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Chapter – 1: Principles of Strength of Materials 

The mechanical properties of a material describe how it will react to physical forces. Mechanical 

properties occur as a result of the physical properties inherent to each material, and are 

determined through a series of standardized mechanical tests.  

 Strength  

 Strength has several definitions depending on the material type and application.  

 For choosing a material based on its strength it is important to understand the manner in 

which strength is defined and how it is measured.  

 When designing for strength, material class and mode of loading are important 

considerations.  

 Examples: For metals the most common measure of strength is the yield strength. For 

most polymers it is more convenient to measure the failure strength, the stress at the point 

where the stress strain curve becomes obviously non-linear. Strength, for ceramics 

however, is more difficult to define. Failure in ceramics is highly dependent on the mode 

of loading. The typical failure strength in compression is fifteen times the failure strength 

in tension. The more common reported value is the compressive failure strength.  

 Elastic limit  

 The elastic limit is the highest stress at which all deformation strains are fully 

recoverable. 

 For most materials and applications this considered the practical limit to the maximum 

stress a component can withstand and still function as designed.  

 Beyond the elastic limit permanent strains are likely to deform the material to the point 

where its function is impaired.  

  



Proportional limit  

 The proportional limit is the highest stress at which stress is linearly proportional to 

strain.  

 This is the same as the elastic limit for most materials. Some materials may show a slight 

deviation from proportionality while still under recoverable strain. In these cases the 

proportional limit is preferred as a maximum stress level because deformation becomes 

less predictable above it.  

 Yield Strength  

The yield strength is the minimum stress which produces permanent plastic deformation.  

This is the most common material property reported for structural materials because of the ease 

and relative accuracy of its measurement.  

The yield strength is usually defined at a specific amount of plastic strain, or offset, which may 

vary by material and or specification.  

The offset is the amount that the stress-strain curve deviates from the linear elastic line. 

 The most common offset for structural metals is 0.2%.  

 Ultimate Tensile Strength  

The ultimate tensile strength is an engineering value calculated by dividing the maximum load 

on a material experienced during a tensile test by the initial cross section of the test sample.  

When viewed in light of the other tensile test data the ultimate tensile strength helps to provide a 

good indication of a material's toughness but is not by itself a useful design limit. 

 Conversely this can be construed as the minimum stress that is necessary to ensure the failure of 

a material.  

  



 True Fracture Strength  

The true fracture strength is the load at fracture divided by the cross sectional area of the sample. 

Like the ultimate tensile strength the true fracture strength can help designer to predict the 

behavior of the material but is not itself a practical strength limit. Because the tensile test seeks 

to standardize variables such as specimen geometry, strain rate and uniformity of stress it can be 

considered a kind of best case scenario of failure.  

 Ductility  

Ductility is a measure of how much deformation or strain a material can withstand before 

breaking.  

The most common measure of ductility is the percentage of change in length of a tensile sample 

after breaking. This is generally reported as % El or percent elongation. 

 The R.A. or reduction of area of the sample also gives some indication of ductility.  

 Toughness  

Toughness describes a material's resistance to fracture.  

It is often expressed in terms of the amount of energy a material can absorb before fracture. 

Tough materials can absorb a considerable amount of energy before fracture while brittle 

materials absorb very little. 

Neither strong materials such as glass nor very ductile materials such as taffy can absorb large 

amounts of energy before failure.  

Toughness is not a single property but rather a combination of strength and ductility.  

The toughness of a material can be related to the total area under its stress-strain curve.  

A comparison of the relative magnitudes of the yield strength, ultimate tensile strength and 

percent elongation of different material will give a good indication of their relative toughness.  



Materials with high yield strength and high ductility have high toughness. Integrated stress-strain 

data is not readily available for most materials so other test methods have been devised to help 

quantify toughness.  

The most common test for toughness is the Charpy impact test. 

 In many materials the toughness is temperature dependent.  

Generally materials are more brittle at lower temperatures and more ductile at higher 

temperatures.  

The temperature at which the transition takes place is known as the DBTT, or ductile to brittle 

transition temperature. The DBTT is measured by performing a series of Charpy impact tests at 

various temperatures to determine the ranges of brittle and ductile behavior. Use of alloys below 

their transition temperature is avoided due to the risk of catastrophic failure.  

 Fatigue ratio  

The dimensionless fatigue ratio f is the ratio of the stress required to cause failure after a specific 

number of cycles to the yield stress of a material.  

Fatigue tests are generally run through 10
7
 or 10

8 
cycles.  

A high fatigue ratio indicates materials which are more susceptible to crack growth during cyclic 

loading.  

 Loss coefficient  

The loss coefficient is another important material parameter in cyclic loading. It is the fraction of 

mechanical energy lost in a stress strain cycle.  

The loss coefficient for each material is a function of the frequency of the cycle. A high loss 

coefficient can be desirable for damping vibrations while a low loss coefficient transmits energy 

more efficiently.  



The loss coefficient is also an important factor in resisting fatigue failure.  

If the loss coefficient is too high, cyclic loading will dissipate energy into the material leading to 

fatigue failure.  

Concepts of Stress and Strain 

Stresses cannot be directly measured, but strain ismeasurable and can be directly related to stress. 

 

Normal Stress 

A normal stress, symbolized by the Greek letter sigma σ, results when a member is subjected to 

an axial load applied through the centroid of the cross section. It is obtained by dividing the 

magnitude of the resultant internal force F by the cross sectional area A.  

Normal stress is: 

 

Tensile stresses are positive (+) 

Compressive stresses are negative (-) 

 

Shear Stress (Simple or Direct Shear) 

A shear stress, symbolized by the Greek letter tau τ, results when a member issubjected to a force 

that is parallel or tangent to the surface.Itis obtained by dividing the magnitude of the resultant 

shear force V bythe cross sectional area A. 

Shear stress is: 

 

 



 

 

Bearing Stress 

A bearing stress, symbolized by the Greek letter sigma σb, is a compressive normalstress that 

occurs on the surface of contact between two interacting members. Theaverage normal stress in 

the member is obtained by dividing the magnitude of thebearing force F by the area of interest. 

Bearing stress is 

 

 

Stress Distribution under Axial Loading(Saint Venant’s Principle) 

As previously mentioned, we generally assume the normal stress distribution in anaxially loaded 

member is uniform, except near the vicinity of the applied load.Consider the following example. 

 

  



Assuming: 

1. Top and bottom plates are rigid and do not rotate 

2. Plates allow the member to expand laterally 

3. Centroid of each load is at the center of each plate 

4. Member is homogeneous and isotropic 

The distribution of stresses is uniform throughout the member and, at any point, 

 

On the other hand, if the loads are concentrated, the elements in the immediate vicinityof the 

points of application of the loads are subjected to very large stresses, while otherelements near 

the ends are unaffected by the loading. 

 

With the use of FEA (finite element analysis) or advanced mathematical methods, we can 

determine the distribution of stresses across various sections of a thin rectangular plate subjected 

to a concentrated load. 

  



Simple Stresses and Strains 

The main objective of the study of the mechanics of materials is to provide the engineer with the 

means of analyzing and designing various machines and load bearing structures. 

Stress 

Stress is the internal resistance offered by a unit area of the material from which a member is 

made to an externally applied load. And has a unit of Pa or N/m2. 

Direct or normal stress σ is calculated using the following equation: 

 

Strain 

Strain is the total deformation divided by the original length of the bar. Normal or longitudinal 

strain is calculated using the following equation: 

 

Tensile stresses and strain are considered positive increase in length. Compressive stresses and 

strain are considered negative producing a decrease in length. 

Stress-Strain Curves For Concrete and Steel. 

The actual values of modulus of elasticity E and maximum stress σultimate are determined by 

carrying out a standard tensile best on a specimen of the material. The bar is subjected to a 

gradually increasing tensile load until failure occurs. Measurements of the change in length of a 

selected gauge length of the bar are recorded throughout the loading operation by means of 

extensometers. And a graph of load against extension or stress against strain is produced as 

shown. 

1. Form OA Hooke’s low is obeyed, i.e. the material behaves elastically and stress is 

proportional to strain, giving the straight line graph indicated. For elastic materials, stress 

is proportional to strain: 

 



The unit of E is N/m2 (GN/m2). 

2. After A the linear nature of the graph disappears and this point is termed the limit of 

proportionality. 

3. B elastic limit, i.e. the deformation are completely recovered when the load is 

removed(i.e. strain returns to zero), but Hook’s law does not apply. 

 

4. Yield point is the stress at which a noticeable elongation of the sample occurs with no 

apparent increase in lead. 

5. After B plastic deformation occurs and strains are not totally recoverable, and relatively 

rapid increases in stain occur without correspondingly high increases in load or stress. 

6. C is termed the upper yield point and D is the lower yield point. The deformation at the 

yield point is only local in nature. It starts at one point and that region gets work-

hardened, so the flow starts again at a region adjacent to the former region. Hardening 

occurs here too, and the process continues. Thus, the flow is spread throughout the 

specimen. Each successive work hardening tends to increase the stress. But the effect is 

only momentary, and again the stress value falls, due to the flow in the neighboring 

region. As a result, the entire specimen gets work- hardened and the stress begins to rise, 

deformation becomes uniform. 

7. Beyond the yield point some increase in load is required to take the strain to point E, 

between D and E the material is said to be in the elastic-plastic state. 

8. Beyond E the cross-sectional area of the bar begins to reduce rapidly over a relatively 

small length of the bar and the bar is said to neck. This necking takes place whilst the 

load reduces, and fracture of the bar finally occurs at point F. 



9. Stress at failure, termed the maximum or ultimate tensile stress is given by the load at E 

divided by the original cross-sectional area of the bar. (Tensile Strength) 

Stress-Strain Behavior of Concrete 

 

 A typical relationship between stress and strain for normal strength concrete is presented 

in Figure.  

 After an initial linear portion lasting up to about 30 – 40% of the ultimate load, the curve 

becomes non-linear, with large strains being registered for small increments of stress.  

 The non-linearity is primarily a function of the coalescence of microcracks at the paste-

aggregate interface.  

 The ultimate stress is reached when a large crack network is formed within the concrete, 

consisting of the coalesced microcracks and the cracks in the cement paste matrix.  

 The strain corresponding to ultimate stress is usually around 0.003 for normal strength 

concrete. The stress-strain behavior in tension is similar to that in compression. 

 Any extra load beyond the ultimate capacity leads to a catastrophic failure of the 

specimen.  

 In a displacement controlled machine, small increments of displacement are given to the 

specimen. Thus, the decreasing load beyond the peak load can also be registered.  

 The strain at failure is typically around 0.005 for normal strength concrete, as shown in 

Figure. The post peak behavior is actually a function of the stiffness of the testing 

machine in relation to the stiffness of the test specimen, and the rate of strain.  

 With increasing strength of concrete, its brittleness also increases, and this is shown by a 

reduction in the strain at failure. 

 It is interesting to note that although cement paste and aggregates individually have 

linear stress-strain relationships, the behavior for concrete is non-linear. This is due 

to the mismatch and micro cracking created at the interfacial transition zone. 

 



 

Stress-strain relationship for ordinary concrete 

 

Complete stress-strain curve including post-peak response 

  



Temperature Stresses 

When the temperature of a component is increased or decreased the material respectively 

expands or contracts. 

If this expansion or contraction is not resisted in any way then the process takes place free of 

stress. 

If however, the changes in dimensions are restricted then stresses termed temperature stresses 

will be set up. 

 

New length: 

 

If this expansion is prevented then compressive strain will be produced: 

 

Since is very small compared with unity then 

 

The thermal stress will be: 

 

If temperature rises then compressive stress will be produced. 

If temperature falls then tensile stress will be produced. 

  



Elastic Constants 

Elastic deformation is defined as instantaneous recoverable deformation 

 

Hooke's law: 

For tensile loading,  

 

Where is stress defined as the load per unit area: 

 

And strain is given by the change in length per unit length 

 

The proportional constant E is the Young's modulus or modulus of Elasticity: 

E =10x10
6
 psi [68.9 GPa] for metals [varying from 10x10

6
 psi for Al, 30x10

6
 for Fe and 

59x10
6
for W]. 

 

Poisson's Ratio is the ratio of lateral contraction to longitudinal elongation 

 

For isotropic materials; in general, its value approximately equals 0.3. 

 

Modulus of Rigidity or Shear Modulus [G] : 

 

G is the shear modulus and is related to E and poisson ratio. 

 

 

Bulk Modulus  : the change in volume to the original volume is proportional to the 

hydrostatic pressure [ ] : 



 

where is the compressibility . 

The inverse of the compressibility is the bulk modulus 

 

 

 

Thus one can evaluate the various elastic moduli from one or more experimentally evaluated 

constants. Note that the elastic moduli are related to the interatomic bonding and thus decrease 

[slightly] with increasing temperature. Any change in the crystal structure, for example 

following a phase change[polymorphism], one notes a distinct change in the elastic moduli. 

 

Stresses in Thin Cylinders 

When a thin-walled tube or cylinder is subjected to internal pressure a hoop and longitudinal 

stress are produced in the wall. 

Thin Cylinders Subjected to Internal Pressure:  

When a thin – walled cylinder is subjected to internal pressure, three mutually perpendicular 

principal stresses will be set up in the cylinder materials, namely  

•  Circumferential or hoop stress  

•  The radial stress  

•  Longitudinal stress 

Now let us define these stresses and determine the expressions for them 

  



Hoop or circumferential stress:  

This is the stress which is set up in resisting the bursting effect of the applied pressure and can be 

most conveniently treated by considering the equilibrium of the cylinder.  

 

In the figure we have shown a one half of the cylinder. This cylinder is subjected to an internal 

pressure p.  

i.e.         p = internal pressure  

d = inside diameter 

L = Length of the cylinder  

t  = thickness of the wall  

Total force on one half of the cylinder owing to the internal pressure 'p'  

= p x Projected Area  

= p .d. L                       -------  (1)  

The total resisting force owing to hoop stresses sH set up in the cylinder walls 



= 2 .sH .L.t                 ---------(2)  

Because s H.L.t. is the force in the one wall of the half cylinder. 

the equations (1) & (2) we get  

   2 .sH .L . t = p .d . L  

                  sH= (p . d) / 2t  

Circumferential or hoop Stress (sH) = (p .d)/ 2t  

Hoop Stress 

The hoop stress can be expressed as: 

σh = p d / 2 t 

where, σh = hoop stress (MPa, psi) 

p = internal pressure in the tube or cylinder (MPa, psi) 

d = internal diameter of tube or cylinder (mm, in) 

t = tube or cylinder wall thickness (mm, in) 

 

Longitudinal Stress:  

Consider now again the same figure and the vessel could be considered to have closed ends and 

contains a fluid under a gage pressure p. Then the walls of the cylinder will have a longitudinal 

stress as well as a circumferential stress.  

 



Total force on the end of the cylinder owing to internal pressure  

= pressure x area  

= p x p d
2
 /4  

Area of metal resisting this force = pd.t. (approximately)  

because pd is the circumference and this is multiplied by the wall thickness  

 

 

Longitudinal Stress 

The longitudinal stress can be expressed as: 

σl = p d / 4 t 

Where, σl = longitudinal stress (MPa, psi) 



Previous GATE Questions 

Q. Maximum tensile stress is possible in       [Gate 1998] 

 a] Wood   b] Stabilised Mud block  

c] Stone block   d] Steel      Ans: D 

Q. Permissible stress in bending compression (N/mm
2
) for M20 grade concrete is  [Gate 1998] 

 a] 3.0   b] 5.0   c] 7.0   d] 8.5 Ans: C 

Q. The extreme limit to which a body can be repeatedly strained without fracture or permanent change of 

shape, is known as         [Gate 2001] 

 a] Compressibility   b] Resiliency   

c] Density    d] Elasticity    Ans: D 

Explanation:  

In thermodynamics and fluid mechanics, compressibility is a measure of the relative volume change of 

a fluid or solid as a response to a pressure (or mean stress) change. 

Resilience is the ability of a material to absorb energy when it is deformed elastically, and release that 

energy upon unloading. 

Density is defined as mass per unit volume. 

Elasticity is the property according to which a body can be repeatedly strained without fracture or 

permanent change of shape up to a point. 

Q. ‘Demac gauge’ is a device for       [Gate 2002] 

 a] measuring mechanical strain in structures b] measuring the dampness of inner walls 

 c] checking the thermal conductivity of walls d] gauging air temperature Ans: A 

Q. While testing the strength of a steel beam, it is found that Position’s ratio for steel, 0.3 and Young’s 

modulus of Elasticity 2.1 × 10
6
        [Gate 2006] 

Q. If the lateral strain of the beam is 1 unit, the longitudinal strain will be   

 a] 7 × 10
6
 units  b] 0.3 units c] 2.1 × 10

6
 units d] 3.33 units Ans: D 

Explanation:  

Poisson’s Ratio = lateral strain / longitudinal strain  

0.3 = 1 / longitudinal strain. 

Thus, longitudinal strain = 1/ 0.3 = 3.33 units  



Q. The longitudinal stress for the same steel beam will be approximately 

 a] 7 × 10
6
 units  b] 0.3 units c] 2.1 × 10

6
 units d] 3.33 units Ans: A 

Explanation: Longitudinal stress = young’s modulus x strain = 2.1x10
6
 x 3.33 = 7 x 10

6
. 

Q. The slenderness ratio for a cantilever prismatic column of length L with a circular cross 

section having radius r is        

 [Gate 2007] 

 a] L / r     b] 2L / r    

 c] 3L / r     d] 4L / r    Ans: B 

Explanation: The effective length of a cantilever column is 2L.Hence slenderness ratio is 2L/r. 

Q. Which of the following is NOT a mechanism of bond resistance in reinforced concrete?  

(A) Chemical adhesion   (B) Friction      [Gate 2014] 

(C) Mechanical interlock   (D) Aggregate interlock   Ans: D 

Q. If yield stress of steel is 415 MPa, then strain in tensile reinforcement at the limit state of 

collapse shall be at least _____________. For steel, the Young’s Modulus, E = 2 X 105 MPa. 

[Gate 2014]        Ans: 0.003805 

The relation sip between strain (ε), stress fy and Young’s modulus (Y) as per IS 456 is as 

follows: 

  
       

 
       

Hence, Strain = 0.003805 

Q. A solid straight steel rod of diameter 100 mm is bent in single curvature into a circular arc by 

a moment of 50 kNm applied at its ends. If elastic modulus, E, for steel is 2 x 105 MPa, the 

radius of curvature (mm) of the arc assuming π=3.14 is _____________  [Gate 2014] 

Ans: 19625 mm 

  
   

 
 

Where, M = Moment = 5000 Nm 

E = Elastic Modulus = 200000000000 Pa 

I = Moment of Inertia = (pi*d^4)/64 = (3.14*0.1^4)/64 = 0.00000490625 m^4 

R = EI/M = 19.625m = 19625 mm 

 



Q. A rectangular beam section of size 300 mm (width) x 500 mm (depth) is loaded with a 

shear force of 600 kN. The maximum shear stress on the section in N/mm
2
 is _________ 

[Gate 2015]         Ans: 6 

Explanation: For rectangular beam, Max. Shear force = 1.5(Shear Force/Cross-section Ar.) 

   = 1.5 x (600 x 1000)/(300 x 500) = 600000/150000 = 4 x 1.5 = 6 

Q. Slenderness ratio of a column is represented as:    [Gate 2017] 

(a) Effective length/Cross-sectional area   

(b) Effective length/Radius of gyration 

(c) Actual length/Cross-sectional area 

(d) Actual length/Radius of gyration      Ans: B 

 

 


