
Since deformation and length are expressed in the same units, the
normal strain obtained by dividing by L (or by dx) is a dimen-
sionless quantity. Thus, the same numerical value is obtained for the
normal strain in a given member, whether SI metric units or U.S. 
customary units are used. Consider, for instance, a bar of length

m and uniform cross section, which undergoes a deforma-
tion The corresponding strain is

Note that the deformation could have been expressed in micrometers:
We would then have written

the length and deformation of the same bar are, respectively,
and The corresponding strain is

which is the same value that we found using SI units. It is customary,
however, when lengths and deformations are expressed in inches or micro-
inches to keep the original units in the expression obtained
for the strain. Thus, in our example, the strain would be recorded as

or, alternatively, as 

We saw in Sec. 2.2 that the diagram representing the relation between
stress and strain in a given material is an important characteristic of the
material. To obtain the stress-strain diagram of a material, one usually
conducts a tensile test on a specimen of the material. One type of spec-
imen commonly used is shown in Fig. 2.6. The cross-sectional area of
the cylindrical central portion of the specimen has been accurately de-
termined and two gage marks have been inscribed on that portion at a
distance from each other. The distance is known as the gage length
of the specimen.

150 m.

Typical tensile-test specimen.



The test specimen is then placed in a testing machine (Fig. 2.7),
which is used to apply a centric load P. As the load P increases, the
distance L between the two gage marks also increases (Fig. 2.8). The
distance L is measured with a dial gage, and the elongation 
is recorded for each value of P. A second dial gage is often used si-
multaneously to measure and record the change in diameter of the spec-
imen. From each pair of readings P and the stress is computed by
dividing P by the original cross-sectional area of the specimen, and
the strain by dividing the elongation by the original distance be-
tween the two gage marks. The stress-strain diagram may then be ob-
tained by plotting as an abscissa and as an ordinate.

Stress-strain diagrams of various materials vary widely, and differ-
ent tensile tests conducted on the same material may yield different re-
sults, depending upon the temperature of the specimen and the speed
of loading. It is possible, however, to distinguish some common char-
acteristics among the stress-strain diagrams of various groups of mate-
rials and to divide materials into two broad categories on the basis 
of these characteristics, namely, the ductile materials and the brittle
materials.

Ductile materials, which comprise structural steel, as well as many
alloys of other metals, are characterized by their ability to yield at nor-
mal temperatures. As the specimen is subjected to an increasing load,
its length first increases linearly with the load and at a very slow rate.
Thus, the initial portion of the stress-strain diagram is a straight line

Test specimen with tensile load.

This machine is used to test tensile test specimens, such as those
shown in this chapter.



with a steep slope (Fig. 2.9). However, after a critical value of the
stress has been reached, the specimen undergoes a large deformation
with a relatively small increase in the applied load. This deformation is
caused by slippage of the material along oblique surfaces and is due,
therefore, primarily to shearing stresses. As we can note from the stress-
strain diagrams of two typical ductile materials (Fig. 2.9), the elonga-
tion of the specimen after it has started to yield can be 200 times as
large as its deformation before yield. After a certain maximum value of
the load has been reached, the diameter of a portion of the specimen
begins to decrease, because of local instability (Fig. 2.10a). This phe-
nomenon is known as necking. After necking has begun, somewhat
lower loads are sufficient to keep the specimen elongating further, un-
til it finally ruptures (Fig. 2.10b). We note that rupture occurs along a
cone-shaped surface that forms an angle of approximately with the
original surface of the specimen. This indicates that shear is primarily
responsible for the failure of ductile materials, and confirms the fact
that, under an axial load, shearing stresses are largest on surfaces form-
ing an angle of with the load (cf. Sec. 1.11). The stress at which
yield is initiated is called the yield strength of the material, the stress

corresponding to the maximum load applied to the specimen is
known as the ultimate strength, and the stress corresponding to rup-
ture is called the breaking strength.

Brittle materials, which comprise cast iron, glass, and stone, are
characterized by the fact that rupture occurs without any noticeable prior
change in the rate of elongation (Fig. 2.11). Thus, for brittle materials,
there is no difference between the ultimate strength and the breaking
strength. Also, the strain at the time of rupture is much smaller for brit-
tle than for ductile materials. From Fig. 2.12, we note the absence of
any necking of the specimen in the case of a brittle material, and ob-
serve that rupture occurs along a surface perpendicular to the load. We
conclude from this observation that normal stresses are primarily re-

Stress-strain diagrams of two 
typical ductile materials.

Tested specimen of a ductile material.

Stress-strain diagram for a typical 
brittle material. peratures. However, a material that is ductile at normal temperatures may display the char-

acteristics of a brittle material at very low temperatures, while a normally brittle material may
behave in a ductile fashion at very high temperatures. At temperatures other than normal,
therefore, one should refer to a material in a ductile state or to a material in a brittle state,
rather than to a ductile or brittle material.



The stress-strain diagrams of Fig. 2.9 show that structural steel and
aluminum, while both ductile, have different yield characteristics. In the
case of structural steel (Fig. 2.9a), the stress remains constant over a
large range of values of the strain after the onset of yield. Later the
stress must be increased to keep elongating the specimen, until the max-
imum value has been reached. This is due to a property of the ma-
terial known as strain-hardening. The yield strength of structural steel
can be determined during the tensile test by watching the load shown
on the display of the testing machine. After increasing steadily, the load
is observed to suddenly drop to a slightly lower value, which is main-
tained for a certain period while the specimen keeps elongating. In a
very carefully conducted test, one may be able to distinguish between
the upper yield point, which corresponds to the load reached just be-
fore yield starts, and the lower yield point, which corresponds to the
load required to maintain yield. Since the upper yield point is transient,
the lower yield point should be used to determine the yield strength of
the material.

In the case of aluminum (Fig. 2.9b) and of many other ductile ma-
terials, the onset of yield is not characterized by a horizontal portion of
the stress-strain curve. Instead, the stress keeps increasing

leading eventually to rupture. For such materials, the yield strength can
be defined by the offset method. The yield strength at 0.2% offset, for ex-
ample, is obtained by drawing through the point of the horizontal axis of
abscissa a line parallel to the initial straight-line
portion of the stress-strain diagram (Fig. 2.13). The stress correspon-
ding to the point Y obtained in this fashion is defined as the yield strength
at 0.2% offset.

0.2% or 0.002 ,

Tested specimen of a brittle material.

Determination of yield strength by 
offset method.



A standard measure of the ductility of a material is its percent elon-
gation, which is defined as

where and denote, respectively, the initial length of the tensile
test specimen and its final length at rupture. The specified minimum
elongation for a 2-in. gage length for commonly used steels with yield
strengths up to 50 ksi is 21%. We note that this means that the average
strain at rupture should be at least 0.21 in./in.

Another measure of ductility which is sometimes used is the per-
cent reduction in area, defined as

where and denote, respectively, the initial cross-sectional area of
the specimen and its minimum cross-sectional area at rupture. For struc-
tural steel, percent reductions in area of 60 to 70 percent are common.

Thus far, we have discussed only tensile tests. If a specimen made
of a ductile material were loaded in compression instead of tension, the
stress-strain curve obtained would be essentially the same through its
initial straight-line portion and through the beginning of the portion cor-
responding to yield and strain-hardening. Particularly noteworthy is the
fact that for a given steel, the yield strength is the same in both tension
and compression. For larger values of the strain, the tension and com-
pression stress-strain curves diverge, and it should be noted that neck-
ing cannot occur in compression. For most brittle materials, one finds
that the ultimate strength in compression is much larger than the ulti-
mate strength in tension. This is due to the presence of flaws, such as
microscopic cracks or cavities, which tend to weaken the material in
tension, while not appreciably affecting its resistance to compressive
failure.

Stress-strain diagram for concrete.



An example of brittle material with different properties in tension
and compression is provided by concrete, whose stress-strain diagram
is shown in Fig. 2.14. On the tension side of the diagram, we first ob-
serve a linear elastic range in which the strain is proportional to the
stress. After the yield point has been reached, the strain increases faster
than the stress until rupture occurs. The behavior of the material in com-
pression is different. First, the linear elastic range is significantly larger.
Second, rupture does not occur as the stress reaches its maximum value.
Instead, the stress decreases in magnitude while the strain keeps in-
creasing until rupture occurs. Note that the modulus of elasticity, which
is represented by the slope of the stress-strain curve in its linear por-
tion, is the same in tension and compression. This is true of most brit-
tle materials.

We recall that the stress plotted in the diagrams of Figs. 2.9 and 2.11
was obtained by dividing the load P by the cross-sectional area of
the specimen measured before any deformation had taken place. Since
the cross-sectional area of the specimen decreases as P increases, the
stress plotted in our diagrams does not represent the actual stress in the
specimen. The difference between the engineering stress that
we have computed and the true stress obtained by dividing
P by the cross-sectional area A of the deformed specimen becomes ap-
parent in ductile materials after yield has started. While the engineer-
ing stress which is directly proportional to the load P, decreases with
P during the necking phase, the true stress which is proportional to
P but also inversely proportional to A, is observed to keep increasing
until rupture of the specimen occurs.

Many scientists also use a definition of strain different from that of
the engineering strain Instead of using the total elongation 
and the original value of the gage length, they use all the successive
values of L that they have recorded. Dividing each increment of the
distance between the gage marks, by the corresponding value of L,
they obtain the elementary strain Adding the successive
values of they define the true strain :

With the summation replaced by an integral, they can also express the
true strain as follows:

(2.3)

The diagram obtained by plotting true stress versus true strain (Fig.
2.15) reflects more accurately the behavior of the material. As we have
already noted, there is no decrease in true stress during the necking
phase. Also, the results obtained from tensile and from compressive
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True stress versus true strain for a
typical ductile material.


