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6.4 Frames and structures

Although trusses are good, they are not good enough for all purposes.
Nor are they even always good-enough models of very truss-looking struc-
tures. Frames are structures that are more general than trusses. In a
truss, every bar is a two-force body. In a more general structure or frame,
one or more components is not a two-force body. The analysis of non-
truss frames is generally less formulaic, and thus more subtle, than is the
method of joints for trusses.

Example: A-frame ladder.

The two-diagonal parts of an A-frame ladder are not two-force bodies and thus

the ladder, triangular as it looks, is not a truss. And truss analysis is not appro-
priate.

A 2D frameis a collection of rigid objects connected by hinges. A special
case is a truss, where each bar has exactly two hinges.

One could generalize this definition slightly to include also sliding joints.
And one could narrow the definition, to exclude mechanisms, by insisting
that the structure be rigid. Being precise about these cases is not impor-
tant because the analysis methods are the same in all cases.

The overall mechanics recipe applies to frames, of course: a) draw
free-body diagrams, b) apply the laws of mechanics to each free-body di-
agram, and c) solve the mechanics equations for unknowns of interest.
For trusses, the free-body diagrams of each bar, with the 3 equilibrium
equations (6 in 3D) just yield the “two-force” body result that the bar has
equal tensions at the two ends. Because there was no more to learn from
the bar free-body diagrams we didn’t even draw them. Instead we used
the bar tensions as forces on free-body diagrams of the joints. It’s as if the
bars were just a means to mediate action-reaction pairs between joints.

For more general frameworks we have to pay full respect to the free-
body diagrams of all of the parts, not just the pins. At least for all of the
parts that are not two-force bodies. Here is the analysis of frameworks
recipe:

« Draw free-body diagrams of

- the whole structure; and

— the separate parts of the structure; and

— collections of parts of the structure if such seems likely to
be fruitful,;

— Use the principle of action and reaction in the free-body
diagrams so that one action-reaction pair has only one un-
known;
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Figure 6.52: A ladder is well-modeled
as a collection of rigid pieces con-
nected by pin joints ...

Figure 6.53: ... but A-frame ladder is
not a truss because the bars are not all
two-force members. The piece the per-
son is standing on has forces at more
than two places: the hands, the top
pin, the middle brace, the feet and the
ground. The left diagonal leg also has
three (3 > 2) forces acting on it.



@ Conversely, we could have ana-
lyzed trusses the way we are now go-
ing to analyze frames. This seldom-
used approach to trusses, the ‘method
ofbars and pins’, is discussed in box 6.1
on page 4.

J
EBD of ’joint’ J
\ Fy
5 F4 F3

Figure 6.54: A simple frame and a free-
body diagram of a joint. Unlike the
case for trusses, free-body diagrams of
joints (pins) are nearly useless in the
study of more general frames. There
are too many unknown forces and mo-
ments acting at the pin.
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» For each free-body diagram, write equilibrium conditions
(force and moment balance).

« Solve the equilibrium equations for desired unknowns.

For the parts that are not two-force bodies, we will not know the direc-
tions of the interaction forces a priori, that’s why the method of joints is
not used for frames @. Naturally one can be on the look out for shortcuts:

« for any two-force bodies assign an equal-valued tension to each end
(thus eliminating any need or use for equilibrium equations for that
object)

« consider each pin as part of one of the bodies to which it is connected
(i.e., there is no need to draw a separate FBD of the pin).

« To minimize calculation, look for a subset of the equilibrium equa-
tions that

- contains your unknowns of interest, and
- has as many unknowns as scalar equations, and

- contains as few equations as possible.

Our general goal here is to find the reaction forces, the interaction
forces and the ‘internal’ forces in the components of a statically deter-
minate structure.

Example: An X structure

Two bars are joined in an X’ by a pin at J. Neither of the bars is a two-force body

so a free-body diagram of the ‘joint’ at J, made by cutting and leaving stubs as
we did with trusses, has 12 unknown force and moment components.

Instead of drawing free-body diagrams of the connections, our approach
here is to draw free-body diagrams of each of the structure’s or machine’s
parts. Sometimes, as was the case with trusses, it is also useful to draw a
free-body diagram of a whole structure or of some multi-piece part of the
structure

Static determinacy

A statically determinate structure has
« asolution for all possible applied loads, and
« only one solution, and
« this solution can be found by using equilibrium equations applied

to each of the pieces.

Not all practical structures are statically determinate. Some structures are
rigid but redundant, thus precluding finding all unknowns from statics.
Some structures cannot carry all loads, but can carry the loads of interest
(e.g., a vertical cable that can usefully carry a weight but cannot carry
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a side load). Nonetheless, for starters here we emphasize determinate
structures. The basic counting formula

number of equations = number of unknowns

is necessary for determinacy but does not guarantee determinacy. How
to count? Frameworks in 2D have three equilibrium equations for each
object that isn’t just a point (in which case there are only two equilib-
rium equations). There are two unknown force components for every
pin connection, whether to the ground or to another piece. And there
is one unknown force component for every roller connection whether to
the ground or between objects. Applied forces do not count in this deter-
minacy check, even if they are unknown.

Example: ’X’ structure counting
In the ‘X’ structure above we can count as follows.

?
number of equations = number of unknowns
?
(3egsperbar)-(2bars) = (2unknown force components per pin) - (3 pins)
6 egs 6 unknown force components

So the X’ structure passes the counting test for static determinacy.

Redundant structures

A redundant structure can carry whatever loads it can carry in more than
one way. If not also indeterminate, a redundant structure has fewer equi-
librium equations than unknown reaction or interaction force compo-
nents. Finding all the reaction components is only possible if one models
the deformation, a topic for more advanced structural mechanics. Exam-
ple: Over-braced ‘X’

The structure is evidently redundant. Why? Because it has a bar added to a
structure that was already statically determinate. By counting we get
?
number of equations = number of unknowns

3 . (number of bars) Z 2. (number of joints)
—

B E———
3 5

9eqs < 10 unknown force components

thus demonstrating redundancy.

Introduction to Mechanics for Engineers « © 2026 Andy Ruina & Rudra Pratap 3

Figure 6.55: Overbraced X. A rigid
frame that is not statically determi-
nate.
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6.1 The ‘method of bars and pins’ for trusses

This is an aside for those who wonder why truss analysis seems
so different than frame analysis.

Trusses are simple frameworks. So the methods used for
more general frameworks should work for trusses. They do. The
resulting method, which is essentially never used in such detail,
we will call ‘the method of bars and pins’.

In the method of bars and pins you treat a truss like any other
structure. You draw a free-body diagram of each part.

One approach: treat the pins as parts. One approach is to
draw free-body diagrams of each pin also. You use the principle
of action and reaction to relate the forces on the different bars and
pins. Then you solve the collection of equilibrium equations.

Consider one joint of a truss where three bars meet at a hinge
(pin). Below are free-body diagrams of the three bars and of the
pin. Assuming a frictionless round pin at the hinge, all the bar
forces on the pin pass through its center.

RN
N -
t 1

1—>
W
=

Thus, in 2D, you get two equilibrium equations for each pin
and three for each bar. If you apply the three bar equations to
a given bar you find that it obeys the two-force body relations.
Namely, the reactions on the two bar ends are equal and oppo-
site and along the connecting points. Now application of the pin
equilibrium equations is identical to the joint equations we had
previously. Thus, the ‘method of bars and pins’ reduces to the
method of joints in the end.

Approach two: draw FBDs of just the bars. Another ap-
proach is to associate each pin with one of the bars to which it
is attached. Then just think of a truss as bars that are connected
with forces and no moments. Draw free-body diagrams of each
piece, use the principle of action and reaction, and write the equi-
librium equations for each bar. This is the approach that is used
in this section for other structures.

If three bars A, B, and C are connected to a pin, consider the
pin as part of, say, A. Then consider action-reaction pairs between
A and B, and between A and C, but not between B and C. Similarly
if there are four or more bars, consider interactions between each
bar and the one-bar that has the pin.

Partial Structure

g

Partial FBD's
5 F‘k@f“ >
' &~
Fg Fa

Determinate equations. In all cases, if the truss is statically
determinate the equilibrium equations generated from the free-
body diagrams above will produce a solvable set of linear algebraic
equations. But, in all cases above, these will not be the more min-
imal set of equations we generated in the method of joints in the
truss analysis. The methods of this box work, they are just harder
to implement.
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SAMPLE 6.12 The braced X-frame shown in the figure carries two ver-
tical loads F; = 2kN and F, = 3kN. Points G and H are directly above
points A and B respectively. If d = h = 2m, find the tension in the brace
CD.

Solution The brace CD is pinned to the X-frame at C and D. The only loads acting on
the brace are at its ends C and D. Therefore, it is a two-force body. Let us assume that the
tension in brace is C,. We need to find C, under the given loads.

The free-body diagram of the whole frame is shown in fig. 6.57. Since the frame is
supported by a hinge at A and a roller at B, there are three scalar support reactions acting
on the frame. We can now determine all the three reactions from the static analysis of the
frame:

D F.=0 => A, =0
>M,=0 > B,d—F,d=0
=> B, =F,
>.F, =0 = A,=F +F,-B,=F,.

Thus all the reactions are known. Now we can analyze either bar AH or bar BG (the
analysis is identical) to determine the tension C, in the brace. The free-body diagram of
bar AH is shown in fig. 6.58. Since we are only interested in C,,, we can carry out moment
balance about point E (3 My = 0) to give

ng—Fzg—Ay% = 0
> G = AR +A)
2(F, + Fy)
= 2(3kN+2kN)
= 10KkN. Ax=

Thus the tension in the brace is twice the total load on the structure.

Tension in brace CD = 10 kN Figure 6.58
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SAMPLE 6.13 The frame shown in the figure is supported by hinges at
both A and B. Bar GE is as long as the base AB and bar BH is pinned to GE
at the mid point H. Brace CD is pinned at D, the mid-point of bar BH, and
is orthogonal to bar BH. The load on the structure, F = 1kN, is applied
at E, at an angle o = 60°. Given thatd = 2m, h = 3 m, find the forces on
the inclined bar BH and the support reactions at A and B.

[Note: Usually, determinate framed structures are made up of overhangs
and extensions on a rigid triangle. This structure is an example of a frame
that does not contain any rigid triangle. |

Solution The given structure has hinges at both A and B. Therefore, there are four scalar
support reactions, two each at A and B. So, from the free-body diagram of the whole struc-
ture, we cannot determine all support reactions. In fact, the free-body diagram of each
rod will have more than three unknown forces (you can check this mentally). Thus, we
are not likely to find all unknown forces on a bar without analyzing other bars. Since bar
CD is a two-force member bar, it only contributes one scalar force, the tension in this rod.
Now, there are two unknown scalar forces at each pin joint, A, B, G, and H, and one force
at C and D (the same force). Thus we have nine unknown scalar forces. We have three
bars AG, GE, and BH, each with three independent scalar equations of static equilibrium.
Thus we have nine independent equations in nine unknowns. Therefore, we can solve
for all the unknown forces.

Consider the free-body diagram of bar GE. The static equilibrium of this bar requires

> My =0 = G,(d/2)—Fsina(d/2) =0
=> Gy=Fsinor
> F, =0 = ~G,+H,—Fsina =0
=> Hy=Fsinoz+Gy=2Fsinoc
DF, =0 = H,—G,—Fcosa=0. (6.21)

Thus we have found G, and H,, but only a relationship between G, and H,. Since G, and
H, are colinear, we cannot solve for them from the static analysis of bar GE alone. Now,
let us consider bar AG (or bar BH; does not make a difference). The equilibrium analysis

of this bar gives

> F, =0 = A, +G, +Repsind =0 (6.22)
D M. =0 > Ah, —G.h,=0 (6.23)
DF, =0 => A, +G, +Rppcosf =0. (6.24)

Since none of these equations contains only one unknown, we cannot solve for these
forces from the equilibrium equations of bar AG alone. Note that we have written these
equations in terms of h,, h,, and 6, thus far, undetermined geometric variables. However,
we can easily find them from the given geometry. Now let us analyze bar BH.

> F, =0 = B, —H,—Repsind =0 (6.25)

DF, =0 > B,—H,—R.,cos6=0 (6.26)
h d

> M, =0 > (H, +B)5 +(H,+B,)7 =0 (6.27)
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So, now we have seven independent equations, eqns. (6.21)-(6.27), in seven unknowns
— A, A, BB, Rcp, G, and H, (we have already solved for G, and Hy). ‘We can solve
these seven equations on a computer.

Before we go to the computer, let us find the undetermined geometric quantities h,
and h,. From fig. 6.63, we see that

h, = Z-A

+A

[ ST Il Y ey

h, =

where A = d'tan6, d’ = 3d/4,and 6 = tan_l(d/zh). Now, we are ready to solve the
seven equations on a computer.

% input given quantities

d=2; h=3; F=1; alpha = pi/3;

% Define other used quantities in the equations

Delta = 3*d~2/(8%h);

hi = h/2 - Delta; h2 = h/2 + Delta;

theta = arctan(0.5*d/h);

% Input equations

egset = { Hx - Gx = Fxcos(alpha)
Ay + RCD*sin(theta) = -Fxsin(alpha)
Axxhl - Gx*h2 = 0
Ax + Gx + RCD*cos(theta) = 0
By - RCD*sin(theta) = 2*F*sin(alpha)
Bx - Hx - RCD*cos(theta) = 0
(Hx+Bx)*h/2 + By*d/4 = -Fxd/2*sin(alpha) }

solve egset for Ax, Ay, Bx, By, Gx, Hx, and RCD

Including the values of G, and H, obtained from the first two equations of equilibrium of
bar GE, we get the following values for all unknown forces from the computer solution.

A, =323kN
A, =075kN
B, =-273kN
B, =0.12kN
Ry, =-5.11kN
G, =162kN
G, =087kN
H, =212kN
H, =173kN

Rep = —5.11kN
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Figure 6.62
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Figure 6.63: The geometry of h, and
h,. Since d’ = 3d/4, A = d’'tan6 and
2

tanf = %,wegetA = ¥4 _
h 4 2n 8h

andh, = h/2— A, hy=h/2 %A,
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— & ¢,

Figure 6.65: Free-body diagram of the

whole chair.

Some geometry:

d, =, +¢t,/2)cosqa,

d, =(t,/2)cos(a) + ¢, cos &, and

d, =¢,cosa —¢,cosp.

From the law of sines we also have:
(@ + t¢,)sin(a)

= ~ 28.92cm.
4 sin(8)

SAMPLE 6.14 An easy-chair uses a curved frame as shown in the small
picture in fig. 6.64. To simplify geometry, we can model the chair with
straight bars as shown in the figure. Of special significance is the small pin
at E that is rigidly attached to bar CDH and slides with negligible friction
on bar ABD (see inset). This pin keeps the chair from collapsing and bears
a large load. Assume the pin is € = 2.5 cm away from joint D towards B
along bar ABD.

Figure 6.64: Dimensions: £, = 45cm, ¢, = 60cm, ¢, = 30cm, ¢, = 40cm, ¢ = 2.5cm,
a =15°, 5 =45°and § = 70°. Loads: F; = 500N and F, = 200 N. F, acts in the middle
of bar segment BD and F, acts at G.

Solution First, referring to the figures, there is still some geometry needed. We can find
y and ¢ ¢ by looking at the position of G relative to H two ways. One is directly from H to
G. The other is going from H to E, then E to B, and then B to G. Writing this as a vector
equation we get:

_ | €5cos(B)+ ¢, cos(ar) — €5 cos(5)

cos(y)
| —¢,sin(B) + ¢, sin(a) — €5sin(S) |

om = 6|: sin(y)

The right hand side has all given quantities. Look at this vector equation as two scalar
equations. Square the first and add it to the square of the second gives ¢, ~ 72.85cm.
Applying this to either of the two equations then gives y = 25.97°.

Because the chair is supported by a hinge at A and a roller at B, there are three scalar
support reactions. So, we can determine them from the static analysis of the whole chair
frame. The free-body diagram of the chair is shown in fig. 6.65. The moment and force
equilibrium equations give

>.F, =0 = A, =0

>M, =0 > C,(d, +d,) — F,(d,) — Fy(d,) =0
> e

2 F, =0 = A, =F, +F,-C,.

From the given geometry,

d, =~ 7244cm
d, = 3887cm
d, =~ 2225cm.

Substituting these dimensions above with their numerical values, we get

C, =365N, and A, =335N.
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The support reactions are thus determined. To find the force on the pin E, we can use
either bar ABD or bar CDH. In either case however, we have more unknown forces on
the bars than we can determine from the equilibrium equations of that bar alone. So, we
will have to use equilibrium of some other bar as well. Note that bar GH is a two-force
body. Therefore, the tension in this rod can be shown as a single scalar force R;;,;. Let us
now analyze the equilibrium of bar BGIJ since it has only three unknown forces on it (see
fig. 6.66). The moment and force equilibrium equations give
DMg;=0 = F,(¢;cosB)—Rgy(tsin(y +p)) =0
F,(cos
> Ry = Z(—ﬁ) = 150 N.
sin(y + f8)
D.F,=0 = B, =Ry, cosy=134N
> F,=0 = B =-B =-134N (Notef =45°)
Now that we know A4, A, B, and B,, we can analyze bar ABD and determine the rest of J*
the unknown forces on it including the force in the pin E, R;; (see the free-body diagram
in fig. 6.67): F
y Reou_— N
ZMD =0 = —A,(d, +d;) = B,ds + B.h + Fdg + Rye =0 14 \ '\‘\@H
X G* (PN
A,(d, +ds) + B,ds — B,h — Fd, N8 N\
= E = c B
R N
>F, =0 => B, +D, +Rysina =0 KgcosﬁB
> D, = —-B, —R;sina Y
>.F,=0 = D, =Rycosa—A,—B, +F,. Figure 6.66
From geometry, 6
A )
d, = ¢, cosa By' 1 'R tD b
d = ¢ B L ||k
. = ¢,cosa NS s y
d, = d;/2=(f,/2)cosa ,?.ﬁa ’ I_X
A g
h = ¢,sina. ) “

Substituting these variables with their numerical values above, we get

R; ~ 3826 N, D,~—1125N, and D, ~ 3826N.

A, =0,A4,=335N,C), =365N,R; = 3826 N

Check: equilibrium of bar CDH

We can check for consistency by seeing if the equilibrium equations for bar CDH are
satisfied, and they are (arithmetic not shown).

Z F.=0 = —D, —Rpsin(a) —Rgy cos(y) =0  (Checks!)
Z F,=0 = C, =D, + Rgcos(at) — Ry sin(y) =0 (Checks!)
ZM =0 = €,c08(8)C, — €R; + €5sin(y + )Rz, =0 (Checks!)
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Figure 6.67: Free-body diagram of bar
ABD. Note that d, = ¢, cosa, d; =
t,cosa, dg = dy/2 = (¢,/2)cosa,
and h = ¢,sina.
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Figure 6.68

Figure 6.70

SAMPLE 6.15 A stack of three cylinders in static equilibrium?
Three identical cylinders, each of mass m and radius R, are stacked such
that the top cylinder rests on the lower two cylinders. The two cylinders at
the bottom do not touch each other. The coefficient of friction, between
the cylinders and between the cylinders and the ground, is u. Find the
minimum value of u so that the three cylinders are in static equilibrium.

Solution We seek the forces for equilibrium. Knowing the forces, we can find the needed
friction coefficient u.

The free-body diagrams of the upper cylinder and the lower right cylinder (why the
right cylinder? No particular reason.) are shown in fig. 6.69. The contact forces, ﬁ'E and
E,, act on the upper cylinder at points E and D, respectively. Each contact force can be
thought of as a force normal N to the contact surface plus a tangential friction force F,.
From the free-body diagrams, we see that each cylinder is a three-force body. Therefore,
all the three forces — the two contact forces and the force of gravity — must be concurrent.
This requires, for both cylinders, that the two contact forces must intersect on the vertical
line passing through the center of the cylinder (the line of action of the force of gravity).
Now, if we consider the free-body diagram of the lower right cylinder, we find that force
F‘D has to pass through point B since the other two forces intersect at point B. Thus, we
know the direction of force F,. Note that ODB is a straight line.

Let ¢ be the angle between the contact force F’D and the normal to the cylinder surface
at D. Now, from geometry, 2C;DO+£C,0D+0C,D = 180°. But, ¢ = 2C,DO = £C,0D.
Therefore,

1 1
¢ = 5(180°~20C;D) = 2(£GC,D)
1 o o
= 330°=15

where 2GC,D = 30° follows from the fact that C,C,C, is an equilateral triangle and C,G
bisects £ C,C,C,.

Note that ¢ is the friction angle between the surface normal and the friction force.
Somewhat surprisingly, this same ¢ is the friction angle for both for F}, and for Fj. Now,
from fig. 6.70, we see that
F sB_ F sD
F nB F, nD '

But, the force of friction F; < uN. Therefore,

tang =

M >tan¢ = tan 15° = 0.27.

The friction coefficient must be at least 0.27 if the three cylinders have to be in static
equilibrium.

M >0.27
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6.4 Frames

Preparatory Problems

6.4.1 In what way(s) is/are trusses differ-
ent from more general frames?

6.4.2 Consider a frame made of 3 pieces
connected together. Assume thatno free-
body diagram cut is within a part.

a) How many different free-body di-
agrams can you draw?

b) For each free-body diagram how
many independent scalar equa-
tions can be extracted from the
equilibrium relations?

¢) In total, from all the free-body di-
agrams, how many independent
scalar equations can be extracted
from the various equilibrium con-
ditions?

6.4.3 Con-
sider the two-bar frame shown. Choose
appropriate coordinate axes. Find

a) The reaction at D.

b) The tension in bar DB.
¢) The reaction at A.

d) The force of DB on ABC.
e) The moment in ABC

« just (an infinitesimal dis-
tance) to the right of A

« just to the left of B
« just to the right of B
« just to the left of C

llOO N
C

A B
ol
D
‘lm‘ 2m |

Problem 6.4.3

6.4.4 Two 1m bars are pinned together,
at their middles, at right angles. Find

a) the reactions at B and D,
b) the force of BC on AD, &

¢) the moment in AD just above the
hinge,

Introduction to Mechanics for Engineers

Problem 6.4.4

6.4.5 For the structure shown find
a) the tension in the string
b) the reaction at A

c) the moment in ABC just to the
right of B

Bt
(o
A L 100 Ibf

2/ 2/

R
Problem 6.4.5

More-Involved
Problems

6.4.6 An A-frame aluminum ladder con-
sists of two uniform 5m, 150 N sections
that are pinned at the top and held from
splitting by a massless strut 1m above
the slippery floor. An 800N person has
climbed halfway up the left side.

a) Find the reactions (the forces of
the ground on the two ladder sec-
tions).

b) Find the force of the left section on
the right at the top pin.

¢) Find the tension in the connection
strut.

d) Find the moment in the right leg
of the ladder just above the ten-
sion strut.

a
‘ top pin

Problem 6.4.6

« © 2026 Andy Ruina & Rudra Pratap 1

6.4.7 To make a model of a table stati-
cally determinate, we assume that leg EA
slides easily on the floor. Assume the
other leg does not slip. A force F = 200N
acts at 45° at the center of the table. Use
h=1m,¢ =2m,and d = .25m. Find

a) the reactions at A and B,

b) the tension in GH,

c) the moment in IHB just below H.

Problem 6.4.7

6.4.8 Another way to make a model of
a table statically determinate (see prob-
lem 6.4.7) is to assume that one leg is not
braced. Now, neither leg can slip. A force
F = 200N acts at 45° at the center of the
table. Use F = 200N, h = 1m,¢ = 2m,
and d = .25m. Find

a) the reactions at A and B

b) the tension in GH

c) the moment in IHB just below H

Problem 6.4.8

6.4.9 For the structure shown find the re-
action at A.

Im
D 30°
T e
Im
1000 N
B EN\
1m
30°
o) A Gle
-_—
Problem 6.4.9
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6.4.10 The structure consists of two
pieces: bar AB and ‘“T” EBCD. They are
connected to each other with a hinge at
B. They are connected to the ground with
hinges at A and E. The force of gravity is
negligible. Find

a) The reaction at A.

b) The reaction at E.

¢) The moment in BCED just to the
left of C.

d) Why are these forces so big or
small? (Your answer should be in
words).

B‘-—IO in—-‘-c—lo in— D

Problem 6.4.10

Introduction to Mechanics for Engineers «
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6.4.1 In what way(s) is/are trusses differ-
ent from more general frames?

Disclaimer: We have lost track of the many people who wrote these solutions.

They are not official and have not been reviewed by the authors for correctness. 1
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Problem 6.4.1...

In a fruee every bar ie a too Jorce Body’ while in a Jrame , ome or more

tomponent i8 Not a fw0-§oree body.

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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6.4.2 Consider a frame made of 3 pieces tions can be extracted from the
connected together. Assume thatno free- equilibrium relations?

body diagram cut is within a part. ¢) In total, from all the free-body di-

a) How many different free-body di- agrams, how many independent

agrams can you draw? scalar equations can be extracted

from the various equilibrium con-

b) For each free-body diagram how

; ditions?
many independent scalar equa-

@) One FBD tan be drawn For each bar in the ¢tructure. tewe, it
@se . 3FBD'e can be drawn.

b) For each F8D, 3 inde pend ent  s@lar Cq,uafn’onC tan be ex fracted.

c) from ol) FB l)’s, Q ind epen dent ¢calar E’ud‘hnn( tan be derived.

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.3

6.4.3 Consider the two-bar frame
shown. Choose appropriate coordinate
axes. Find

a) The reaction at D.

b) The tension in bar DB.
c) The reaction at A.

d) The force of DB on ABC.

e¢) The moment in ABC

« just (an infinitesimal dis-
tance) to the right of A

‘v-\,

+ just to the left of B
« justto the right of B
+ just to the left of C

100 N
 pA B C
o
D
Im ‘ 2m |
Problem 6.3
looN

b2;m=4;473 3jrbtr v
. 1;7_
> Ry 4R <0 ®

OJ.

-
Zh®

Ac’f F_; = > Ry +R%= F® (wh F- JooN)
-

A T Tﬁg £ \l/
B~ Aé—,-:* Begm—cC S F(22n+K” (l) 0@7 R%=-200N
Rp £% - 3eoN

N

£%
=Mp-3 >R () + 15 (Q,\OG)’?R’B =3eoN

<—
{5c,
% f; Zf:3 = fs- Ry = R% = 3eON
&> 8 LZzFy:0 > &g g » R > SON

@) featkion at D =K3002+3®\7‘)/\J—]

Ts

LX)

d) fs mABC = "'E-?D:

"

6)[|)MA*
) Me
\“'O Mar +

Har
R-)IIB(I,D "FC3>3 = 3ep-3e0 = O Nwm C {-——#—»—-_.
RALFF T Mi=-Floh= —sz%M @’g_&\‘

m)—w\;&,
5 o © s, Kottt horicont [ ot 2

ey Zaoj>N

i

K1) = ~200N-m. . “.“ By 1M
% e

V) M= RE+RY, (R = ééouéoé) ON"m

7\& 1\KB
A Kn 8 Re ‘)Mc'

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Skreten:
A 8 1 wov
’D C
Im
7 D L h ]
| ere— 1
Im 2m

To F’ﬂd . Vx,Dg,Tva, n"'ln:f-F‘)Bl,?“ ,ﬁl’s |FP/6

FBD (Whole Steueture)!

a A 8 1 won
pe Y
T C
Ay
lm
X
D:b D L 1
| ore— |
Im 2wm

&) Fimo Reaction Forees,
Zfxz0
D Ras D 20
D fAx z-Dax
Zfy=0
) Ay« Dy 100N 20
ﬂﬂxﬁ Dy =100

-y

EFg = (i X A5 )t (B0 x 0y T) e (g X BaT) + (g X - 0})

(-1me x 333\ )+ ((mi-tm]) x 933)* Cltm? -3 )% Dot )

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.3...

t (2n? x-bon]) O

: ['ﬂxm’OJM-OLn-ZOONMJa =3

2D - (00 Nm - Dxm -~ 200Nm =0

A== 300N
Find Dy, F8p (Section) :
By
ZFn : 0 1_.)&,‘
s
D Dxt Bx =0
Rox— )
.
D B = 300N Roy
ng =0
Py +oy=0
_3 = - ~
2 Mip® ( fgm X B.‘J:‘?\ * ("gro X Bx?)
=(TPImx 933\4’ (T3 )mx But
: (By + 8Imb =0
D By = -00N
<) 03 * 300 N
b) Find Tos, FBD (Jon?)
T
. 2 e
ZFn (0] 0> *
%y

D Da+ Tig tos ks =0

)

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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e) fron Peeviovs (alwlotion,

Ax = 3o00n

ﬂx = 100N - Dy

ﬂ:‘: - 200N
d) Find fos,
FRp(Setion):
2= O N
100
9\-3; ,_f "l
:') Aw + F%._o;qs =0 93 F/
3
fo, = - 300820

@) Moment acrss any point ia o clotic figid \waj ws 0. Hence,

=5
My, =0

-
- =D

M/%

ﬁlg =3

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.



8 Chapter 6.4. Frames Introduction to Mechanics for Engineers « © 2026 Andy Ruina & Rudra Pratap

Problem 6.4.4

6.4.4 Two 1m bars are pinned together,
at their middles, at right angles. Find

a) the reactions at B and D,
b) the force of BC on AD, &
c) the moment in AD just above the

hinge,
Problem 6.4

SReteh:

J,IooN

FBD(Wmle Steuctwe)*

Im we WS

To Find B, 33. Du,Dg,TBc, ng

,LlooN
A c
£
. —)ﬁ“ 2
By 10y
' Im s US
o) Find Reaction Forees:
LFx 0
9) Bx +Dax =0
ZFU <0

) - loy 4 Byt Dy =0

) —j
Z M= foun X De?

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.4...

z lnhilﬂgfxpuj\

(D‘,)rl-ncos'-()?t 15

()j'.o

03 ® jooN

F;"\d D'H-) %7\ FBD ¢ Settc'on) .
ZF?IE = F:,E K (100n)3 g O
£y
A a) (D 5
+((D,E X D*EJ“’((DIE XDU?) 0 1—15.,_

- [_;_n(-'t‘ +3 Ix Cioo Nj)]

+ { 21...(2‘.3‘)7( (0,2)]

B) Dy ° -100N
Bx = JooN
b)) S Fp =0 [ Fom section Mbove]

.-) Doe ¥ b = O

:) Ex = fooN

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.

c?—)

%)
< D
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D Dy 4 Ey “10oN 0

Ey = tooN
5 >
¢) LR [”oment across a 9m'4t on o

stolic rigid body is zeo]

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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6.4.5 For the structure shown find
a) the tension in the string B A60° |C
. (® )
b) the reaction at A I:A u 100 Ibf
¢) the moment in ABC just to the 5 o
right of B N A
Problem 6.5
Sketeh :
4 3 bo’
g
[t
A 2' "W 2. '
To Fingd! 15{6»3‘ fx, Ay, Fi’/g
FRY) (Whole Steutiuve ) - - o
il
v/ [
~
) b Ao |
Ay ™ (4
* 1 2w
ﬂg lool b4
&) My, = (G x-0otsiT) + (g KsimboTaing ) ¥(ing ¥ T3) = o

(2367 x-10o0b43) + (237 x sinboT §

+ (W7 x TJ) M
= [ -o0getps s GaTrupTIR = O
A T = 200 gpf
(52 +u)

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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T = 3489 (bt

LN Croa a2 ala to v Al lea an lUL.o.ca Ha acla. o ka rad.aal W A oarl o
D) =Srce nc >3\ IS (s ™M Sjanc %u' l‘D’IW’I "o w|cj wan r<Sovccy W w v‘“ JU"'~
Zhe=0 FBD (Section

P
:)9,‘+D,,,=0
I Fy =0 253
B8
A, I -
Ay + Dy= 100034 2 | 2
1000b§
Find O , ﬂ:( .
FB8D (Section):
D (Sectin T
Z_Fw.:O T "
\/) i
“"—’T—[/l
B & = 0
D Ry + Tewe 60 ay a\;otyf

D Ax = -0 (bt
(J3t4)

A = 17-44 b

)

“n

Z R

%

GJ - 10003 1 Teinbo + T =0

) ay = 0o - _200 ?.«1'3) 13
(=3 +9) 2

fy 7 34,.8q0b4

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.



Chapter 6.4. Frames Introduction to Mechanics for Engineers « © 2026 Andy Ruina & Rudra Pratap Problem 6.4.5... 13

C) Fivld z -;1)”-5

“"

5

(P XAy 5) + [ G xT3)

T (~Zimix g3 + (2in? X T7)

S _
Mg ~

o)

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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6.4.6 An A-frame aluminum ladder con- d) Find the moment in the right leg
sists of two uniform 5m, 150 N sections of the ladder just above the ten-

that are pinned at the top and held from sion strut.

splitting by a massless strut 1m above
the slippery floor. An 800N person has
climbed halfway up the left side.

a) Find the reactions (the forces of
the ground on the two ladder sec-
tions).

b) Find the force of the left section on
the right at the top pin.

¢) Find the tension in the connection Problem 6.6
strut.

Shetan -

D
800N
¢
/ﬁ E

A0
e

bm g

To Find fAj,Fx,F3| %,D—x_ ,E\‘j,fx

FBD (.Uhnk, Steucture ) .

)]
800N
l&
® E
oy o)
2

J

@) Find Reaction Torces,

=) AJ*FS'8OON=O

A A, L. - Aaaal

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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d nJ T 'J - Zuvw
) >
S - : = 2 .2
E M= (G X(PomTYr (@20 x A4F) = o

= (wsmT+ 2m )X (800N)] ) + (~6m xAy3) = B

= (3600 Nm - 6A3mﬁa =z 3

Ay = boon

F‘o’ = 200N

B Find forces on 4ne (eft section on fhe r.'shf ot the p pin,

ZF% = 0 FBD lQec‘tion')l
Do _>TD]
D Dx'ﬁ' EZ = O D
2 fg= 0
D) Du’ EJ t 2000 =0
E
s = : 2 A, (2 A -
5 e = (Gox (o (Gex (Rl 75)) TR
Ex 2 ¢
= (225m7 « 3mf )x (DT Dy ) P 1‘F3
+(0-7s'm?-lmj\))<(.ﬂ::+ Fjs\\ < 3
= (2250 +30x 4075 - RImb = T
s (3\)%—2'250‘1 +S5oNYm = 0
Y (Sfttion)f
- -
B4 T,
ZF:( < 0

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.6...

)Qj"'fj = 0
3 - = [l s g
ZH/B (l’gg XEJJ)

© (450 xEgf) ¢ v

-~ >
“I-SE’R = 0

D Ey'- ON
DJ = -200N
Dy =- 200N
0)
Fax = 200N

VBN

m
[
"

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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17

6.4.7 To make a model of a table stat-
ically determinate, we assume that leg
EA slides easily on the floor. Assume the
other leg does not slip. A force F = 200 N
acts at 45° at the center of the table. Use
h=1m,¢ =2m,and d = .25m. Find

a) the reactions at A and B,

b) the tension in GH,

¢) the moment in IHB just below H. Problem 6.7
5.4

BT ind veactions atl Aond ®.
B Tension in gy
) Moment A TuR ,]UA\ below H.

D The ,?(ee boc\«j d\oc](om o-{ J("\e {0\3\¢
'S shown in The oc\Jocent fiqure. FigL.
Let The local: 3
ation o,( the —(;awe F be ET= >
Apg;\xj-.na -?ovce bcx\or\ce, 2E'—9
>{ederieri €451

?
= 0
%‘Z 5 (Pl 2 4 =1
- R, B —
9] s .
T ReR 2 B
Unin =
19 Momenl bolonce  oboud 8, 5“,",B=Q
= -1ix R} s . A
PR (W Dx e e
~ 2 J’Z
= i‘smk rhk - A
2+ ?7- K 4 F_i\ K = QF{
14 i
© TRz FBhd _fmy Fromad end 3 weheve Ry= TG0
2442 24 fo
Griven Yot F-200N, 1= Q_rnlkdm/ d:0.25m
= Reactiona abt A and B ave: / ‘ @
b) To g;,‘d the lemsion 10 G\, Conridex The FRD o,( The membex RT:
R
¢ . i
FP?(\j%me bokne to BT, ‘,ZE’»Q}-\} T\ ?—‘Pv\k
=> ?3+P5+Tc,w — .
th EXCIEN ‘G\H = ‘FLRS —(5)
To §ind Rs, Comsider the 8D of the member ET . ?13 FeD o 81T
ApPying moment balance abod E, ¥, =0 7 4 . 4 "
(3 =2 T g
’ & C
= d3 g 4.1 2 5" N >
~"{%(ggﬂ*r%’:x[—ﬁ(l*!_\}-@%\lx /TCD Tom
T 4
[ . 4
Froni(5Y {_ﬁ(-"ég\ T his Ry =0
= Sl—TcaA; Ly T S A : FA
Ak - =k - e edk 4 e kol s T, o= T+ P
" 2k % = Ak 1»1‘_, [eXS] e }3
Comstdex The F2D of the membex Ag eneRe Altevnatively, T Con

APPYing mored boence dok €, 2120 T z0 e be dblained by tawing

| Momeal balance ahoul T’
m FRD n_s ®T . iN&-_ o

. Yom (6) = R -
[ F T = A
! G () T, = BOON R b Temro sy 4 oo
24 Lo ol T%‘(_:Q{»,—_‘fé"?zi‘»9]'%"’{“'5,8,9"

(&) The Momen N The mermber THR, juA\ below H ty  obtaimed

|

i = — Nm

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.

:S:"OM Yeacton R, |, ‘j\Hz(l.\,,g\(f_j\x?z‘?_ —_ Qz(k-&i_a - %(&-aﬁ _ 150
= ol
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Ske l cl:

3
4y

TO Find % AJ' B, B:f' H"—:Hj

FED (owle Staucture )

E D /(5' 4 r
J
c H
q B? -
Q) Fiag Re action forcee,
She- 0
:) Bo - 200N we4S =0
5) Bx=> 0032 N

Ay By - 200N ginhS 20

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.7...

19

M

B Find W, Hy,

D) Ah'—B” = 1wofz N
> D
M= O

» (-2 xA%) + [(‘lm'{ Fimy)X (- Ut - "ai )zooN]

5] EZnﬂy-r 2002 Nm]lﬁ = -0’

FBD (Section) !

2
o) =
Zm/x = 8 Ix-) o IO.Lva\
qu_} "
= (f-:n’(“x’i:)‘\‘(f_z\nx &1.2) J
B
t (FozsmIyx Ml )+ (L tmf)X Bl ) 3"'—)*?@:’
*l-02Sthem - GerdB: O
9 Hx = - B
By 2 -4oodz N
Z F\'j = 0
D) Ij + By 4 HJ =0
= < -1
| J
- ) . .
2Mey = 0 FBD (Section)
IO'ZSW
_') A .
. .26m
2 (0-253-0-2(3)M)((9a¢i*"33) H :[U$
He—>
 (0-2SHy- 026K mA = O "

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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By = -hooJz N

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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6.4.8 Another way to make a model of
a table statically determinate (see prob-
lem 6.4.7) is to assume that one leg is not
braced. Now, neither leg can slip. A force
F = 200N acts at 45° at the center of the
table. Use F = 200N, h = 1m,¢ = 2m,
and d = .25m. Find

a) the reactions at A and B

b) the tension in GH

¢) the moment in IHB just below H Problem 6.8
Ske tel 2
€
€ / G 1
T
W
A
8
o P

Tofind & Ay Buy By, ) By

FBD (Puole Strue fure )
200

£ A & o

J

Eind Reaction Fortes,
SF =0
D) Ax18x = 10lZ N
2 fy=0

5%«*&. = 10032 N

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.8...

22

Chapter 6.4. Frames

Cran x8y3) * (e x @)

: (- )X ﬂ‘\]:'; *((-'7: 43)mx (-'/ﬂf-'/ﬁbz:)w) e

(-2nhy + 20082 N} = @

10032 N

.

Ay

BK= O N

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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23

Im
D 30°
T e
6.4.9 For the structure shown find the I'm
reaction at A. 1000 N
B EN
1m
30°
77ﬁA Gle
Problem 6.9
S keten:
D
(4
° E—-) loooN
q o

F 6D (Whole Steucture ) :

Find Reaction Forces,

ZFez0

2 Bae tGaet looon  — (i)

2Fy= 0O
< RX \'03
= = b
2 ﬂ(;— (0]
s (g x woont) + (T X(heiaA3) = 3

Z (-lmwtbOf + ] )X 00DNT (25 .ot 60 + tos 30)im xﬂjj =0

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.9...

—

:"loooN-"Enx mk = O

3
y = 235033 0
T
. . (x> c
M, = o By
Tls
. ) . . . B, —
(f-stBzi)f(«?caXﬂni) =8 *
A
A A A “ A"")
= (- xBe ) Cam] xBel) 7 O “Tx
o (- B - Zmb)R : O
D An: B
2
Z Fe® O
fx + Byt (2
4 - Ax + (x = O
5 Cx ¢ A FBD ( Bar) *
oy £y
Z6e =0 hqf_lt ~5 E><+1000N
e E

> Bxt E,+tMo0oN = O

D =20 + €4 410000 = O

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.



Chapter 6.4. Frames

Introduction to Mechanics for Engineers «

© 2026 Andy Ruina & Rudra Pratap

Problem 6.4.9...

25

A As = Ex + jooopN

2
2Fh= 0
G + Eo + W * 1000N
=G 4 24 *0x =0
Zfe=0
Ge + D = 0
D Dx= -G
s -0y

FOD (Bar):
D
,(\3
D™ \D
Ey

Ex = — (000N
E

S\a
ay
FeD (Rar):
D__> 0L
T
c D
(o !
;‘\

Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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Problem 6.4.10

d) Why are these forces so big or

6.4.10 The structure consists of two
small? (Your answer should be in

pieces: bar AB and ‘T’ EBCD. They are

connected to each other with a hinge at words).
B. They are connected to the ground with ‘_7 10 in 4,‘ 10 in —
hinges at A and E. The force of gravity is 1B C
. . @® DR
negligible. Find =
el 39 A ‘
a) The reaction at A. ! ‘ 10 1b E
-3 in~ —
b) The reaction at E. ‘ L
c) The moment in BCED just to the o E
left of C.
Problem 6.10
5410 i 5 Ace ynemben AR 6 00 lnaon,
B2 0 D - * -
AI = A 3 =h 0 :>Ks-r7;s(%)ho
A 7:5 =0 % R, -0l - 7;'»’(§>MO
3
3 Bin.
AB %5 =% <0 > foxiey %
030 < /5 gr0-4s : o) Tes (é)xls.,ﬁ IG(S)’( o ©

/E 7 7-5 C"O —37> ’-,mﬁs.:> T 50014[7’
R.E:“%/A&'» -300 |l KE:/O'LL‘-r:gzsa")
= <ol

18in.

e le SR Re = t3o0? +4103 DAl

0 fa= Tre (g); +7’—'5(§>("j‘) 2|k = Boor o) Jb
L) e - ESoofM/o”i' Dl !
)
choe—

Mc= M~ piS
c) M - tolb-los) +£% (Bm) =0 >(lco+3?od 40001b. :.!n.} (’,,i] 1o,

Ll

E_R:

) mf,,m are lorge due bo bhe AL 0 lnk AB.
l-fA‘u ME,M&&MB%B‘,MCWM&N”QM#
&Mmfwmgmm

8 11 - Liolls =fho 2 R% -0
A\LEB £f{:0 2 Re = Tag - 10tb=0
=05 —(lcgylo) +TAZ:;)uof;—0
R £ e 5 Tag-1olh |

R%: 2o1b.
Note. that buse are mude bwe- o bods
Hon Yo valuy ebtpoud wih 6= bw't"/S)

Disclaimer: We have lost track of the many people who wrote these solutions.

They are not official and have not been reviewed by the authors for correctness.
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Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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3D (Section):
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Disclaimer: We have lost track of the many people who wrote these solutions.
They are not official and have not been reviewed by the authors for correctness.
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