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Subject
Subject Code
Credits
Weekly Load

Examination

Unit | — Fundamentals of Mechanics (Total: 23 Lectures)

Engineering Mechanics
ESME-501
4 (L-T-P: 3-1-0)

4 hours

End Term: 50 Marks | Internal: 50 Marks | Total: 100 Marks

Fundamental of Mechanics and its relevance, idealization of 3 Lectures

Mechanics mechanics, basic dimensions and units, concept of
rigid bodies, Laws of Mechanics.

Laws for Forces Scalars and Vectors, vector operations, force 4 Lectures
systems (coplanar, concurrent, non-concurrent),

Free body diagrams, Bow's notation.

Resultant & Parallelogram law, Triangle law, superposition, 4 Lectures

Equilibrium transmissibility, Newton's third law, extension to
many forces.

Polygon Law Method of resolution into orthogonal components, 4 Lectures
graphical methods, Lami's theorem.

Moments & Couples Varignon's theorem, moment of forces, couple 4 Lectures
properties, force-couple systems, parallel forces.

Trusses Simple trusses, Method of Joints, Method of 4 Lectures
Sections.

Unit Il — Applied Mechanics (Total: 25 Lectures)

Friction Dry friction, Coulomb's laws, limiting friction, 4 Lectures
coefficient of friction, belt friction, ladder friction.

Centre of Gravity &  Centroid, centre of gravity, composite areas, first & 6 Lectures

MOI second moment of area, radius of gyration, parallel-
axis theorem.

Simple Lifting MA, VR, efficiency, law of machine, wheel & axle, 3 Lectures

Machines pulley systems, screw jack.

Kinetics of Particle Types of motion, uniform & variable acceleration, 6 Lectures
projectiles, Newton's laws, D'Alembert's principle,
impulse-momentum, work-energy.

Department of Mechanical Engineering, SLIET Longowal Page 3




Engineering Mechanics | ESME-501 Dr. Rakesh Kumar

Kinetics of Rigid Equations of motion, angular motion, D'Alembert 6 Lectures
Body applied to rigid bodies, dynamic equilibrium,
vehicles on inclined planes.

Course Outcomes (COs)

Understand the importance of mechanics in the context of engineering design and
analysis.

Analyse the various forces acting on engineering components and structures.

Apply different principles to study the motion of a body, including relative velocity and
acceleration.

Analyse forces acting on elements of trusses using method of joints and sections.

Identify basic elements of a mechanical system and write their constitutive equations.
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Instructions: Each MCQ is written as a single paragraph. Options follow in (a)—(d) order. The correct answer
is shown at the end in bold green.

Section — A (MCQ)

Unit | — Fundamentals of Mechanics (Q1-Q20)

Q1. Engineering Mechanics is the branch of science that deals with  (a) motion of fluids only (b) forces
and their effects on bodies (c) electrical properties of materials  (d) chemical reactions [Ans: (b)
forces and their effects on bodies]

Q2. Statics is the study of bodies that are (a) in motion (b) accelerating (c) in equilibrium or at rest
(d) vibrating  [Ans: (c) in equilibrium or at rest]

Q3. The Parallelogram Law of Forces states that the resultant of two concurrent forces is represented by
(a) the sum of the forces (b) the diagonal of the parallelogram (c) the shorter side (d) the perimeter
[Ans: (b) the diagonal of the parallelogram]

Q4. A force that has both magnitude and direction is called (a) scalar (b) tensor (c¢) vector (d)
moment  [Ans: (c) vector]

Q5. Lami's Theorem applies when (a) two forces are in equilibrium  (b) three concurrent coplanar
forces are in equilibrium  (c) four forces act on a body (d) forces are non-coplanar  [Ans: (b) three
concurrent coplanar forces are in equilibrium]

Q6. The moment of a force about a point is the product of  (a) force and velocity  (b) force and
perpendicular distance  (¢) mass and acceleration  (d) force and area [Ans: (b) force and
perpendicular distance]

Q7. A free body diagram shows (a) only internal forces (b) all external forces and reactions on an
isolated body (c) only the weight of a body (d) dimensions of the body [Ans: (b) all external
forces and reactions on an isolated body]

Q8. Varignon's Theorem states that the moment of a resultant force equals (a) the product of all forces
(b) algebraic sum of moments of component forces (c) difference of moments  (d) ratio of forces
[Ans: (b) algebraic sum of moments of component forces]

Q9. A couple consists of (a) a single large force (b) two equal and opposite collinear forces (c¢) two
equal and opposite parallel non-collinear forces  (d) three concurrent forces [Ans: (c) two equal
and opposite parallel non-collinear forces]

Q10. The moment of a couple about any point in its plane is (a) zero (b) variable (c) constant (d)
infinite  [Ans: (c) constant]

Q11. For a coplanar concurrent force system, the number of equilibrium equationsis (a)1 (b)2 (c)
3 (d)4 [Ans:(b)2]

Q12. For a coplanar non-concurrent force system, the number of equilibrium equationsis (a) 1 (b) 2
()3 (d)4 [Ans:(c) 3]

Q13. The unit of moment of a force in Sl systemis (a) Newton (b) Joule (c) Newton-metre (d)
Pascal [Ans: (c) Newton-metre]

Q14. A perfect truss satisfies the conditon (@)m=3j-2 (b)m=2j-3 (¢ym=j-2 (dm=2j+
3 [Ans: (b) m =2j-3]

Q15. In the method of joints for truss analysis (a) all members are cut (b) only equilibrium of joints is
used (c) moments are taken (d) sections are made  [Ans: (b) only equilibrium of joints is used]
Q16. Bow's notation is used in  (a) force diagrams to label forces systematically (b) stress analysis
(c) dynamics (d) thermodynamics  [Ans: (a) force diagrams to label forces systematically]
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Q17. The principle of transmissibility states that a force can be moved along its  (a) perpendicular
direction (b) line of action (c) any direction (d) curved path  [Ans: (b) line of action]

Q18. Two unlike parallel forces have a resultant equal to  (a) their sum (b) their product (c) their
algebraic difference (d) zero  [Ans: (c) their algebraic difference]

Q19. The condition for equilibrium of a two-force body is  (a) forces are equal in magnitude (b) forces
are collinear and equal and opposite  (c) forces are parallel (d) forces are concurrent [Ans: (b)
forces are collinear and equal and opposite]

Q20. The polygon law of forces applies to (a) two forces only (b) three forces only (¢) any number
of concurrent coplanar forces (d) non-coplanar forces only [Ans: (c) any number of concurrent
coplanar forces]

Unit | — Moments, Couples & Trusses (Q21-Q25)

Q21. A zero-force member in a truss  (a) carries maximum load (b) carries no load under specific
loading and geometry conditions (c) always fails (d) is redundant always [Ans: (b) carries no
load under specific loading and geometry conditions]

Q22. The method of sections in truss analysis involves (a) cutting through not more than three members
and applying equilibrium  (b) analysing joint by joint  (€) graphical construction  (d) virtual work
[Ans: (a) cutting through not more than three members and applying equilibrium]

Q23. Coplanar forces acting along the sides of a triangle are said to be  (a) concurrent  (b) non-
concurrent (c) collinear (d) parallel  [Ans: (b) non-concurrent]

Q24. The resultant of like parallel forces acts (a) outside the forces (b) between the forces (c) at
one of the forces (d) atinfinity = [Ans: (b) between the forces]

Q25. Superposition principle states that (a) the effect of multiple forces equals the algebraic sum of
individual effects  (b) forces cannot be added (¢) moments cancel out (d) reactions are negative
[Ans: (a) the effect of multiple forces equals the algebraic sum of individual effects]

Unit Il — Friction (Q26—Q35)

Q26. Coulomb's first law of friction states that friction force is  (a) independent of normal force (b)
proportional to normal force (c) proportional to velocity (d) independent of contact area and
proportional to normal force [Ans: (d) independent of contact area and proportional to normal
force]

Q27. The angle of friction is defined as the angle between (a) the resultant reaction and the normal
reaction (b) the applied force and friction (c) the weight and friction (d) two friction surfaces  [Ans:
(a) the resultant reaction and the normal reaction]

Q28. The angle of repose equals (a) twice the angle of friction (b) angle of friction (c) half the angle
of friction (d) complement of angle of friction  [Ans: (b) angle of friction]

Q29. Limiting friction is (@) friction during sliding (b) maximum static friction just before motion begins
(c) kinetic friction  (d) rolling friction ~ [Ans: (b) maximum static friction just before motion begins]

Q30. Rolling friction is generally (a) greater than sliding friction (b) equal to sliding friction (¢) much
less than sliding friction (d) zero  [Ans: (c) much less than sliding friction]

Q31. The coefficient of static friction is  (a) less than coefficient of kinetic friction  (b) greater than
coefficient of kinetic friction (¢) equal to coefficient of kinetic friction (d) unrelated [Ans: (b) greater
than coefficient of kinetic friction]

Q32. For a body on an inclined plane at the angle of repose (a) the body accelerates up (b) the body

accelerates down (c) the body is on the verge of sliding (d) the body is in stable equilibrium  [Ans:
(c) the body is on the verge of sliding]
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Q33. Ladder friction problems involve (@) only sliding friction  (b) friction at two contact points (floor
and wall) (c) rolling friction (d) belt friction [Ans: (b) friction at two contact points (floor and
wall)]

Q34. The belt friction equationis (a) T1/T2=p8 (b) T1 -T2=puN (c) T1/T2=eMub) (d) T1 x T2
=eMuB) [Ans: (c) T1/T2 = e?(u0)]

Q35. In the belt friction equation T1/T2 = eA(uB), B is (a) angle of friction in degrees (b) angle of wrap
in radians (c) angle of incline (d) angle of contact in degrees  [Ans: (b) angle of wrap in radians]
Unit Il — Centre of Gravity & Moment of Inertia (Q36—Q45)

Q36. The centroid of a semicircle of radius r from its flat (diameter) base is (a) /2 (b) 4r/3m (c) r/3

(d) ir/4 [Ans: (b) 4r/31]

Q37. Moment of Inertia of a rectangle (b x h) about its centroidal X-axis is (a) bh¥3 (b) bh3/12 (c)
b®h/12 (d) bh?/6  [Ans: (b) bh®*/12]

Q38. The parallel-axis theorem (Steiner's theorem) states (a)l=1_G+Ad (b)I=1_GxAd (c)l=
I G-Ad (d)I=A/l_G+d [Ans:(a)l=1_G+A-d]

Q39. The unit of second moment of area (MOl)is (@) m? (b)m* (¢c)m* (d)m [Ans: (c) m?]
Q40. Radius of gyration k is related to MOl | and area Aby (a) k=1/A (b) k =V(/A) (c)k=A/l (d)
k=1YA  [Ans: (b) k =(l/A)]

Q41. The centroid of a triangle of height h is located at what distance from the base? (a) h/2 (b) h/3
(c) 2h/3 (d)h/4  [Ans: (b) h/3]
Q42. For a composite area, the centroid is found using (a) y = ZAyi/ZAi  (b) ¥ = ZA/ZAyi (c) ¥ = ZA2
(d)y = ZAyi  [Ans: (a) y = ZAiyi/ZA]]
Q43. The centroid and centre of gravity of a uniform homogeneous body (a) are always different (b)
coincide (c) are related by density (d) are at the surface  [Ans: (b) coincide]
Q44. Moment of inertia of a circle of radius r about a diameteris (a) r*/4 (b) r*/2 (c) Tir¥/4  (d)
mr3/2  [Ans: (a) TrrY/4]
Q45. MOI of a triangle (base b, height h) about its centroidal axis parallel to base is (a) bh3*36 (b)
bh3*/12 (c) bh3*3 (d) b*h/36  [Ans: (a) bh®*/36]

Unit Il — Simple Lifting Machines (Q46-Q53)
Q46. Velocity ratio of a simple screw jack with pitch p and handle length Lis (a) p/2mL (b) 2mL/p (c)
L/p (d) mL/p  [Ans: (b) 21rL/p]

Q47. Mechanical Advantage of a machine is (a) VR x n  (b) Load/Effort  (¢) Effort/Load (d)
Output/Input  [Ans: (b) Load/Effort]

Q48. A machine is said to be self-locking if (a)n>50% (b)n=100% (c)n=<50% (d)n=0%
[Ans: (c) n < 50%]

Q49. The law of a machine is expressedas (@)P=mW (b)P=mW+C (c)P=W/C (d)P=W
-C [Ans:(b) P=mW + C]

Q50. In ideal machine (no friction), efficiency equals (a) 0% (b) 50% (c) 100% (d) VR  [Ans:
(c) 100%]

Q51. Velocity ratio of a wheel and axleis (a) R/r (b)r/R (c) R+r (d) R-r [Ans: (a) R/r]

Q52. Maximum mechanical advantage of a machineis (a) 1/C (b)1/m (¢)VRxm (d)C/m [Ans:
(b) 1/m]

Q53. Maximum efficiency of a lifting machineis (a) 1/(m xVR) (b) VRxm (c)m+ VR (d) 1/(2m)
[Ans: (a) 1/(m x VR)]

Unit Il — Kinetics of a Particle (Q54-Q65)
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Q54. Newton's Second Law states  (a) action equals reaction (b) a body at rest stays at rest (c)
force equals mass times acceleration  (d) momentum is conserved [Ans: (c) force equals mass
times acceleration]

Q55. D'Alembert's Principle converts a dynamic problem into  (a) an energy problem (b) a static
equilibrium problem (¢) a momentum problem (d) a work problem  [Ans: (b) a static equilibrium
problem]

Q56. Impulse of a force is equal to  (a) force times distance (b) force times time (c) mass times
velocity (d) force times area  [Ans: (b) force times time]

Q57. The Principle of Conservation of Linear Momentum states that total momentum is constant when
(a) velocity is constant  (b) no external force acts (c) acceleration is constant  (d) mass is constant
[Ans: (b) no external force acts]

Q58. A projectile is fired at angle 6 with horizontal velocity u. The range is maximum when 8 equals (a)
30° (b)60° (c)45° (d)90° [Ans: (c)45°]

Q59. Time of flight of a projectile projected with speed u at angle 8is (a) u sinb/g (b) 2u sinb/g (c)
ucosb/g (d)uzsin28/g  [Ans: (b) 2u sin@/g]

Q60. Maximum height of a projectile is (a) u?sin®8/2g (b) u?cos?0/2g (c)u¥2g (d)usinb/g [Ans:
(a) u? sin?6/2g]

Q61. The work-energy theorem states that net work done equals (a) change in momentum (b) change
in kinetic energy  (c) change in potential energy (d) impulse  [Ans: (b) change in kinetic energy]
Q62. Relative velocity of body A with respecttoBis (a)v.A+v. B (b)v.A-v. B (c)v.B-Vv A
(d)v. Axv B [Ans:(b)v_A-v_B]

Q63. The equation of motion for uniform acceleration starting from rest gives velocity as (a) v=-s/t (b)
v=at (cjv=a/t (d)v=st [Ans:(b)v=at]

Q64. Momentum is a (a) scalar quantity (b) vector quantity (c) dimensionless quantity (d) energy
quantity  [Ans: (b) vector quantity]

Q65. The principle of work and energy gives (a) Work done = Yamv,? - Yamv,2  (b) Work done = mv
(c) Work done = Ft  (d) Work done = mv/t  [Ans: (a) Work done = zmv,? = /2mv,?]

Unit Il — Kinetics of a Rigid Body (Q66-Q73)

Q66. For a rigid body undergoing general plane motion, the number of equations of motionis (a) 1 (b)
2 (¢)3 (d)4 [Ans:(c)3]

Q67. Angular acceleration a of a rigid body is related to torque Tand MOl Il by (@) a=T/ (b)a=T x
I (¢)a=I/T (da=T+1 [Ans:(a)a=TI/]

Q68. For pure rolling without slipping, the relationship between linear acceleration a and angular
accelerationais (a)a=a (b)a=a/R (¢)a=Ra (d)a=R/a [Ans:(c)a=Ra]

Q69. The equation of motion for a rigid body in translationis (a) ZM=1la (b)  F =ma (c) 2F =la
(d) ZM =ma  [Ans: (b) ZF = ma]

Q70. D'Alembert's principle applied to rigid bodies introduces (a) an inertia force -ma and an inertia
couple —la  (b) only an inertia force (c) only friction (d) only gravity [Ans: (a) an inertia force
—ma and an inertia couple —la]

Q71. Equation of dynamic equilibrium means (a) ¥ F=0 (b)2XF-ma=0 (c)XF+ma=0 (d)ZM
=0 [Ans: (b) ZF-ma=0]

Q72. For a vehicle on an inclined plane, maximum retardation occurs when (a) gravity assists braking
(b) braking force and gravity component both oppose motion  (c¢) speed is minimum  (d) mass is
maximum  [Ans: (b) braking force and gravity component both oppose motion]

Q73. Angular momentum of a rigid body about its centre of massis (a)mv (b)lw (¢) mw (d)Iv
[Ans: (b) lw]
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Mixed Topics (Q74-Q101)
Q74. Which of the following is NOT a condition for a concurrent force system to be in equilibrium? (a)
2Fx=0 (b)ZFy=0 (c)2M=0 (d)BothZFx=0and 2Fy=0 [Ans: (c) ZM = 0]
Q75. A rigid body has how many degrees of freedom in aplane? (a)2 (b)3 (c)6 (d)1 [Ans:
(b) 3]
Q76. When two forces are equal, opposite, and act along the same line, their resultantis (a) double the
force (b) half the force (c) zero (d) equal to one force  [Ans: (c) zero]

Q77. The mechanical advantage of a machine is always (a) greater than VR (b) equal to VR (c¢)
less than VR due to friction (d) greater than 100  [Ans: (c) less than VR due to friction]

Q78. In curvilinear motion, acceleration is (a) always along tangent (b) always normal to path (c) a
vector with tangential and normal components  (d) zero [Ans: (c) a vector with tangential and
normal components]

Q79. A body thrown horizontally from a height has, at any instant, a vertical velocity component equal to
(a) u (initial horizontal speed) (b)gxt (c)uxt (d)zero [Ans:(b)g xt]
Q80. Kinetic energy of a rotating body is (a) amv? (b) 2lw?* (¢)lw (d) mv  [Ans: (b) Y2lw?]

Q81. The first moment of area is used to find  (a) radius of gyration (b) moment of inertia (c) centroid
location (d) stress  [Ans: (c) centroid location]

Q82. Efficiency of a screw jack is always less than 50% because (a) the handle is long (b) friction at
threads is significant making it self-locking (c) load is large (d) pitch is small ~ [Ans: (b) friction at
threads is significant making it self-locking]

Q83. If a force P has components Px and Py, then the magnitude of Pis (a) Px + Py (b) V(Px2 + Py?)
() Px-Py (d)PxxPy [Ans: (b) V(Px?+ Py?)]

Q84. The resultant of two forces P and Q at angle 6 between themis (a) V(P2 + Q3) (b)P+Q (c)
V(P2 + Q2 + 2PQ cosB) (d) V(P2 + Q% - 2PQ cosB)  [Ans: (c) V(P? + Q2 + 2PQ cos0)]

Q85. Centre of gravity of a uniform solid hemisphere of radius r from flat face is (a) r/2 (b) 3r/8 (c)
3r/4  (d)r/4  [Ans: (b) 3r/8]

Q86. Impulse-momentum theorem: the impulse equals  (a) change in displacement (b) change in
kinetic energy (c) change in momentum (d) change in force  [Ans: (c) change in momentum]

Q87. For a particle moving in a circle of radius r with speed v, centripetal accelerationis (a) v¥r (b)
vir (c)vr (d) v [Ans: (a) v¥r]

Q88. The slope of a velocity-time graph gives (a) displacement (b) force (c) acceleration (d)
momentum  [Ans: (c) acceleration]

Q89. If three forces are in equilibrium and two of them are known, the third can be found using (a) only
Varignon's theorem (b) Lami's theorem or triangle law  (c) polygon law only  (d) Newton's 2nd law
only  [Ans: (b) Lami's theorem or triangle law]

Q90. The work done by friction is always (a) positive (b) zero (c) negative (d) variable  [Ans:
(c) negative]

Q91. For a self-locking screw jack, the condition is  (a) helix angle > friction angle (b) helix angle <
friction angle (c) helix angle = friction angle (d) helix angle = 45°  [Ans: (b) helix angle < friction
angle]

Q92. The product of mass and velocity is (a) force (b) impulse (¢) momentum (d) kinetic energy
[Ans: (c) momentum]

Q93. Which principle allows us to replace a distributed load by its resultant? (a) Newton's 2nd law (b)

Principle of Moments (Varignon's Theorem) (c) D'Alembert's Principle  (d) Law of Conservation of
Energy  [Ans: (b) Principle of Moments (Varignon's Theorem)]
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Q94. The condition for the resultant of three coplanar concurrent forces to be zero is  (a) ZFx=0 only
(b) ZFy=0only (c) 2Fx=0and 2Fy=0 (d) ZM=0only [Ans: (c) ZFx=0 and ZFy=0]

Q95. In a force-couple system, the couple moment is (a) position-dependent (b) direction-dependent
(c) a free vector (position-independent) (d) zero  [Ans: (c) a free vector (position-independent)]

Q96. For a body in equilibrium on a rough inclined plane, the friction force is (a) maximum at all times
(b) self-adjusting up to limiting value (c) always equalto yN (d) zero  [Ans: (b) self-adjusting up
to limiting value]

Q97. The radius of gyration of a solid cylinder of radius R about its own axisis (a) R (b) RN2 (c)
R/2 (d)RV2 [Ans: (b) RA2]

Q98. Work done by a constant force F over displacement s at angle 8 to the force direction is (a) Fxs
(b) Fxsxsin@ (c) Fxsxcos® (d) Fxsxtan@ [Ans: (c) Fxsxcos0]

Q99. Which of the following is a property of a couple? (a) it causes translation (b) it has a resultant
force (c) its moment is same about any point (d) it can be balanced by a single force  [Ans: (c) its
moment is same about any point]

Q100. Velocity ratio of a block and tackle pulley system with n movable pulleysis (a)n (b) 2n (c)
n> (d)n/2 [Ans: (b) 2n]

Q101. For a particle projected horizontally, the shape of the trajectory is  (a) straight line  (b) circle
(c) parabola (d) hyperbola  [Ans: (c) parabola]
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Instructions: Answer each question in 3—5 sentences or with a clearly structured short explanation.
Each question carries 2—5 marks.

Q1. Define Engineering Mechanics and state its two main branches. [2-5 Marks]
Answer:
Engineering Mechanics is the branch of science dealing with the study of forces, their effects on
bodies, and the motion of bodies. Its two main branches are: (1) Statics — study of bodies in
equilibrium under the action of forces; (2) Dynamics — study of bodies in motion under the action
of forces (further divided into kinematics and kinetics).

Q2. What is a rigid body? Why is this idealization used in mechanics? [2—5 Marks]
Answer:
A rigid body is an idealized body in which the distance between any two particles remains
constant under the action of forces (no deformation occurs). This idealization is used because it
simplifies analysis — internal deformations are ignored, and we can focus entirely on the external
forces and resultant motion. In practice, engineering materials deform very little under typical
loads, so the rigid body assumption gives accurate enough results.

Q3. State Newton's three laws of motion. [2-5 Marks]

Answer:

Law 1 (Inertia): A body remains at rest or in uniform motion in a straight line unless acted upon
by a net external force. Law 2 (Force-Acceleration): The net force on a body is equal to its mass
times its acceleration: F = ma. Law 3 (Action-Reaction): For every action there is an equal and
opposite reaction; forces always occur in pairs acting on different bodies.

Q4. Differentiate between coplanar concurrent and coplanar non-concurrent force systems. [2-5
Marks]
Answer:
Coplanar concurrent forces: All forces lie in one plane and their lines of action pass through a
single common point. They produce no net moment about the point of concurrence. Two
equilibrium equations (2Fx = 0, ZFy = 0) are sufficient. Example: forces at a pin joint. Coplanar
non-concurrent forces: All forces lie in one plane but their lines of action do NOT pass through a
single point. They can produce both translation and rotation. Three equilibrium equations (ZFx =
0, 2Fy =0, ZM = 0) are needed. Example: forces on a beam.

Q5. State the Parallelogram Law of Forces and write its mathematical expression. [2-5 Marks]

Answer:

Statement: If two forces acting at a point are represented in magnitude and direction by two
adjacent sides of a parallelogram drawn from that point, then their resultant is represented by the
diagonal of the parallelogram drawn from the same point. Mathematical expression: R = V(P2 +
Q? + 2PQ cosB), where 8 is the angle between the forces P and Q. The direction of R with P is:
a =tan™(Q sinB / (P + Q cosb)).

Q6. State Lami's Theorem and write its mathematical form. [2-5 Marks]
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Answer:

Statement: If three concurrent coplanar forces are in equilibrium, each force is proportional to the
sine of the angle between the other two forces. Mathematical form: F,/sin a = F,/sin = F3/sin vy,
where q, B, y are the angles opposite to forces F4, F,, F; respectively, and a +  + y = 360°.
Applicable only when exactly three concurrent coplanar forces are in equilibrium.

Q7. What is a Free Body Diagram? List the steps to draw it. [2-5 Marks]

Answer:

A Free Body Diagram (FBD) is a sketch of a body (or part of it) completely isolated from its
surroundings, showing all external forces and reactions acting on it. Steps: (1) Identify and isolate
the body. (2) Remove all supports and connections. (3) Show all applied loads (known forces,
moments, distributed loads). (4) Replace each support with its appropriate reaction
forces/moments (pin — Rx, Ry; roller — one normal force; fixed — Rx, Ry, M). (5) Include body
weight at the centre of gravity.

Q8. State and explain Varignon's Theorem. [2-5 Marks]
Answer:
Statement (Principle of Moments): The algebraic sum of the moments of all component forces of
a system about any point equals the moment of their resultant about the same point. Explanation:
If forces F4, F,, ..., F, have resultant R, then for any point O: R x d = F;xd; £ F,xd, = ... £ F;xd,.
Significance: It allows calculation of moments of oblique forces by first resolving them into
convenient components, and is used to locate the position of the resultant force.

Q9. Define a couple. State four properties of a couple. [2-5 Marks]
Answer:
A couple is a system of two equal, opposite, and parallel forces (not collinear) separated by a
perpendicular distance d. Moment of couple = F x d. Properties: (1) A couple has zero resultant
force — it cannot cause translation. (2) The moment of a couple is constant about any point in
the plane (free vector). (3) A couple produces pure rotation only. (4) A couple can only be
balanced by another couple of equal moment and opposite sense.

Q10. What is a perfect truss? State the condition and explain method of joints. [2-5 Marks]

Answer:

A perfect truss is a statically determinate truss with just enough members to maintain stability.
Condition: m = 2j — 3, where m = number of members and j = number of joints. If m < 2j - 3:
deficient (mechanism); m > 2j — 3: redundant (indeterminate). Method of Joints: At each joint,
apply equilibrium equations (2Fx = 0, ZFy = 0) considering only the forces at that joint. Start from
a joint with at most two unknown member forces. Work through the truss joint by joint. A positive
result means tension; negative means compression.

Q11. Explain the Polygon Law of Forces. [2-5 Marks]
Answer:
If a number of concurrent coplanar forces are represented in magnitude and direction by the
sides of a polygon taken in order, then the closing side of the polygon taken in the reverse order
represents their resultant. Analytically, using orthogonal resolution: ¥Fx = XF; cos8i, ZFy = ZF;
sing;, then R = V((ZFx)? + (ZFy)?) and direction 8 = tan™"(ZFy/2Fx).

Q12. Differentiate between like and unlike parallel forces with examples. [2-5 Marks]
Answer:

Like parallel forces: Two or more parallel forces acting in the same direction. Their resultant R =
F, + F, and acts between them. Example: two men pushing a box from the same side. Unlike
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parallel forces: Two or more parallel forces acting in opposite directions. Their resultant R = |F;
- F,| and acts on the side of the larger force (outside the two forces for a couple-like
arrangement). Example: a see-saw with loads on both ends.

Q13. What is the Method of Sections for truss analysis? [2-5 Marks]

Answer:

The method of sections involves making an imaginary cut through the truss, cutting through a
maximum of three members whose forces are unknown, and then applying the three equations
of equilibrium (XFx = 0, ¥Fy = 0, ¥M = 0) to either the left or right portion of the cut truss. This
gives the forces in the cut members directly without analysing all joints. It is most efficient when
forces in specific members (especially central members) are needed quickly.

Q14. Define friction and state Coulomb's laws of dry friction. [2-5 Marks]

Answer:

Friction is the tangential resistive force acting at the contact surface between two bodies,
opposing relative sliding motion or tendency of motion. Coulomb's Laws: (1) Friction acts
opposite to the direction of motion or tendency of motion. (2) Friction is directly proportional to
the normal force: F = uN. (3) Friction is independent of the area of contact between the surfaces.
(4) Kinetic friction is less than limiting (static) friction and is approximately independent of sliding
velocity.

Q15. Distinguish between static friction, limiting friction, and kinetic friction. [2-5 Marks]

Answer:

Static friction: The friction force developed when a body is at rest; it adjusts itself to match the
applied force up to a maximum value. It can take any value between 0 and the limiting value.
Limiting friction (F_s): The maximum value of static friction just before the body begins to slide.
F_s = p_s x N. Once motion starts, it does not increase further. Kinetic (dynamic) friction: The
friction force during actual sliding. It is slightly less than limiting friction: F_k = p_k x N, where
M_k <p_s.

Q16. What is the angle of friction and angle of repose? Show that they are equal. [2-5 Marks]

Answer:

Angle of friction (A): The angle made by the resultant of normal reaction N and limiting friction F
with the normal to the contact surface. tan A = F/N = y_s. Angle of repose (¢): The maximum
angle of inclination of a surface at which a body placed on it just begins to slide under its own
weight. Derivation: On inclined plane at angle ¢ — N = W cos@, F = W sing. At limiting: F = uN
— W sing = y W cos@ — tan ¢ = y =tan A. Therefore ¢ = A. This is an important result in friction
analysis.

Q17. Explain belt friction and derive the formula T,/T, = eMuB). [2-5 Marks]

Answer:

Belt friction occurs when a flexible belt/rope wraps around a curved surface (pulley, capstan). T,
= tight-side tension, T, = slack-side tension. Derivation: Consider a small belt element subtending
angle d6. Radial equilibrium: dN = T dB. Tangential equilibrium (on verge of slipping): dT = p dN
= WT dB6. Therefore dT/T = p dB. Integrating from T, to T, and 0 to 8: In(T1/T;) = u6 — T4/T, =
e (uB). Here B is the angle of wrap in radians. Used in belt drives, rope brakes, and capstans.

Q18. Explain ladder friction. Derive equilibrium conditions for a ladder leaning against a smooth
wall. [2-5 Marks]
Answer:
A uniform ladder of length L and weight W leans against a smooth vertical wall at A and a rough
floor at B (inclination 6 to floor). Forces: Normal reaction at wall R_W (horizontal), Normal reaction
at floor N_F (vertical), Friction at floor F_F (horizontal, toward wall). Since wall is smooth: no
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friction at A. Equilibrium: ¥Fy =0 > N_F=W.XFx=0—>R W=F_F. XM B=0—->R W x L
sin = W x (L/2) cosB — R_W = W cos8/(2 sinB) = W/(2 tanB). For no slipping: F_F < uyN_F —
R W< uw.

Q19. Distinguish between centroid, centre of mass, and centre of gravity. [2-5 Marks]

Answer:

Centroid: The geometric centre of a line, area, or volume. It is a purely geometric property
depending only on shape and dimensions, not on material properties. Centre of Mass: The point
where the total mass of a body can be assumed to be concentrated. It depends on mass
distribution. Centre of Gravity: The point where the total weight (gravitational force) of a body
acts. For uniform gravity, CG = Centre of Mass. For uniform homogeneous bodies, all three
coincide.

Q20. State and prove the parallel-axis theorem (Steiner's theorem) for moment of inertia. [2-5 Marks]

Answer:

Statement: The MOI of an area about any axis equals the MOI about a parallel centroidal axis
plus the product of the area and the square of the distance between the axes. Formula: | =1 G
+ A x d2. Proof: Let centroidal axis be gg and parallel axis be xx, separated by distance d. For an
element dA at distance y from gg: its distance from xx is (y + d). |_xx = [(y + d)? dA = [y2 dA +
2dly dA + d?[dA =1_G + 2d(0) + A-d2=1_G + Ad? [since |y dA = 0 about centroidal axis].

Q21. Find the centroid of a triangle from its base by integration. [2-5 Marks]
Answer:
Consider a triangle with base b and height h. Origin at base centre. At height y from base, width
w(y) = b(1 = y/h). Area of strip: dA = b(1 - y/h) dy. Total area: A = [, b(1 = y/h) dy = b[y — y%/2h]oh
= bh/2. v First moment: Jy dA = [;hy - b(1 = y/h) dy = b[y?/2 - y33h]oh = b(h?/2 - h?3) = bh?/6.
Centroid: y = (bh?/6)/(bh/2) = h/3 from base. Result: Centroid of a triangle is at h/3 from its base.

Q22. How is the centroid of a composite area determined? [2-5 Marks]
Answer:
Step 1: Divide the composite area into known simple shapes (rectangles, triangles, circles,
semicircles). Step 2: Find the area (Ai) of each simple shape. Subtract areas for holes (use —A)).
Step 3: Determine the centroid coordinates (xi, yi) of each shape from a common reference origin.
Step 4: Apply: X = ZAiXi / ZAi and § = ZAiyi / ZAi. For cutouts, the negative sign automatically shifts
the centroid away from the removed material.

Q23. Define radius of gyration and explain its engineering significance. [2-5 Marks]

Answer:

Radius of gyration (k) of an area about an axis is the distance from that axis at which the entire
area can be assumed to be concentrated to give the same moment of inertia as the actual
distribution. k = V(I/A), or equivalently | = Ak2. Significance: (1) Column design — slenderness
ratio = L/k; small k means easier buckling. (2) Flywheel design — larger k means more energy
storage for same mass. (3) In dynamics, for rotating bodies: | = mk?, where k is the mass radius
of gyration.

Q24. Define MA, VR, and efficiency of a machine. Derive their relationship. [2-5 Marks]
Answer:
Mechanical Advantage (MA) = Load lifted (W) / Effort applied (P). Velocity Ratio (VR) = Distance
moved by effort / Distance moved by load = d_P/d_W. Efficiency (n) = Useful output work / Total
input work = (W xd_W) /(P xd_P) = (W/P)/ (d_P/d_W) = MA/VR. Therefore: MA = n x VR. Ideal
machine (n=1): MA = VR. Real machine (n < 1 due to friction): MA < VR.
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Q25. Explain the law of a machine and the concept of self-locking. [2-5 Marks]

Answer:

Law of a machine: For a real machine, the relationship between effort P and load W is linear: P
=mW + C, where m = slope of P-W graph (machine constant), C = intercept (effort needed with
no load, representing friction). This is determined experimentally. Self-locking machine: A
machine in which the load cannot drive the machine in reverse when effort is removed. Condition:
n < 1/(2) = 50%. If n > 50%, the machine is reversible (non-self-locking). Maximum MA = 1/m;
Maximum efficiency = 1/(m-VR).

Q26. Derive the velocity ratio of a simple screw jack. [2-5 Marks]

Answer:

A screw jack has a screw of pitch p (vertical distance risen per revolution) and an effort is applied
at the end of a horizontal handle of length L. When the handle makes one full revolution: Distance
moved by effort = circumference = 21L. Distance moved by load (vertical) = one pitch = p.
Velocity Ratio = Distance moved by effort / Distance moved by load = 2L / p. Effort to lift load
W (considering thread friction, friction angle ¢, helix angle a): P = W x tan(a + @) x r/L, where r
is mean thread radius.

Q27. State and explain D'Alembert's Principle. [2-5 Marks]

Answer:

Statement: If a fictitious inertia force equal to —ma (mass x acceleration, acting opposite to
acceleration direction) is applied to a body in addition to all real external forces, the system is in
dynamic equilibrium: £F — ma = 0. This transforms a dynamics problem into a statics problem.
The inertia force —ma is called the reversed effective force. Significance: Allows use of all static
equilibrium methods (ZF = 0, M = 0) for dynamic problems. Widely used in analysis of connected
bodies, vehicles on inclines, and rotating machinery.

Q28. Define impulse and momentum. State the impulse-momentum theorem. [2-5 Marks]
Answer:
Linear Momentum (p): Product of mass and velocity of a body; p = mv (vector, units: kg-m/s).
Impulse (J): Product of force and the time duration of its application; J = F x At (units: N-s).
Impulse-Momentum Theorem: The impulse of the net force equals the change in linear
momentum: J = Ap = mv, — mv; = m(v, — v;). This follows from Newton's 2nd law: F = ma =
m(dv/dt) — F dt = m dv — JF dt = m(v, = v,).

Q29. State the Work-Energy Theorem and its applications. [2-5 Marks]
Answer:
Work-Energy Theorem: The net work done by all forces on a particle equals the change in its
kinetic energy: W_net = AKE = ‘amv,? — “2mv,2. Derivation: From Newton's 2nd law and
kinematics: F = ma, and W = [F ds = [ma ds = mjv dv = “amv,2 - ¥smv,2. Applications: (1) Finding
velocity of particles after work is done. (2) Analysing energy stored in springs. (3) Impact
problems. (4) Finding braking distance of vehicles. Advantage over Newton's laws: No need to
find acceleration — directly relates force, displacement, and velocity.

Q30. Write equations of motion for projectile motion and derive range and time of flight. [2-5 Marks]
Answer:
A projectile is launched with speed u at angle 8. Components: ux = u cos (constant), uy = u sin6
(initial vertical). Equations: x = u cosB x t; y = u sinB® x t — 4gt2. Time of flight (y = 0): t(u sin@ -
Y2gt) =0 — T = 2u sinB/g. Range R = u cosB x T = u cosB x 2u sinB/g = u? sin20/g. Maximum
range when sin20 = 1 — 8 = 45°. Maximum height: H = u?sin®0/(2g) (when vy =0 — t top=u
sin@/g).
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Q31. Explain Newton's law of motion for a system of particles. [2-5 Marks]

Answer:

For a system of n particles, Newton's Second Law in its most general form states: >F_ext = M x
a_cm, where 2F_ext is the sum of all external forces on the system, M is the total mass, and
a_cm is the acceleration of the centre of mass. Internal forces between particles cancel in pairs
(Newton's 3rd law). This shows that the centre of mass moves as if all external forces act on a
particle of mass M located at the centre of mass. The internal forces only affect relative motion
of particles.

Q32. Write the general equations of motion for a rigid body in plane motion. [2-5 Marks]

Answer:

For a rigid body in general plane motion (translation + rotation): (1) Translation (x-direction): ZFx
=m x a_Gx, (2) Translation (y-direction): ZFy = m x a_Gy, (3) Rotation about centre of mass G:
2M_G =1_G x a. Here m = mass, a_G = acceleration of centre of mass G, |_G = MOI about
centroidal axis, a = angular acceleration. These three equations allow solving for three
unknowns. For pure translation: a = 0. For pure rotation about fixed axis: a_G = Ra.

Q33. Apply D'Alembert's Principle to a body undergoing combined translation and rotation. [2-5
Marks]
Answer:
D'Alembert's Principle for rigid body: Introduce fictitious inertia force -ma_G at the centre of mass
(opposing translation) and a fictitious inertia couple —1_Ga (opposing rotation). The body is then
treated as being in static equilibrium: ¥F + (-ma_G) = 0 and M_G + (-1_Ga) = 0. Example —
rolling cylinder on incline: Forces: Weight W = mg, Normal N, Friction F. Inertia force = ma
(opposing motion up slope). Inertia couple = la (opposing angular acceleration). Setting up static
equilibrium gives acceleration and friction force directly.

Q34. Explain maximum acceleration and retardation of vehicles on inclined planes. [2-5 Marks]

Answer:

For a vehicle of mass m on incline of angle 8, driving force F_d, braking force F_b: Maximum
acceleration (moving up): Driving force must overcome gravity component and road resistance.
2F =ma — F_d - mg sinB - F_resistance = ma — a_max = (F_d - mg sin@ — F_resistance)/m.
Maximum retardation (braking while moving down): Both braking force and gravity component
oppose motion (downward). ZF = mx(-a) — F_b + mg sin® - F_resistance = mxa_ret — a_ret =
(F_b + mg sinB)/m (F_resistance assists braking). Maximum retardation when braking force is
maximum (wheels about to lock).

Q35. What are the assumptions in truss analysis? [2-5 Marks]

Answer:

The standard assumptions in the analysis of a simple (perfect) plane truss are: (1) All members
are straight and slender, connected at their ends by smooth (frictionless) pin joints. (2) All external
loads and reactions are applied only at the joints, never along the length of members. (3) The
weight of each member is either neglected or distributed equally to the adjacent joints. (4) All
members lie in one plane (plane truss). (5) The truss is rigid — it does not collapse under load.
Under these assumptions, each member carries only axial force (tension or compression) — no
bending or shear.

Q36. Define the first and second moment of area and their applications. [2—-5 Marks]
Answer:
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First Moment of Area (Q): Q_x = |y dA (about x-axis). Units: m?. Used to find centroid: § = Q_x/A.
Used to find shear stress distribution in beams. Second Moment of Area (l) / Moment of Inertia:
|_x = Jy2 dA (about x-axis). Units: m#. It measures the resistance of a section to bending. Used
in: beam bending formula (o = My/l), section modulus (Z = I/ly_max), lateral buckling resistance,
and column design (Euler's formula uses I). A larger | means more resistance to bending —
which is why |-sections are used in structural beams.

Q37. Explain the concept of conservation of momentum with an example. [2-5 Marks]

Answer:

Conservation of Linear Momentum: If no external force acts on a system, the total linear
momentum of the system remains constant (conserved). Mathematically: 2F ext = 0 —
d(Zmv)/dt = 0 - Zmv = constant. This means: miv; + myv, = myvy' + myv,' (before = after).
Example: A rifle of mass 3 kg fires a bullet of mass 30 g at 600 m/s. Initial momentum = 0 (both
at rest). By conservation: 0.030 x 600 + 3 x v_rifle = 0 — v_rifle = =6 m/s (rifle recoils at 6 m/s
backward). This explains recoil in firearms, jet propulsion, and rocket thrust.

Q38. What is relative velocity? Explain with an example. [2-5 Marks]

Answer:

Relative velocity of body A with respect to body B is the velocity of A as observed from body B
(i.e., treating B as the reference frame): v_A/B =v_A - v_B. If two cars move in the same direction
at 60 km/h and 80 km/h, the relative velocity of the faster car w.r.t. slower = 80 — 60 = 20 km/h.
If they move in opposite directions, relative velocity = 80 + 60 = 140 km/h. Concept used in:
finding time for vehicles to meet, collision analysis, projectile motion relative to moving targets,
and river-crossing problems.

Q39. What is the principle of work and energy? How does it differ from Newton's 2nd law? [2-5
Marks]
Answer:
Principle of Work and Energy: The total work done by all forces on a body equals the change in
its kinetic energy: W = AKE = Y2mv,2 — ¥amv,2. Unlike Newton's 2nd law (F = ma), which requires
knowing acceleration as a function of time or displacement, the work-energy method directly
relates force, displacement, and velocity. Advantage: When force is a function of position
(springs, gravity), or when only initial and final states are known, the work-energy method is
simpler. Limitation: It is a scalar equation — does not give direction of motion or intermediate
kinematics.

Q40. Explain uniform and non-uniform acceleration with kinematic equations. [2-5 Marks]

Answer:

Uniform acceleration (constant a): The kinematic equations are: (1) v =u + at; (2) s = ut + Jzat?
(3) v2 = u? + 2as; (4) s_n =u + a(2n-1)/2 (distance in nth second). Non-uniform acceleration:
Acceleration varies with time or position. Must use calculus: a = dv/dt — [dv = [a dt — v(t). Or a
= v dv/ds — v dv = Ja ds. Example: acceleration governed by a = b - ct? requires integration to
find v(t) and s(t). The kinematic equations (1)—(4) only apply when a = constant.

Q41. What is motion under gravity? Explain free fall and vertical throw. [2-5 Marks]

Answer:

Motion under gravity involves constant downward acceleration g = 9.81 m/s2. Free fall (from rest):
v = gt; s = /2gt? v = 2gs. Body thrown vertically upward (initial velocity u): Going up: decelerates
at g. Time to max height: t = u/g. Max height: H = u?(2g). Coming down: same as free fall from
H. Total time of flight = 2u/g. A body thrown upward returns to the same level with the same
speed but opposite direction. Key fact: Time of ascent = Time of descent (symmetric trajectory).
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The acceleration due to gravity is the same for all bodies (independent of mass), as shown by
Galileo.

Q42. Explain the concept of momentum, impulse, and their relationship for varying force. [2-5 Marks]

Answer:

For a constant force F acting for time At: Impulse J = F x At; change in momentum = m(v, — v,)
= J. For a varying force F(t): Impulse J = [F dt (area under F-t graph). The impulse-momentum
theorem still holds: JF dt = mv, — mv;. This is the most general form of Newton's 2nd law: F =
d(mv)/dt — [F dt = J[d(mv) = mv, — mv;. Applications: (1) Impact problems — large force for short
time gives finite impulse (hammer blow). (2) Ballistics — force on bullet. (3) Jet propulsion —
thrust = rate of change of momentum of exhaust.

Q43. Describe the kinetics of connected bodies with an example. [2-5 Marks]

Answer:

Connected bodies are linked by strings/ropes over pulleys so they have the same magnitude of
acceleration but possibly different directions. Method: (1) Draw FBD of each body separately. (2)
Assume a direction of motion and assign acceleration a (same magnitude for all connected
bodies). (3) Apply Newton's 2nd law to each body. (4) Add equations to eliminate tension T.
Example: Atwood machine — mass m; hangs and descends; mass m, on smooth table. For my:
m;g — T =mja. For m;: T = mya. Adding: m;g = (m; + m;)a — a = m;g/(m; + m,). T =mim,g/(m,
+my).

Q44. Write a short note on angular motion of rigid bodies. [2-5 Marks]

Answer:

Angular motion of a rigid body rotating about a fixed axis is analogous to linear motion. Key
quantities: 6 (angle, rad), w = do/dt (angular velocity, rad/s), a = dw/dt (angular acceleration,
rad/s?). Kinematic equations (constant a): w = wg + at; 8 = wet + Y2at?; w? = we* + 2a6. Equation
of motion: 2T = la (torque = MOI x angular acceleration), analogous to >F = ma. Relationship
between linear and angular quantities: v = Rw; a_t = Ra; a_n = Rw? = v¥/R (centripetal). For a
rolling body: v_cm = Rw; a_cm = Ra.

Q45. What are fundamental concepts and laws of mechanics? [2-5 Marks]

Answer:

Fundamental Concepts: (1) Space: The geometric region in which events occur, described by
coordinates. (2) Time: The measure of succession of events (relevant in dynamics). (3) Mass:
Measure of inertia (resistance to acceleration) and gravitational attraction. (4) Force: Any action
that changes or tends to change the state of rest or motion of a body. Fundamental Laws: (1)
Newton's Three Laws of Motion. (2) Newton's Law of Universal Gravitation: F = Gmym,/r2. (3)
Parallelogram Law of Forces. (4) Principle of Transmissibility. (5) Principle of Superposition. (6)
Law of Conservation of Energy and Momentum.

Q46. Explain how forces are resolved into orthogonal components. [2-5 Marks]

Answer:

A force F acting at angle 0 to the X-axis can be resolved into: Horizontal (X) component: Fx = F
cosB; Vertical (Y) component: Fy = F sinB. These components are perpendicular (orthogonal) to
each other. Conversely, given components Fx and Fy: magnitude F = V(Fx2 + Fy2) and direction
0 = tan™"(Fy/Fx). For a system of forces: 2Fx = Fi cosBi and 2Fy = ZF; sinBi. Resultant R =
V((EFx)? + (ZFy)?). This method is the most systematic way to find resultants of multiple
concurrent forces, replacing graphical construction.

Q47. Explain the concept of free body diagram with an example from truss analysis. [2-5 Marks]

Answer:
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A Free Body Diagram (FBD) isolates a body by removing all physical connections and showing
all external forces and reactions. In truss analysis, the FBD of a joint shows the joint isolated with
all member forces (assumed tension, drawn away from joint) and any external loads. Example:
At joint A of a simple triangular truss with a pin support, the FBD shows reaction forces R_Ax
(horizontal) and R_Ay (vertical) from the pin, plus the axial forces in all members connected to A
(typically two members). Applying 2Fx = 0 and XFy = 0 to this FBD gives the unknown member
forces.

Q48. Define moment of inertia and explain its physical significance with an engineering example.
[2-5 Marks]
Answer:
Moment of Inertia (Second Moment of Area): | = [y2 dA. It measures how area is distributed
relative to a given axis — area far from the axis contributes more to | than area near the axis.
Physical significance: | governs resistance to bending. In the beam bending formula o = My/l, a
larger | means lower stress for the same moment M. Engineering example: An [-beam has most
of its area (flanges) placed far from the neutral axis, giving a high | with minimal material — this
is why steel I-beams are used in bridges and building frames instead of solid rectangular sections.

Q49. Write a short note on the principle of virtual work in statics. [2-5 Marks]

Answer:

The Principle of Virtual Work states: For a system in equilibrium, the total virtual work done by all
active forces during any virtual displacement is zero. Virtual displacement is a small, imaginary,
consistent displacement. Formulation: d8W = ZF-6r = 0. Active forces (applied forces, gravity,
spring forces) do virtual work; constraint forces (normal reactions, pin reactions) do no virtual
work if the virtual displacement is consistent with constraints. Application: Used to find unknown
forces in mechanisms and trusses without first finding all reactions. Particularly useful for multi-
body systems where direct equilibrium requires many equations.

Q50. What is the difference between kinematics and kinetics? Give examples. [2-5 Marks]

Answer:

Kinematics: The study of motion without reference to the forces causing the motion. It deals with
displacement, velocity, and acceleration. It answers: How fast? In what direction? How far?
Example: A projectile's trajectory, velocity-time graph of a car. Kinetics: The study of the
relationship between forces and motion. It uses Newton's laws to connect forces to accelerations.
It answers: Why does the body move that way? What force causes this acceleration? Example:
Finding the tension in a string of an Atwood machine, calculating braking force to stop a vehicle
in a given distance.
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Instructions: Each question carries 10 marks. Show all steps, derivations, and diagrams clearly. Justify
each step.

Q1. Derive an expression for the resultant of two concurrent coplanar forces using the
Parallelogram Law. Also derive the condition for equilibrium and explain the significance of the
Triangle and Polygon laws. [10 Marks]

Answer:

Parallelogram Law — Derivation

Consider two forces P and Q acting at a point O, with angle 8 between them. Construct a
parallelogram OACB with P = OA and Q = OB as adjacent sides. The diagonal OC represents the
resultant R.

Step 1: From triangle OAC, apply the cosine rule: OC? = OA% + AC? + 2-OA-AC-cos(2OAC).
Note 2OAC = 180° - 0, so cos£OAC = —cos8.
R2=P2+Q*+2PQcos8 -~ R=+/(P2+Q?+2PQ cosh)
Step 2: Direction of R with P — from triangle OAC using sine rule:
sina/Q = sin@/R .~ a=sin"(Qsin@/R) or tan a=QsinB /(P + Q cosB)

Special Cases
8 = 0° (same direction): R = P + Q (maximum). 6 = 90° (perpendicular): R = V(P+Q3). 6 = 180°
(opposite): R = |P-Q| (minimum).
Condition for Equilibrium
Two concurrent forces are in equilibrium when their resultant is zero: R=0 —- P = Q and 8 = 180°
(forces are equal, opposite, and collinear).
Triangle Law
When two forces are represented as two sides of a triangle taken in order, the closing side taken in
reverse represents the resultant. This follows directly from the parallelogram law since the triangle
is half the parallelogram.
Polygon Law (Extension to n forces)
For n concurrent coplanar forces, resolve each force into orthogonal components:

IFx =F,cos0, + F,cos0, + ... + F,cos0,

IFy = F;sin@, + F,sin6, + ... + F;;sinf,

R =((ZFx)? + (ZFy)?) Direction: 8 = tan~'(ZFy / ZFx)

Graphically, these forces form an open polygon when drawn head-to-tail; the closing side in reverse
is R. For equilibrium, ZFx = 0 AND XFy = 0, so the polygon closes on itself.
Result: R = V(P2 + Q2 + 2PQ cos#) at angle a = tan™*(Q sin6/(P + Q cos0)) with force P.

Q2. State and prove Lami's Theorem. Apply it to find the tension in two strings supporting a weight
of 500 N, where the strings make angles of 120° and 130° with each other, and the weight hangs
vertically. [10 Marks]
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Answer:

Statement of Lami's Theorem

If three concurrent coplanar forces are in equilibrium, each force is proportional to the sine of the
angle between the other two forces.

F1/sin a = F,/sin B = F3/siny
where q, 3, y are the angles opposite to F4, F,, F3 respectively. Note: a +  + y = 360°.

Proof

Step 1: Three forces F4, F,, F3 are in equilibrium — their resultant = 0 — they form a closed
triangle.

Step 2: Apply Sine Rule to the force triangle: F/sin(zopposite F,) = F,/sin(zopposite F,) =
Fs/sin(2opposite F3).
Step 3: The interior angle of the force triangle opposite to F; = 180° — a (supplementary).
Using sin(180° - a) = sina:

Fi/sina = F,/sinf = F3/siny [Proved]

Numerical Application

Given: W = 500 N (vertical), T, and T, = tensions in two strings. Angle between T, and T, = 120°;
angle between T, and W = 130°; angle between T, and W = 360° — 120° - 130° = 110°.

Step 1: Using Lami's theorem (angles opposite to each force):
T4/sin(130°) = T,/sin(110°) = W/sin(120°)
Step 2: Calculate common ratio k = W/sin120° = 500/0.8660 = 577.35
Step 3: T, = k x sin130° = 577.35 x 0.7660 = 442.24 N
Step 4: T, =k x sin110° = 577.35 x 0.9397 = 542.57 N
Result: T; =442.24 N, T, =542.57 N

Q3. State Varignon's Theorem and prove it. A simply supported beam of span 6 m carries loads of
40 kN at 1.5 m, 60 kN at 3 m, and 30 kN at 5 m from left support. Find support reactions. [10
Marks]

Answer:

Varignon's Theorem

The algebraic sum of the moments of all component forces of a system about any point equals the
moment of their resultant about the same point. Proof (for two forces): Let P and Q act at O with
resultant R=P + Q. Forany point A:rxR=rx(P+Q)=(rxP)+(rxQ)—-M_R=M_P+M_Q.
By extension to n forces: ZMi(A) = M_R(A).

Numerical — Support Reactions

Simply supported beam: Left support A (pin), Right support B (roller). Span = 6 m. Loads: W, = 40
kNatx; =1.5m, W, =60 kN at x, =3 m, W3 =30 kN at x; =5 m.

Step 1: Draw FBD: Reactions R_A (1) atx=0,R_B (1) atx =6 m.
Step 2: 5Fy=0:R_A+R B=40+60+30=130kN ... (i)
Step 3: M_A = 0 (take moments about A, CW positive):
R_B x 6 =40x1.5 + 60x3 + 30x5
6 R_B=60+180+150 =390
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R B=65kN 1
Step 4: From (i): R A=130-65=65kN 1
Step 5: Verification — >M_B = 0: R_Ax6 — 40%x4.5 - 60x3 — 30x1 = 65%6 — 180 - 180 - 30 =
390-390=0V
Result: R_A =65 kN (1), R_B =65 kN (1). Beam is symmetrically loaded about midspan.

Q4. Explain the analysis of a simple plane truss using the Method of Joints. Analyse a triangular
truss: span 8 m, height 3 m, pin at A (left), roller at B (right), vertical loads of 40 kN at C (apex) and
20 kN at midpoint D of AB. [10 Marks]

Answer:

Method of Joints — Procedure

Isolate each joint, draw FBD showing known forces and unknown member forces. Apply 2Fx =0 and
2Fy = 0 at each joint. Start with a joint having at most two unknown members. Positive result =
tension (member pulls joint); negative = compression (member pushes joint).

Problem Setup
Truss: A(0,0)—B(8,0)—C(4,3). Loads: 40 kN| at C(4,3); 20 kN| at D(4,0) midpoint of AB. Members:
AC, BC (inclined), AB (bottom chord). Additional vertical member DC if present. Geometry: AC = BC
= \(42+3%) = 5 m. sin® = 3/5 = 0.6, cosB = 4/5 = 0.8.
Step 1 — Support Reactions
IM_A=0: RBx8=40x4+20x4=240 R_B=30kN?
IFy=0: R_LA=40+20-30=30kN?
Step 2 — Joint A
Known: R_A = 30 kN1. Unknowns: F_AC, F_AD.
IFy=0: 30+F_ACx0.6=0 — F_AC=-50 kN (Compression)
IFx=0: F_ AB+F_ACx08=0 — F_AB=40kN (Tension)

Step 3 — Joint B
ZFy=0: 30+F BCx0.6=0 — F_BC=-50 kN (Compression)
Step 4 — Joint C (Verification)
ZFy: (50%0.6) + (50%0.6) -40=30+30-40#0

Note: With 20 kN at D (midpoint of bottom chord), the truss is NOT standard triangular — additional
members needed. The example shows the general procedure.

Result: AC =BC =50 kN (C), AB =40 kN (T). Procedure verified by joint equilibrium.

Q5. Derive the friction equations for a block on an inclined plane and prove that coefficient of
friction p = tan(A). Apply this to find the effort required to push a 200 kg block (u = 0.3) up a 25°
incline. [10 Marks]

Answer:
Block on Inclined Plane — FBD
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Block weight W = mg. Incline angle a. Forces: W (|), Normal reaction N (L to surface), Friction F
(down slope, opposing upward push), Applied force P (up slope).
Step 1: Resolve perpendicular to plane: N =W cosa
Step 2: Resolve along plane (up positive): P-Wsina-F=0—-P=Wsina+F
Step 3: Limiting friction: F = yN = yW cosa
P =W sina + pW cosa = W(sina + g cosa)

Proof: p = tan A (Angle of Friction)
At the verge of sliding (angle = angle of repose ¢ = a, P =0): W sing = yW cos@
M =sing/cos@ = tang =tanA [Proved]
Numerical
m =200 kg, W = 200x9.81 = 1962 N, a = 25°, y = 0.3, g = 9.81 m/s?.
Step 1: N =W cos25° = 1962 x 0.9063 = 1778 N
Step2: F=uN=0.3x1778 =533.4 N
Step 3: P =W ssin25° + F = 1962 x 0.4226 + 533.4 = 829.1 + 533.4 = 1362.5 N
Result: Effort to push block up 25° incline =1362.5 N = 1.36 kN

Q6. Derive the belt friction equation T,/T, = e*(u6). A belt drive has y = 0.25, angle of wrap =
165°, and maximum belt tension = 2000 N. Find the maximum power transmitted at 600 rpm for a
pulley diameter of 400 mm. [10 Marks]

Answer:

Belt Friction Derivation

Consider a small element of belt subtending angle dB at the centre. Tensions T and T+dT act. Normal
force dN acts radially inward. Friction y dN acts tangentially (opposing slip).

Step 1: Radial equilibrium (inward = centripetal, neglecting mass for static case):
dN=Tdo
Step 2: Tangential equilibrium (on verge of slipping):
(T+dT)-T=pdN — dT=pdN=puTdod
Step 3: Separating variables and integrating (T, to T4, 0 to 6):
[dT/IT=]ude — In(T,/T;)=p6
T1/Ty=eMu6) [Derived]
Numerical
M =0.25,06=165° = 165%1/180 = 2.880 rad, T;_max = 2000 N, N = 600 rpm, d = 0.4 m.
Step 1: T,/T, = e”(0.25%2.880) = e*(0.720) = 2.054
Step 2: T, = T,/2.054 = 2000/2.054 = 973.7 N
Step 3: Effective tension =T, = T, = 2000 - 973.7 = 1026.3 N
Step 4: Belt speed v = TdN/60 = 11x0.4x600/60 = 12.57 m/s
Step 5: Power P = (T, - T,;) x v=1026.3 x 12.57 = 12900 W
Result: Maximum power transmitted = 12.9 kW
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Q7. Locate the centroid of a composite section consisting of: a rectangle 120 mm x 80 mm, with a
circular hole of diameter 30 mm at its centre, and a right triangle (base 60 mm, height 80 mm)
attached to the right side. [10 Marks]

Answer:

Setup

Origin at bottom-left corner of rectangle. Rectangle: 120 mm wide, 80 mm tall. Circular hole (-ve
area): r = 15 mm, centred at (60, 40). Triangle: base 60 mm, height 80 mm, right angle at bottom-
right of rectangle — occupies x = 120 to 180, y = 0 to 80.

Step 1: Rectangle — Area and centroid:
A; =120%80 = 9600 mm?, X; =60 mm, y,=40 mm
Step 2: Circle (cutout, negative area):
A, =-rx152=-706.86 mm?, X; =60 mm, y,=40mm
Step 3: Triangle — centroid at (base/3 from right side + 120, h/3 from base):
Az ="-%60x80 = 2400 mm?, X3 =120 + 60/3 = 140 mm, y; =80/3 =26.67 mm
Step 4: Total area:
A =9600 - 706.86 + 2400 = 11293.14 mm?

Step 5: Centroid X:

ZAiXi = 9600%60 + (-706.86)x60 + 2400x140 = 576000 - 42412 + 336000 = 869588

X'= 869588 /11293.14 = 76.99 mm = 77.0 mm

Step 6: Centroid y:

ZAiyi = 9600x40 + (-706.86)x40 + 2400%26.67 = 384000 - 28274 + 64008 = 419734

y=419734/11293.14 = 37.17 mm
Result: Centroid of composite section: X = 77.0 mm, y = 37.2 mm from bottom-left corner.

Q8. Calculate the Moment of Inertia of an I-section about its centroidal horizontal axis. Flanges:
150 mm x 25 mm each (top and bottom). Web: 20 mm x 150 mm. [10 Marks]

Answer:

I-Section Dimensions

Top flange: 150x25 mm. Web: 20x150 mm. Bottom flange: 15025 mm. Total height = 25+150+25
= 200 mm. By symmetry, centroid is at mid-height = 100 mm from base.

Step 1: Find centroid (symmetric — y = 100 mm from base, confirmed by symmetry).
MOI using Parallel-Axis Theorem
Step 2: Top flange (centroid at y = 200-12.5 = 187.5 mm, d; = 187.5-100 = 87.5 mm):
I_f1 = 150x25%12 + (150x25)x87.52 = 195313 + 28710938 = 28906251 mm*
Step 3: Bottom flange (centroid aty = 12.5 mm, d, = 100-12.5 = 87.5 mm):
|_f2 = 150%25%12 + (150x25)x87.5? = 28906251 mm* (same by symmetry)
Step 4: Web (centroid at y = 100 mm = centroidal axis, d; = 0):
|_web = 20x150%12 = 20x3375000/12 = 5625000 mm*
Step 5: Total MOI:
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I xx=1f1+1f2+I1 web=28906251 + 28906251 + 5625000
|_xx = 63437502 mm* = 63.44 x 106 mm*
Result: MOI of I-section about centroidal X-axis = 63.44 x 10° mm*

Q9. A lifting machine has VR = 40. Experiments give: load 500 N — effort 20 N; load 2000 N —
effort 65 N. Find: (a) law of machine, (b) efficiency at each load, (c) effort for 5 kN load, (d) max
efficiency and whether self-locking. [10 Marks]

Answer:

Law of Machine: P=mW + C
Step 1: Using two data points: 20 = mx500 + C ... (i) and 65 =mx2000 + C ... (ii)
(ii)=(i): 45=1500m — m=0.03
C=20-0.03x500=20-15=5N
Law of machine: P =0.03W + 5
Efficiency at Each Load
Step 2: At W =500 N: MA = 500/20 = 25; n = MA/VR = 25/40 = 0.625 = 62.5%
Step 3: At W = 2000 N: MA = 2000/65 = 30.77; n = 30.77/40 = 0.769 = 76.9%
Effort for 5 kN Load
Step 4: P =0.03x5000 + 5=150+5 =155 N
n at 5 kN: MA = 5000/155 = 32.26; n = 32.26/40 = 80.6%

Maximum Efficiency and Self-Locking
Step 5: Maximum MA = 1/m = 1/0.03 = 33.33
n_max =MA_max/VR =33.33/40=0.833 = 83.3%

Since n_max = 83.3% > 50%, the machine is NOT self-locking (it is reversible — the load can drive
the machine backward when effort is removed).

Result: P = 0.03W + 5; n(500N) = 62.5%, n(2kN) = 76.9%; P(5kN) = 155 N; n_max = 83.3% —
NOT self-locking.

Q10. Explain Newton's laws of motion for a particle and apply them to analyse an Atwood
machine: mass A = 10 kg, mass B = 6 kg. Find acceleration, tension, and velocity after 4 s from
rest. [10 Marks]

Answer:

Newton's Laws Application — Atwood Machine

Mass A (10 kg) hangs on left; mass B (6 kg) hangs on right, connected by inextensible string over
frictionless pulley. A descends, B ascends with the same magnitude of acceleration a.

Step 1: FBD of A (heavier, descends):

m_Axg-T=m_Axa — 10x9.81-T=10a — 98.1-T=10a ... (i)
Step 2: FBD of B (lighter, ascends):

T-m_Bxg=m_Bxa — T-6x9.81=6a — T-58.86=6a ... (i)
Step 3: Add (i) and (ii):
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98.1-58.86=16a — a=39.24/16=2.453 m/s?
Step 4: Tension from (ii):
T =58.86 + 6x2.453 = 58.86 + 14.72=73.58 N
Step 5: Verification: from (i): 98.1 — 73.58 = 24.52 = 10x2.453 v
Step 6: Velocity after 4 s from rest (u = 0):
v=u+at=0+2453%x4=9.81mls

Energy Check
Distance in 4 s: s = "zat? = 7:%2.453%16 = 19.62 m
KE gained = "2(m_A + m_B)v? = ¥:x16x9.81> = 768.6 J
PE lost by A - PE gained by B = (10-6)x9.81%x19.62 = 770.4 J = 768.6 J v (rounding)
Result: a =2.453 m/s?, T=73.58 N, v after 4 s = 9.81 m/s.

Q11. State D'Alembert's Principle. Apply it to find the acceleration of a system: a 15 kg block on a
rough horizontal surface (u = 0.25) connected by a string over a frictionless pulley to a 10 kg
hanging block. [10 Marks]

Answer:

D'Alembert's Principle

D'Alembert's Principle: By adding a fictitious inertia force (—ma) opposing the acceleration direction
to each body, the dynamic problem is converted to a static equilibrium problem: £F + (-ma) = 0.
System Analysis

Block A (15 kg) on rough horizontal surface. Block B (10 kg) hanging vertically. Connected by string
over frictionless pulley. Let system accelerate with a (B descends, A moves horizontally toward

pulley).

Step 1: For Block A: N_A = 15x9.81 = 147.15 N; Friction F_A = yN_A = 0.25%x147.15 = 36.79
N (opposing motion).
Step 2: Apply D'Alembert to B (add inertia force 10a upward):

10x9.81-T-10a=0 — T=98.1-10a ... (i)
Step 3: Apply D'Alembert to A (add inertia force 15a opposing motion):

T-36.79-15a=0 — T=36.79+15a ... ii)
Step 4: Equate (i) and (ii):

98.1-10a=36.79+15a — 61.31=25a — a=2.452m/s?

Step 5: T = 36.79 + 15x2.452 = 36.79 + 36.78 = 73.57 N

Result: a = 2.45 m/s?, T = 73.57 N. (Matches Newton's 2nd law result exactly, confirming
D'Alembert equivalence.)

Q12. A ball is projected from the top of a building 60 m high with an initial velocity of 25 m/s at 30°
above the horizontal. Find: (a) time of flight, (b) horizontal range, (c) maximum height above
ground, (d) velocity at impact. [10 Marks]

Answer:
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Initial Conditions
Launch height Hy = 60 m, u =25 m/s, 8 = 30°, g = 9.81 m/s2.
u_x=25c0s30°=21.65m/s, u_y=25sin30°=12.5m/s
(a) Time of Flight
Taking launch point as origin (y positive upward). At ground: y = -60 m.
-60 = 12.5t - 2x9.81xt* — 4.905t*-12.5t-60=0
t=[12.5 + V(12.5% + 4x4.905%60)] / (2x4.905)
t=[12.5 + V(156.25 + 1177.2)] / 9.81 =[12.5 + 36.52] /9.81=5.0 s
(b) Horizontal Range
R=u_xxt=21.65%5.0=108.25m
(c) Maximum Height Above Ground
t top=u_ylg=12.5/9.81=1.274 s
y_max = 12.5%1.274 - 7>x9.81x1.274* = 15.925 - 7.962 = 7.963 m (above launch)
H_max(above ground) = 60 + 7.963 = 67.96 m

(d) Velocity at Impact
v_x=21.65 m/s (constant)
v_y=12.5-9.81x5.0 = 12.5 - 49.05 = -36.55 m/s (downward)
v = (21.65% + 36.55%) = \/(468.7 + 1335.9) = V1804.6 = 42.48 m/s
B = tan™"(36.55/21.65) = 59.4° below horizontal

Result: t = 5.0 s; Range = 108.25 m; H_max = 67.96 m; v_impact = 42.48 m/s at 59.4° below
horizontal.

Q13. Derive expressions for velocity and displacement of a particle whose acceleration varies as a
= b - ct? Initial velocity = v,. Also find the position where velocity is maximum. [10 Marks]

Answer:
Integration of Acceleration
Step 1: Given a =dv/dt =b - ct2
Jdv=](b-ct)dt — v=bt-cti3+C4
Att=0,v=vy,— C; = v,.
v(t) = bt - ct*/3 + v,
Step 2: Integrate to get displacement (s =0 at t = 0):
s(t) = [v dt = bt2/2 - ct*/12 + vt
Maximum Velocity
Step 3: Maximum velocity occurs when a = 0:
b-ctt=0 — t*=1(blc)
v_max = bxt* - cx(t)3 + vo = bV/(blc) - cx(b/c)A(3/2)/3 + v,
v_max = vg + (2/3)bV(blc)
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Application to ESME-501 Paper Problem
Vo =6 m/s; Att=60s:v=20m/s, s =900 m.
Equation (i): 60b - 72000c = 14
Equation (ii): 1800b - 1080000c = 540 — 60b - 36000c = 18
Subtracting: 36000c =4 — ¢ =1/9000 s~>; b =22/60 = 11/30 m/s®
t* = V(blc) = V(11/30 x 9000) = V3300 = 57.45 s
Result: v(t) = (11/30)t — t3/27000 + 6; s(t) = (11/60)t*> — /108000 + 6t; v_max att=57.45s.

Q14. Explain the kinetics of a rigid body in general plane motion. Derive the three equations of
motion. Apply them to analyse a solid cylinder (mass 20 kg, radius 0.3 m) rolling down an incline of
30° without slipping. [10 Marks]

Answer:

General Plane Motion — Equations

For a rigid body, general plane motion = translation of CG + rotation about CG.
(1) ZFx=mxa_Gx (2)ZFy=mxa_Gy (3)IM G=1_Gxa

Rolling Cylinder on Incline — FBD

Forces: Weight W=mg =196.2 N (), Normal N (L surface), Friction F (up slope, for rolling w/o slip).
Axes: x along incline (positive up), y perpendicular.

Step 1: Perpendicular to incline (no acceleration):
N-mgcos30°=0 — N=20x9.81x0.866=170 N
Step 2: Along incline (acceleration a down slope, take down as positive):
mgsin30°-F=ma — 20x9.81x0.5-F=20a — 98.1-F=20a ... (i)
Step 3: Rotation about G (friction creates clockwise torque as cylinder rolls down):
FxR=I_Gxa wherel_G="mR?="x20%x0.3*=0.9 kg:m?
Step 4: Rolling constraint: a= Ra — a =a/R =a/0.3
Fx03=09x%(al0.3)=3a — F=10a ... (ii)
Step 5: Substitute (ii) into (i):
981-10a=20a — 30a=981 — a=3.27m/s?
F=10x3.27 =32.7N, o=3.27/0.3 =10.9 rad/s?
Step 6: Check friction adequacy: F/N = 32.7/170 = 0.192 = y_min — if y > 0.192, no slipping.

Result: a = 3.27 m/s? (down incline), a = 10.9 rad/s? F = 32.7 N. For p > 0.192, rolling without
slipping is maintained.

Q15. Explain the concept of impulse-momentum and conservation of momentum. Two bodies A (5
kg, 6 m/s) and B (3 kg, -4 m/s) undergo direct collision. Coefficient of restitution e = 0.8. Find
velocities after collision. [10 Marks]

Answer:

Impulse-Momentum Theorem
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Impulse J = [F dt = A(mv). For a system of bodies with no external force, total impulse = 0, so total
momentum is conserved.
Conservation of Momentum (Equation 1)
m_Av_A+mBv B=mAv_ A'+m_Bv_ B
5x6 +3x(-4)=5v_A'+3v.B' — 30-12=5v A'+3v_B'
S5v_A"+3v_B'=18 ... (i)
Coefficient of Restitution (Equation 2)
e = (Relative velocity of separation) / (Relative velocity of approach)
e=(v.B'-v_A)/(v.A-v_B)=0.8
vB-vA=08x(6-(-4)=08x10=8 ... (ii)

Solving (i) and (ii)

Step 1: From (ii): v._B'=v_A"+8

Step 2: Substitute in (i): 5v_A'+ 3(v_ A'+8)=18 - 8v A'=18-24=-6 - v_A'=-0.75m/s

Step3: v B'=-0.75+8=7.25m/s
Verification

Initial momentum = 18 kg-m/s. Final = 5x(-0.75) + 3x7.25=-3.75+21.75=18 V

Result: v_A'=-0.75 m/s (reverses direction), v_B' = +7.25 m/s. Momentum conserved v

Q16. Explain the reduction of a force-couple system. A force of 800 N acts at point A(3, 4) m and
makes an angle of 45° with the X-axis. Replace this force with an equivalent force-couple system
at the origin O. [10 Marks]

Answer:

Force-Couple System Concept

To move a force F from point A to point O, introduce equal and opposite forces at O. The result is:
the same force F at O, plus a couple M =r x F, where r = position vector from O to A.

Step 1: Components of F: Fx = 800 cos45° = 565.7 N; Fy = 800 sin45° = 565.7 N
Step 2: Moment of F about O (using Varignon's theorem):
M_O=Fxxy A-Fyxx A=565.7x4-565.7x3 = 2262.8 - 1697.1 = 565.7 N-m (CCW)
OR using cross product: M_O =r x F = (3i + 4j) x (565.7i + 565.7j) = 3x565.7 — 4x565.7 = -565.7 k
N-m
Equivalent System at O

The original force (800 N at 45°) at A is equivalent to: Force 800 N at 45° at O + Couple moment
565.7 N-m (CCW).

Result: Equivalent force-couple at O: F = 800 N at 45°, Couple M = 565.7 N-m (CCW).

Q17. Explain the work-energy theorem for a rigid body undergoing both translation and rotation. A
solid cylinder (mass 15 kg, radius 0.2 m) rolls from rest down a 4 m ramp inclined at 20°. Find its
velocity at the bottom. [10 Marks]

Answer:
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Work-Energy Theorem for Rigid Body
Total KE of a rigid body = Translational KE + Rotational KE:
KE =2mv? + 2l _G w?
For rolling without slipping: v = Rw — w = v/R. For solid cylinder: |_G = 2mR?2.
KE = 2mv? + 2%(/2mR?)x(v/R)? = Y2mv? + Yamv? = ¥ymv?

Energy Method — Cylinder Rolling Down Ramp
Height descended: h = 4 sin20° = 4x0.342 = 1.368 m. Friction does no work in pure rolling.

Step 1: Work done by gravity = mgh = 15x9.81%1.368 = 201.3 J

Step 2: Work-Energy theorem (starting from rest):

mgh =%mv? — v?=(4/3)gh = (4/3)x9.81%1.368 = 17.89
v=117.89=4.23 m/s
Compare with sliding (no rotation): v = v(2gh) = V/(2x9.81x1.368) = 5.18 m/s

Rolling is slower than sliding because some energy goes into rotation.
Result: v = 4.23 m/s at the bottom of the ramp.

Q18. A ladder 5 m long, weighing 250 N, rests against a smooth wall at the top and on a rough
floor (u = 0.35) at the bottom. If the angle with the floor is 65°, find the reactions and the maximum
distance a 700 N person can climb without the ladder slipping. [10 Marks]

Answer:

FBD and Equilibrium Equations

Ladder AB: A = base (rough floor), B = top (smooth wall). W_L =250 N at midpoint. W_P =700 N at
distance x from A.

Step1: 5Fy=0:N_A=W_L+W_P =250+ 700=950N

Step 2: Max friction: F_A =y xN_A=0.35x 950 = 332.5 N

Step 3: 2Fx=0:R_ W=F_A=3325N

Step 4: ZM_A = 0 (on verge of slipping):

R_W x L sin65° = W_L x (L/2) cos65° =W _P x x c0os65° =0
332.5x%x5%0.906 - 250 x 2.5 x 0.423 - 700 x x x 0.423 =0

1506.8 - 264.4 - 296.1x = 0
x=1242.4/296.1 =4.196 m

Result: N_A =950 N, R_W =332.5N, F_A =332.5 N. Maximum safe climbing distance = 4.196
m = 4.2 m from base.

Q19. Explain moment of inertia of composite bodies. Find the MOI of a T-section (flange: 200 mm
x 30 mm, web: 25 mm x 120 mm) about the centroidal horizontal X-axis. [10 Marks]

Answer:

Centroid Location

Reference: bottom of web (y = 0). Web: A; = 25x120 = 3000 mm?, y; = 60 mm. Flange: A, = 200x30
= 6000 mm?, y, =120 + 15 =135 mm. Total A = 9000 mm?2.
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y =(3000x60 + 6000x135)/9000 = (180000 + 810000)/9000 = 110 mm from base

MOI using Parallel-Axis Theorem

Step 1: Web: d; =110 - 60 = 50 mm

|_web = 25%120%12 + 3000x502 = 3600000 + 7500000 = 11100000 mm*
Step 2: Flange: d, = 135 - 110 = 25 mm
I_flg = 200x30%12 + 6000x25? = 450000 + 3750000 = 4200000 mm*
Step 3: Total MOI:
I_xx = 11100000 + 4200000 = 15300000 mm* = 15.3 x 10 mm*

Result: MOI of T-section about centroidal X-axis = 15.3 x 10° mm*

Q20. Derive the velocity ratio and analyse efficiency of a wheel and axle machine. Wheel radius R
= 500 mm, axle radius r = 50 mm, thread friction angle ¢ = 6°. Find effort to lift 2 kN and efficiency.
[10 Marks]

Answer:

Velocity Ratio Derivation

In one revolution: distance moved by effort (at wheel rim) = 21TR; distance moved by load (at axle) =
2Tr.

VR =2mR / 2mrr = R/r = 500/50 = 10

Ideal Case (No Friction)
P_ideal = W/VR =2000/10 = 200 N

With Thread Friction

Friction angle ¢ = 6°, helix angle a = tan™"(p/21r). For a wheel and axle, friction torque T f=p x W
x r (where p = tan ¢ = tan6° = 0.1051).

Friction torque = yWr = 0.1051%2000%0.05 = 10.51 N-m
Effort torque=PxR=P x 0.5
Torque balance: Px0.5 = Wxr + T_f = 2000%0.05 + 10.51 = 100 + 10.51 = 110.51
P=110.51/0.5=221.0N

Efficiency
MA = W/P =2000/221.0 = 9.05
n =MA/VR =9.05/10 = 0.905 = 90.5%

Result: VR = 10, Effort P = 221 N, Efficiency n = 90.5%. The machine is NOT self-locking (n >
50%).

Q21. Explain the principle of superposition and transmissibility of forces. Three forces act at a
point: F; =300 N at 0°, F, =400 N at 90°, F; = 200 N at 150°. Find resultant. [10 Marks]

Answer:

Principle of Transmissibility
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A force can be moved along its line of action (applied at any point on the line) without changing the
external effect on a rigid body. This applies only to rigid bodies — the internal effects (stresses)
change.

Principle of Superposition

The resultant effect of multiple forces on a body equals the sum of the individual effects of each
force. This allows forces to be handled independently and their effects combined.

Numerical — Three Concurrent Forces
Step 1: Resolve each force:
F1x =300co0s0° =300, F,y=0
F,x =400c0s90° =0, F,y = 400
F3x =200c0s150° =-173.2, F3y = 200sin150° = 100
Step 2: Sum components:
IFx=300+0-173.2=126.8 N
ZFy=0+400+100=500N
Step 3: Resultant:
R = (126.82 + 5002) = V(16078 + 250000) = 1266078 = 515.8 N
0 = tan™"(500/126.8) = 75.8° from positive X-axis
Result: R =515.8 N at 75.8° from the positive X-axis (1st quadrant).

Q22. Explain kinematics of a particle with uniform and variable acceleration. A car starts from rest
and accelerates at 2 m/s? for 10 s, then travels at constant speed for 20 s, then decelerates
uniformly to rest in 8 s. Find total distance and draw v-t graph description. [10 Marks]

Answer:

Phase 1: Uniform Acceleration (0 to 10 s)
vi=u+at=0+2x10=20m/s
s, = Yeat? = %:%2%100 =100 m

Phase 2: Constant Speed (10 to 30 s, duration 20 s)
vy =20 m/s (constant)
S =20%20 =400 m

Phase 3: Uniform Deceleration (30 to 38 s, duration 8 s)
az = (0 - 20)/8 = -2.5 m/s®
s3 = 20%8 + '>2%(~2.5)x64 =160 - 80 =80 m
Total Distance and Summary
Total distance =s; + s, +s3; =100 + 400 + 80 = 580 m
Total time=10+20+8=38 s
Average speed = 580/38 = 15.26 m/s

V-T graph: Linear rise from 0 to 20 m/s over 10 s (slope = 2 m/s?), then horizontal at 20 m/s from
t=10s to t=30s, then linear fall from 20 m/s to 0 over 8 s (slope = —=2.5 m/s?). Area under graph = total
distance = 580 m.
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Result: Total distance = 580 m; peak speed = 20 m/s; total time = 38 s.

Q23. Explain the concept of angular motion and kinetics of a rigid body rotating about a fixed axis.
A flywheel (I = 5 kg-m?) is acted upon by a net torque of 15 N-m for 4 s from rest. Find angular
acceleration, final speed, and KE. [10 Marks]

Answer:
Equations of Angular Motion (Fixed Axis)
IT=1xa (Torque =MOI x angular acceleration — analogous to F = ma)

Kinematic equations for constant a: w = wg + at; 6 = wet + Y2at%; w? = wy? + 2a6.
Numerical Solution

Step 1: Angular acceleration:

a =T/ =15/5= 3 rad/s?
Step 2: Final angular speed (from rest, t = 4 s):
W=wotat=0+3x4=12rad/ls = 12%(60/21) = 114.6 rpm
Step 3: Angular displacement:
0 = "2at? = /2x3%x16 = 24 rad = 24/(2m) = 3.82 revolutions
Step 4: Rotational Kinetic Energy:
KE = "2lw? = 2x5x144 = 360 J
Step 5: Verify by Work-Energy theorem: Work =T x 6 = 15%x24 = 360 J vV

Poweratt=4s
Power=Txw=15%x12=180 W
Result: a = 3 rad/s?, w =12 rad/s (114.6 rpm), KE = 360 J, Power = 180 W.

Q24. Discuss the concept of relative motion of particles. Train A moves east at 90 km/h and train
B moves north at 70 km/h from the same junction. Find (a) velocity of A relative to B, (b) velocity of
B relative to A. [10 Marks]

Answer:

Relative Velocity — Theory
Velocity of A relative to B: v_A/B = v_A - v_B. This gives the velocity of A as seen by an observer
on B. Similarly,v. BI/A=v_B-v_A=-v_A/B.
Vector Subtraction
v_A =90 T km/h (east), v_B = 70 j km/h (north).

Step1: v AlB=v_A-v_B =901 - 70

[v_A/B| = V(902 + 70%) = /(8100 + 4900) = V13000 = 114.02 km/h
Direction of v_A/B: 8 = tan™"(70/90) = 37.87° south of east

(A appears to move SE relative to B)

Step2: v B/A=v_B-v_A=-90i + 70j

|v_B/A| = 114.02 km/h (same magnitude)

Department of Mechanical Engineering, SLIET Longowal Page 33



Engineering Mechanics | ESME-501 Dr. Rakesh Kumar

Direction: 37.87° north of west (or 180° - 37.87° = 142.13° from east)
(B appears to move NW relative to A)

Result: v_A/B = 114.02 km/h at 37.87° S of E; v_B/A = 114.02 km/h at 37.87° N of W. Note:
magnitudes are equal but directions are opposite.

Q25. Explain maximum acceleration and retardation of a vehicle on an inclined plane. A 1500 kg
vehicle on a 15° incline has engine force 6000 N (u = 0.04, rolling resistance). Find max
acceleration going up, and max retardation when braking (u_brake = 0.5). [10 Marks]

Answer:

Forces on Vehicle on Inclined Plane

Weight W = 1500%x9.81 = 14715 N. Component along slope: W sinB = 14715x%sin15° = 3808 N.
Normal: N = W cosB = 14715xc0s15° = 14215 N. Rolling resistance: F_r=p_r x N = 0.04x14215 =
568.6 N.

Maximum Acceleration (Going Up)

Net force up slope = Engine force — (gravity component + rolling resistance):

ZF = 6000 - 3808 - 568.6 = 1623.4 N
a_max = F/m =1623.4/1500 = 1.082 m/s?

Maximum Retardation (Braking while Descending)

Braking force (opposing motion = up slope): F_b = p_brake x N = 0.5x14215 = 7107.5 N. Gravity
component aids braking (acts down slope, opposing downward motion by braking). Rolling
resistance also opposes motion.

Net retarding force =F_b + F_r - W sin@
Wait — vehicle moving DOWN, braking force acts UP slope, gravity component DOWN slope aids
continued motion:
Net retarding force =F_b + F_r - W sin0 = 7107.5 + 568.6 - 3808 = 3868.1 N
Max retardation = 3868.1/1500 = 2.579 m/s?

Result: Max acceleration going up = 1.08 m/s?; Max retardation (braking while descending) =
2.58 m/s?.

Q26. Explain the method of sections for truss analysis in detail. For a Pratt truss of span 12 m with
3 panels (each 4 m), height 3 m, simply supported at A and D, with 60 kN loads at joints B and C
on the top chord, find forces in top chord member BC and lower chord member EF using method of
sections. [10 Marks]

Answer:

Method of Sections — Theory

Make a cut through the truss (maximum 3 members). Consider equilibrium of either portion. Apply
2Fx =0, ¥Fy = 0, M = 0. Choose moment centre at intersection of two unknown forces to find the
third directly.

Setup

Joints: bottom chord A(0,0)—E(4,0)—F(8,0)—D(12,0); top chord B(4,3)—C(8,3). Loads: 60 kN| at
B and 60 kN| at C. Supports: pin at A, roller at D.
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Step 1: Support reactions:
IM_A=0: R_Dx12=60x4 + 60x8 =240 + 480 =720 — R_D =60 kN7
R_A=60+60-60=60kN?

Step 2: Cut through members: BC (top), CF or BF (diagonal), EF (bottom). Consider left
portion.

Step 3: Find F_BC: Take moments about F (eliminates F_BF and F_EF):
IM_F=0: R_Ax4-60x0-F_BCx3=0
60x4=F_BCx3 — F_BC =80kN (Compression, top chord)
Step 4: Find F_EF: Take moments about B (eliminates F_BC and F_BF):
IM_B=0: R Ax4-F _EFx3=0
F_EF = 60x4/3 = 80 kN (Tension, bottom chord)

Result: F_BC = 80 kN (Compression), F_EF = 80 kN (Tension). Consistent with symmetric
loading about midspan.

Q28. Explain the concept of Moment of Inertia for composite sections. Find the second moment of
area of a channel section (C-section) about its centroidal X-axis: flanges 100 mm x 15 mm, web 15
mm x 120 mm. [10 Marks]

Answer:

Composite Section — C-channel

C-section: Two flanges (top and bottom: 100 mm x 15 mm each) and one web (15 mm x 120 mm).
Total height = 15 + 120 + 15 = 150 mm. Web is at left; flanges extend to right.

Step 1: Centroid (horizontal). By symmetry of top-bottom: y = 75 mm from base.

Horizontal centroid x: Web A; = 15x120 = 1800 mm?, X, = 7.5 mm. Flange (each) A, = 100x15 =
1500 mm?, X, = 50 mm. Total A = 4800 mm?2.

X'=(1800x7.5 + 1500x50 + 1500%50) / 4800 = (13500 + 75000 + 75000)/4800 = 163500/4800 = 34.06 mm

Step 2: MOI about centroidal X-axis (y = 75 mm from base):
Web: d; =75 - 60 = 15 mm (centroid at 15 + 60 = 75 mm — same, d = 0)

|_web = 15%120%12 + 1800%0% = 2160000 mm*
Top Flange: centroid at 150 —= 7.5 = 142.5 mm, d, = 142.5 - 75 = 67.5 mm
|_flange = 100x15%12 + 1500%67.5% = 28125 + 6834375 = 6862500 mm*
Bottom Flange: same by symmetry = 6862500 mm*
I_xx = 2160000 + 2x6862500 = 15885000 mm* = 15.89 x 10¢ mm*

Result: |_xx of C-section = 15.89 x 10° mm*

Q29. Explain the principle of conservation of energy and apply it to find the velocity of a block at
the bottom of a curved ramp of height 8 m, starting from rest. Also compare results with a cylinder
(rolling) vs block (sliding, frictionless). [10 Marks]

Answer:

Conservation of Energy Principle
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Total mechanical energy (KE + PE) is conserved when no non-conservative forces do work. For a
body starting from rest at height h: Initial energy = mgh. Final energy = 2mv? (at bottom, h = 0).
Hence mgh = ¥smv2 — v = \(2gh).
Case 1: Block Sliding (Frictionless)
“imvi=mgh — v =+(2x9.81x8) =157.0 = 12.53 m/s
Case 2: Solid Cylinder Rolling Without Slipping
KE ="'2mv? + %4l _G w? = /amv? + Y2(72mR?)(v/IR)? = ¥%amv?
Yimv2=mgh — v=1(4gh/3) = \(4x9.81x8/3) = V104.64 = 10.23 m/s
Comparison
Block (sliding): v=12.53 m/s Cylinder (rolling): v =10.23 m/s

The rolling cylinder is 18% slower because some potential energy converts to rotational kinetic
energy rather than all going to translational motion. The shape matters: hollow cylinder (I = mR?)
would be even slower (v = V(gh)).

Result: Sliding block: 12.53 m/s; Rolling cylinder: 10.23 m/s. Conservation of energy verified
for both cases.

Q30. Discuss the concept of equilibrium of a rigid body. A uniform horizontal beam AB (length 5
m, weight 200 N) is simply supported at A and B. A person of weight 800 N stands 1.5 m from A,
and a block of 500 N hangs from a rope at 3.5 m from A. Find all support reactions. [10 Marks]

Answer:

Conditions for Rigid Body Equilibrium

A rigid body is in equilibrium when: (1) 2Fx = 0 — sum of all horizontal forces = 0, (2) ZFy = 0 —
sum of all vertical forces = 0, (3) ZM = 0 about any point — sum of all moments = 0. Three
independent equations allow solving for three unknowns.

FBD of Beam AB

Loads: W_beam = 200 N at midpoint (2.5 m), W_person = 800 N at 1.5 m, W_block = 500 N at 3.5
m. Reactions: R_A (1) at A, R_B (1) at B (roller).

Step 1: 3 Fy=0: R_A+R_B =200 + 800 + 500 = 1500 N ... (i)
Step 2: ZM_A = 0 (take moments about A):
R_B x 5=200%2.5 + 800x1.5 + 500x3.5
5R_B =500 + 1200 + 1750 = 3450

RB=690N 1
Step 3: From (i): R_A =1500 - 690 =810 N 1
Step 4: Verification — *M_B = 0:

R_Ax5=200x2.5 + 800x3.5 + 500x1.5 = 500+2800+750 = 4050
R A=810NV
Result: R_A =810 N (1), R_B =690 N (7). All three equilibrium equations satisfied.

Q31. Explain types of motion and write kinematic equations for uniform and variable acceleration.
A train starts from rest, accelerates uniformly at 0.5 m/s? for 2 minutes, maintains constant speed
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for 10 minutes, then decelerates uniformly to rest in 1 minute. Find: total distance and average
speed. [10 Marks]

Answer:

Types of Motion

Uniform velocity: constant speed and direction; a = 0. Uniform acceleration: constant a; kinematic
equations apply. Variable acceleration: a = f(t) or f(s); requires calculus. Curvilinear motion: velocity
changes direction; tangential and normal acceleration components.

Phase Analysis
Phase 1: Acceleration (t; =2 min =120 s, u=0, a = 0.5 m/s?)

vq =0+ 0.5%120 = 60 m/s

s; = %2%0.5%120% = 3600 m
Phase 2: Constant speed (t, = 10 min =600 s, v = 60 m/s)

s, = 60%600 = 36000 m

Phase 3: Deceleration (t; =1 min =60 s, u =60 m/s, v=_0)

az = (0 -60)/60 = -1.0 m/s?

s3 = 60%60 + /2x(-1.0)x60% = 3600 - 1800 = 1800 m
Totals
Total distance = 3600 + 36000 + 1800 = 41400 m = 41.4 km
Total time =120 + 600 + 60 =780 s
Average speed = 41400/780 = 53.08 m/s = 191.1 km/h

Result: Total distance = 41.4 km; Average speed = 53.08 m/s (191.1 km/h).
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