar � 105 pascals (Pa)
1 stere � 1 cubic meter (m3)

1 kilowatt (kW)
� 737.562 foot-pounds per second (ft-lb/s)
� 1.34102 horsepower (hp)

1 pound per square inch (psi)
� 144 pounds per square foot (psf)

1 revolution per minute (rpm)
� 2p/60 radians per second (rad/s)

1 mile per hour (mph)
� 22/15 feet per second (fps)

1 gallon (gal.) � 231 cubic inches (in.3)
1 quart (qt) � 2 pints � 1/4 gallon (gal.)
1 cubic foot (cf) � 576/77 gallons

� 7.48052 gallons (gal.)
1 Imperial gallon � 277.420 cubic inches (in.3)
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B6 APPENDIX B Systems of Units and Conversion Factors

This value is intended for use under standard conditions of elevation and lati-
tude (sea level at a latitude of approximately 45°). The recommended value of g
for ordinary engineering purposes on or near the surface of the earth is

g � 9.81 m/s2 (B-6)

Thus, a body having a mass of one kilogram has a weight of 9.81 newtons.
Atmospheric pressure varies considerably with weather conditions, loca-

tion, altitude, and other factors. Consequently, a standard international value for
the pressure at the earth’s surface has been defined:

1 standard atmosphere � 101.325 kilopascals (B-7)

The following simplified value is recommended for ordinary engineering work:

1 standard atmosphere � 101 kPa (B-8)

Of course, the values given in Eqs. (B-7) and (B-8) are intended for use in cal-
culations and do not represent the actual ambient pressure at any given location.

A basic concept in mechanics is moment or torque, especially the moment
of a force and the moment of a couple. Moment is expressed in units of force
times length, or newton meters (N�m). Other important concepts in mechanics
are work and energy, both of which are expressed in joules, a derived unit that
happens to have the same units (newton meters) as the units of moment. How-
ever, moment is a distinctly different quantity from work or energy, and the joule
should never be used for moment or torque.

Frequency is measured in units of hertz (Hz), a derived unit equal to the
reciprocal of seconds (1/s or s�1). The hertz is defined as the frequency of a
periodic phenomenon for which the period is one second; thus, it is equivalent
to one cycle per second (cps) or one revolution per second (rev/s). It is custom-
arily used for mechanical vibrations, sound waves, and electromagnetic waves,
and occasionally it is used for rotational frequency instead of the traditional
units of revolution per minute (rpm) and revolution per second (rev/s).*

Two other derived units that have special names in SI are the watt (W) and
the pascal (Pa). The watt is the unit of power, which is work per unit of time,
and one watt is equal to one joule per second (J/s) or one newton meter per second
(N � m/s). The pascal is the unit of pressure and stress, or force per unit area, and is
equal to one newton per square meter (N/m2).**

The liter is not an accepted SI unit, yet it is so commonly used that it cannot
be discarded easily. Therefore, SI permits its use under limited conditions for
volumetric capacity, dry measure, and liquid measure. Both uppercase L and
lowercase l are permitted as symbols for liter in SI, but in the United States only
L is permitted (to avoid confusion with the numeral 1). The only prefixes permit-
ted with liter are milli and micro.

Loads on structures, whether due to gravity or other actions, are usually
expressed in force units, such as newtons, newtons per meter, or pascals (new-
tons per square meter). Examples of such loads are a concentrated load of 25 kN

*Heinrich Rudolf Hertz (1857–1894) was a German physicist who discovered electro-
magnetic waves and showed that light waves and electromagnetic waves are identical.

**James Watt (1736–1819) was a Scottish inventor and engineer who developed a prac-
tical steam engine and discovered the composition of water. Watt also originated the term
“horsepower.” Blaise Pascal (1623–1662) was a French mathematician and philosopher.
He founded probability theory, constructed the first calculating machine, and proved
experimentally that atmospheric pressure varies with altitude.
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SECTION B.2 SI Units B7

acting on an axle, a uniformly distributed load of intensity 800 N/m acting on a
small beam, and air pressure of intensity 2.1 kPa acting on an airplane wing. 

However, there is one circumstance in SI in which it is permissible to
express a load in mass units. If the load acting on a structure is produced by
gravity acting on a mass, then that load may be expressed in mass units (kilo-
grams, kilograms per meter, or kilograms per square meter). The usual
procedure in such cases is to convert the load to force units by multiplying by
the acceleration of gravity (g � 9.81 m/s2).

SI Prefixes
Multiples and submultiples of SI units (both base units and derived units) are
created by attaching prefixes to the units (see Table B-3 for a list of prefixes).
The use of a prefix avoids unusually large or small numbers. The general rule is
that prefixes should be used to keep numbers in the range 0.1 to 1000.

All of the recommended prefixes change the size of the quantity by a multiple
or submultiple of three. Similarly, when powers of 10 are used as multipliers, the
exponents of 10 should be multiples of three (for example, 40 � 103 N is satisfac-
tory but 400 � 102 N is not). Also, the exponent on a unit with a prefix refers to the
entire unit; for instance, the symbol mm2 means (mm)2 and not m(m)2.

Styles for Writing SI Units
Rules for writing SI units have been established by international agreement, and
some of the most pertinent ones are described here. Examples of the rules are
shown in parentheses.

(1) Units are always written as symbols (kg) in equations and numerical
calculations. In text, units are written as words (kilograms) unless numerical
values are being reported, in which case either words or symbols may be used
(12 kg or 12 kilograms).

(2) Multiplication is shown in a compound unit by a raised dot (kN�m).
When the unit is written in words, no dot is required (kilonewton meter).

TABLE B-3 SI PREFIXES

Prefix Symbol Multiplication factor

tera T 1012 � 1 000 000 000 000
giga G 109 � 1 000 000 000
mega M 106 � 1 000 000
kilo k 103 � 1 000
hecto h 102 � 100
deka da 101 � 10
deci d 10�1 � 0.1
centi c 10�2 � 0.01
milli m 10�3 � 0.001
micro � 10�6 � 0.000 001
nano n 10�9 � 0.000 000 001
pico p 10�12 � 0.000 000 000 001

Note: The use of the prefixes hecto, deka, deci, and centi is not recommended in SI.
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B8 APPENDIX B Systems of Units and Conversion Factors

(3) Division is shown in a compound unit by a slash (or solidus) or by multi-
plication using a negative exponent (m/s or m�s�1). When the unit is written in
words, the slash is always replaced by “per” (meter per second).

(4) A space is always used between a number and its units (200 Pa or
200 pascals) with the exception of the degree symbol (either angle or tempera-
ture), where no space is used between the number and the symbol (45°, 20°C).

(5) Units and their prefixes are always printed in roman type (that is,
upright or vertical type) and never in italic type (slanted type), even when the
surrounding text is in italic type.

(6) When written as words, units are not capitalized (newton) except at the
beginning of a sentence or in capitalized material such as a title. When written
as a symbol, units are capitalized when they are derived from the name of a per-
son (N). An exception is the symbol for liter, which may be either L or l, but the
use of uppercase L is preferred to avoid confusion with the numeral 1. Also,
some prefixes are written with capital letters when used in symbols (MPa) but
not when used in words (megapascal).

(7) When written as words, units are singular or plural as appropriate to the
context (1 kilometer, 20 kilometers, 6 seconds). When written as symbols, units
are always singular (1 km, 20 km, 6 s). The plural of hertz is hertz; the plurals
of other units are formed in the customary manner (newtons, watts).

(8) Prefixes are not used in the denominator of a compound unit. An excep-
tion is the kilogram (kg),which is a base unit and therefore the letter “k” is not
considered as a prefix. For example, we can write kN/m but not N/mm, and we
can write J/kg but not mJ/g.

Pronunciation of SI Prefixes and Units
A guide to the pronunciation of a few SI names that are sometimes mispro-
nounced is given in Table B-4. For instance, kilometer is pronounced

TABLE B-4 PRONUNCIATION OF SI PREFIXES AND UNITS

Prefix Pronunciation

tera same as terra, as in terra firma
giga pronounced jig-uh; with a pronounced as in about

(Alternate pronunciation: gig-uh)
mega same as mega in megaphone
kilo pronounced kill-oh; rhymes with pillow
milli pronounced mill-eh, as in military
micro same as micro in microphone
nano pronounced nan-oh; rhymes with man-oh
pico pronounced pea-ko

Note: The first syllable of every prefix is accented.

Unit Pronunciation

joule pronounced jool; rhymes with cool and pool
kilogram pronounced kill-oh-gram
kilometer pronounced kill-oh-meter
pascal pronounced pas-kal, with the accent on kal
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SECTION B.3 U.S. Customary Units B9

kill-oh-meter, not kil-om-eter. The only prefix that generates arguments is giga—
the official pronunciation is jig-uh, but many people say gig-uh.

B.3 U.S. CUSTOMARY UNITS

The units of measurement traditionally used in the United States have never
been made mandatory by the government; hence for lack of a better name they
are called the “customary” units. In this system the base units of relevance to
mechanics are the foot (ft) for length, second (s) for time, and pound (lb) for
force. The foot is defined as

1 ft � 0.3048 m (exactly) (B-9)

The second is the same as in SI and is described in the preceding section.
The pound is defined as the force that will give to a certain standard mass

an acceleration equal to the acceleration of gravity. In other words, the pound is
the weight of the standard mass, which is defined as 0.45359237 kg (exactly).
The weight of this amount of mass (see Eq. B-4) is

W � (0.45359237 kg)(9.806650 m/s2) � 4.448222 N

in which the standard international value of g is used (see Eq. B-5). Thus, the
pound is defined as follows:

1 lb � 4.448222 N (B-10)

which shows that the pound (like the foot) is actually defined in terms of SI units.
The unit of mass in USCS, called the slug, is a derived unit defined as the

mass that will be accelerated one foot per second squared when acted upon by a
force of one pound. Writing Newton’s second law in the form m � F/a, we get

1 slug � �
1

1

p

f

o

t

u

/s

n
2

d
�

which shows that the slug is expressed in terms of base units by the formula

1 slug � 1 lb-s2/ft (B-11)

To obtain the mass of an object of known weight, we use the second law in the
form

m � �
W
g
� (B-12)

where m is the mass in slugs, W is the weight in pounds, and g is the accelera-
tion of gravity in feet per second squared. 

As discussed previously, the value of g depends upon the location, but in
calculations where location is not relevant, the standard international value of g
may be used:

g � 32.1740 ft/s2 (B-13)

For ordinary purposes, the recommended value is

g � 32.2 ft/s2 (B-14)

From the preceding equations we conclude that an object having a mass of 1
slug will weigh 32.2 pounds at the earth’s surface.
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B10 APPENDIX B Systems of Units and Conversion Factors

Another unit of mass in USCS is the pound-mass (lbm), which is the mass
of an object weighing 1 pound, that is, 1 lbm � 1/32.2 slug.

As mentioned previously, atmospheric pressure varies considerably with
local conditions; however, for many purposes the standard international value
may be used:

1 standard atmosphere � 14.6959 pounds per square inch (B-15)

or, for ordinary engineering work:

1 standard atmosphere � 14.7 psi (B-16)

These values are intended for use in calculations and obviously do not represent
the actual atmospheric pressure.

The unit of work and energy in USCS is the foot-pound (ft-lb), defined as
the work done when the point of application of a force of one pound is dis-
placed a distance of one foot in the direction of the force. The unit of moment
or torque is the pound-foot (lb-ft), which comes from the fact that moment is
expressed in units of force times length. Although in reality the same units
apply to work, energy, and moment, it is common practice to use the pound-foot
for moment and the foot-pound for work and energy.

The symbols and formulas for the most important USCS units used in
mechanics are listed in Table B-1.

Many additional units from the U. S. Customary and Imperial systems
appear in the mechanics literature; a few of these units are listed in the lower
part of Table B-2.

B.4 TEMPERATURE UNITS

Temperature is measured in SI by a unit called the kelvin (K), and the corresponding
scale is the Kelvin temperature scale. The Kelvin scale is an absolute scale, which
means that its origin (zero kelvins, or 0 K) is at absolute zero temperature, a theoret-
ical temperature characterized by the complete absence of heat. On the Kelvin scale,
water freezes at approximately 273 K and boils at approximately 373 K.

For nonscientific purposes the Celsius temperature scale is normally used.
The corresponding unit of temperature is the degree Celsius (°C), which is equal
to one kelvin. On this scale, water freezes at approximately zero degrees (0°C)
and boils at approximately 100 degrees (100°C) under certain standard condi-
tions. The Celsius scale is also known as the centigrade temperature scale.

The relationship between Kelvin temperature and Celsius temperature is
given by the following equations:

Temperature in degrees Celsius � temperature in kelvins � 273.15

or T(°C) � T(K) � 273.15 (B-17)

where T denotes the temperature. When working with changes in temperature,
or temperature intervals, as is usually the case in mechanics, either unit can be
used because the intervals are the same.*

*Lord Kelvin (1824–1907), William Thomson, was a British physicist who made many
scientific discoveries, developed theories of heat, and proposed the absolute scale of tem-
perature. Anders Celsius (1701–1744) was a Swedish scientist and astronomer. In 1742 he
developed the temperature scale in which 0 and 100 correspond, respectively, to the
freezing and boiling points of water.
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SECTION B.5 Conversions Between Units B11

The U.S. Customary unit for temperature is the degree Fahrenheit (°F). On
the Fahrenheit temperature scale, water freezes at approximately 32 degrees
(32°F) and boils at approximately 212 degrees (212°F). Each Fahrenheit degree
is exactly 5/9 of one kelvin or one degree Celsius. The corresponding absolute
scale is the Rankine temperature scale, related to the Fahrenheit scale by the
equation

T(°F) � T(°R) � 459.67 (B-18)

Thus, absolute zero corresponds to �459.67°F.*
The conversion formulas between the Fahrenheit and Celsius scales are as

follows:

T(°C) � �
5
9

� [T(°F) � 32] T(°F) � �
9
5

�T(°C) � 32 (B-19a,b)

As before, T denotes the temperature on the indicated scale.

B.5 CONVERSIONS BETWEEN UNITS

Quantities given in either USCS or SI units can be converted quickly to the
other system by using the conversion factors listed in Table B-5.

If the given quantity is expressed in USCS units, it can be converted to SI
units by multiplying by the conversion factor. To illustrate this process, assume
that the stress in a beam is given as 10,600 psi and we wish to convert this
quantity to SI units. From Table B-5 we see that a stress of 1 psi converts to
6894.76 Pa. Therefore, the conversion of the given value is performed in the
following manner:

(10,600 psi)(6894.76) � 73100000 Pa � 73.1 MPa

Because the original value is given to three significant digits, we have rounded
the final result to three significant digits also (see Appendix C for a discussion
of significant digits). Note that the conversion factor of 6894.76 has units of
pascals divided by pounds per square inch, and therefore the equation is dimen-
sionally correct.

To reverse the conversion process (that is, to convert from SI units to USCS
units), the quantity in SI units is divided by the conversion factor. For instance,
suppose that the moment of inertia of the cross-sectional area of a beam is given
as 94.73 � 106 mm4. Then the moment of inertia in USCS units is

�
94.73

41
�

6,
1
2
0
3

6

1
mm4

�� 228 in.4

in which the term 416,231 is the conversion factor for moment of inertia.

*William John Macquorn Rankine (1820–1872) was a Scottish engineer and physicist. He
made important contributions in such diverse fields as thermodynamics, light, sound,
stress analysis, and bridge engineering. Gabriel Daniel Fahrenheit (1686–1736) was a
German physicist who experimented with thermometers and made them more accurate by
using mercury in the tube. He set the origin (0°) of his temperature scale at the freezing
point of a mixture of ice, salt, and water.
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B12 APPENDIX B Systems of Units and Conversion Factors

TABLE B-5 CONVERSIONS BETWEEN U.S. CUSTOMARY UNITS AND SI UNITS

Times conversion factor
U.S. Customary unit

Accurate Practical
Equals SI unit

Acceleration (linear)
foot per second squared ft/s2 0.3048* 0.305 meter per second squared m/s2

inch per second squared in./s2 0.0254* 0.0254 meter per second squared m/s2

Area
square foot ft2 0.09290304* 0.0929 square meter m2

square inch in.2 645.16* 645 square millimeter mm2

Density (mass)
slug per cubic foot slug/ft3 515.379 515 kilogram per cubic meter kg/m3

Density (weight) 
pound per cubic foot lb/ft3 157.087 157 newton per cubic meter N/m3

pound per cubic inch lb/in.3 271.447 271 kilonewton per cubic
meter kN/m3

Energy; work
foot-pound ft-lb 1.35582 1.36 joule (N�m) J
inch-pound in.-lb 0.112985 0.113 joule J
kilowatt-hour kWh 3.6* 3.6 megajoule MJ
British thermal unit Btu 1055.06 1055 joule J

Force
pound lb 4.44822 4.45 newton (kg�m/s2) N
kip (1000 pounds) k 4.44822 4.45 kilonewton kN

Force per unit length
pound per foot lb/ft 14.5939 14.6 newton per meter N/m
pound per inch lb/in. 175.127 175 newton per meter N/m
kip per foot k/ft 14.5939 14.6 kilonewton per meter kN/m
kip per inch k/in. 175.127 175 kilonewton per meter kN/m

Length
foot ft 0.3048* 0.305 meter m
inch in. 25.4* 25.4 millimeter mm
mile mi 1.609344* 1.61 kilometer km

Mass
slug lb-s2/ft 14.5939 14.6 kilogram kg

Moment of a force; torque
pound-foot lb-ft 1.35582 1.36 newton meter N·m
pound-inch lb-in. 0.112985 0.113 newton meter N·m
kip-foot k-ft 1.35582 1.36 kilonewton meter kN·m
kip-inch k-in. 0.112985 0.113 kilonewton meter kN·m

(Continued)*An asterisk denotes an exact conversion factor 
Note: To convert from SI units to USCS units, divide by the conversion factor
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SECTION B.5 Conversions Between Units B13

TABLE B-5 (Continued)

Times conversion factor
U.S. Customary unit

Accurate Practical
Equals SI unit

Moment of inertia (area)
inch to fourth power in.4 416,231 416,000 millimeter to fourth

power mm4

inch to fourth power in.4 0.416231 � 10�6 0.416 � 10�6 meter to fourth power m4

Moment of inertia (mass)
slug foot squared slug-ft2 1.35582 1.36 kilogram meter squared kg·m2

Power
foot-pound per second ft-lb/s 1.35582 1.36 watt (J/s or N·m/s) W
foot-pound per minute ft-lb/min 0.0225970 0.0226 watt W
horsepower 

(550 ft-lb/s) hp 745.701 746 watt W

Pressure; stress
pound per square foot psf 47.8803 47.9 pascal (N/m2) Pa
pound per square inch psi 6894.76 6890 pascal Pa
kip per square foot ksf 47.8803 47.9 kilopascal kPa
kip per square inch ksi 6.89476 6.89 megapascal MPa

Section modulus
inch to third power in.3 16,387.1 16,400 millimeter to third

power mm3

inch to third power in.3 16.3871 � 10�6 16.4 � 10�6 meter to third power m3

Velocity (linear)
foot per second ft/s 0.3048* 0.305 meter per second m/s
inch per second in./s 0.0254* 0.0254 meter per second m/s
mile per hour mph 0.44704* 0.447 meter per second m/s
mile per hour mph 1.609344* 1.61 kilometer per hour km/h

Volume
cubic foot ft3 0.0283168 0.0283 cubic meter m3

cubic inch in.3 16.3871 � 10�6 16.4 � 10�6 cubic meter m3

cubic inch in.3 16.3871 16.4 cubic centimeter (cc) cm3

gallon (231 in.3) gal. 3.78541 3.79 liter L
gallon (231 in.3) gal. 0.00378541 0.00379 cubic meter m3

*An asterisk denotes an exact conversion factor 
Note: To convert from SI units to USCS units, divide by the conversion factor
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