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1 Problem One
(a) Let us draw the free body diagram of three members: CDE, EBH, and AB., as well as the weight W . We are able to
mostly ignore the left side of the tong by using symmetry. The forces acting on the right side is identical to the forces acting
on the left side, except with the horizontal component flipped.
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We can write down one force balance equation, summing up forces in the vertical direction to get:∑
Fy = 0 =⇒ ay = F

2 (1)

Since DE is a thin rod, the compression forces act along the rod. Therefore, we demand that:

ay
ax

= 3√
182 − 32

= 0.169 (2)

We can also draw a free body diagram for member EBH.
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We can write down three equations: two to balance forces in the horizontal and vertical directions:∑
Fx = 0 =⇒ ax + cx = bx (3)∑
Fy = 0 =⇒ ay = by (4)

Here, we have set by = 0 since the tension force acting in the member AB also acts along the direction of the rod. Balancing
moments about point E, we get:∑

Mabout E = 0 =⇒ bx

(
EH

2

)
= cx (EH) =⇒ bx = 2cx (5)

Finally, we can draw the FBD of the weight:
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Again, for every value of cx, the horizontal forces will be balanced. But in order for the vertical forces to be balanced, then we
must have: ∑

Fy = 0 =⇒ cy = W

2 (6)

We have six equations involving six unknowns: F, ax, ay, bx, cx, cy, so we can solve for the system. From equation 4, we can
compare equations 1 and 6 to conclude that F = W . This conclusion can also be arrived at by balancing the forces acting on
the entire system. We can calculate ax to be:

ax = ay
0.169 = W

2(0.169) = 5920 lbs (7)

From equation 3 and 5, we can calculate cx to be:

ax + cx = 2cx =⇒ ax = cx = 5.92× 103 lbs (8)

and therefore:
bx = 2ax = W

0.169 = 11.83× 103 lbs (9)
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2 Problem Two
We can begin by drawing the free body diagram of member BCD:
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where m = 200kg is the mass of the sign and λ = 1kN m−1 is the linear weight density of the frame. We can balance moments
about B to get: ∑

Mabout B = 0 =⇒ mg(`1) + λ`1

(
`1

2

)
= T

`1√
`2

2 + `2
1

(`2) (10)

where `1 = 3m and `2 = 4m respectively. Substituting in numbers and solving for T gives:

5886 + 4500 = 3
5T (4) =⇒ T = 4.33kN (11)

Balancing forces in the vertical direction, we have:∑
Fy = 0 =⇒ 4

5T + λ(`1 + `2) +mg = ay =⇒ ay = 12.42kN (12)

and balancing forces in the horizontal direction, we have:∑
Fx = 0 =⇒ 3

5T = ax =⇒ ax = 2.60kN (13)

such that the reaction force at point B is:
|~a| =

√
a2
x + a2

y = 12.69kN (14)

The stress in the cable as a function of the diameter d is given by:

σ = T

(
4
πd2

)
= 800MPa

2 =⇒ d =
√

8T
π · 800MPa = 3.711mm (15)

We round up to get d = 3.72mm to ensure a FOS of at least 2.

3



3 Problem Three
Let’s lay out an overall plan first. There are four unknowns: the tension in the rope, Fx and Fy from the pivot, and the normal
interaction N between the weight and the beam. We thus need four equations. We can generate three equations by balancing
horizontal and vertical forces, as well as balancing moments. We can generate our fourth equation by doing a force balance on
the weight. Let’s draw the free body diagram of the beam:
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Note that the angle given here is θ = arctan
( 4

3
)
. Balancing forces in the vertical (y) and horizontal directions (x) gives:∑
Fy = 0 =⇒ 3

5T +Ay = λL+N (16)∑
Fx = 0 =⇒ 4

5T = Ax (17)

and balancing moments about D gives: ∑
M = 0 =⇒ 4

(
3
5T
)

= 2.5(λL) + 2(N) (18)

We can also balance forces on the weight W :

T N

W

to get:
T = W −N (19)

As a recap, λ = 8kN m−1 is the linear weight density of the beam, and T is the tension force in the cable. We can substitute
T into equation 18 to solve for N :

12W
5 − 12N

5 = 5
2λL+ 2N =⇒ N = 6

11W −
25
44λL =⇒ N = 4.55kN (20)
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Substituting this back into equation 19 gives us:

T = W −
(

6
11W −

25
44λL

)
= 25

44λL+ 5
11W =⇒ T = 45.5kN (21)

Substituting values of T and N into equations 16 and 17 gives:

Ay = λL+
(

6
11W −

25
44λL

)
− 3

5

(
25
44λL+ 5

11W
)

= 1
11λL+ 3

11W =⇒ Ay = 17.27kN (22)

Ax = 4
5

(
25
44λL+ 5

11W
)

= 5
11λL+ 4

11W =⇒ Ax = 36.4kN (23)
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4 Problem Four
Wow... this assignment is very obsessed with special triangles...

(a) Let us define θ0 = arctan
( 3

4
)

be the angle that the diagonal of the rectangle makes with the two shorter sides. Then if
the crate rotates by an angle θ, then we can do a moment balance around the pivot. We are assuming that the coefficient of
static friction is high enough such that it doesn’t slip.
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The length of the diagonal is D = 2m, so the moment due to the force is:

Mhorizontal force = FD sin(θ0 + θ) (24)

The moment due to gravity is:
Mgravity = D

2 W cos(θ0 + θ) (25)

These two moments have to cancel each other out, or:

F sin(θ0 + θ) = W

2 cos(θ0 + θ) (26)

F = W

2 cot(θ0 + θ) (27)

We can plot out the force in kN as a function of the angle rotated, when θ0 + θ = π
2 . In the graph below, I have included part

of the graph before and after the supposed endpoint. We can physically interpret the part before as: “If there was no ground,
then we needed to exert this amount of force to keep the crate in equilibrium.” The part after can be interpreted as the force
we need to pull on the box to keep it from toppling over.
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We can zoom in on the desired region:
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Eh, not so interesting. Only comment is that it is monotonically decreasing so that the maximum force occurs when θ = 0.
We’ll use this for the next part.

(b) We essentially we want to maximize the torque. This can be done if the angle between F and the moment arm is π/2,
which can be achieved if we apply a force acting perpendicular to the diagonal.

Thus when performing a moment balance at the time of the maximum force, we get:

D(F ) =
(
D

2 cos θ0

)
W =⇒ F = 3W

10 =⇒ F = 0.6kN (28)
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5 Problem Five
(a) If there is no wind, then the roller and the pin should share the vertical reaction force equally. If a building has N stories,
then the total weight is:

Wtotal = NWgravw = N(1080kN) (29)

and assuming h ∈ 0, 4, 8, 16, ..., 300 the number of stories N is given by N = h
4 . The weight experienced by the pin is half of

this, or:
Fy,pin = Wtotal

2 = h

8 (1080kN) =⇒ Fy,pin = (135kN m−1)h (30)

We can plot this:
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(b) We can balance the moments about the roller. The wind acts with a center of force 2
3h from the bottom, with a total force

of Wwind,avg = ( 3
4 kN m−1)h2 for a total moment of:

Mwind =
(

1
2kN m−1

)
h3 (31)

and the moment due to the vertical force of the pin is:

Mvertical force of pin = (9m)Fy,pin (32)

Setting them equal to each other gives:

Fy,pin =
(

1
18kN m−2

)
h3 (33)

which if plotted out, gives:
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(c) We do essentially the same thing, but we take into consideration the moment due to gravity:

Mgravity = Wtotal · (4m) =
(
1080kN m−1)h (34)

which works in the same direction as the wind, such that:

Mwind +Mgravity = Mvertical force of pin =⇒ 9Fy,pin = 1080h+ 1
2h

3 (35)

When the left side loses contact, then all the vertical force is supported by Fy,pin = Wtotal, which gives us:

9(270h) = 1080h+ 1
2h

2 =⇒ h = 51.9m (36)

which rounds down to 12 stories

(d) No, because the force experienced by the pin increases with h3, so doubling the height causes at least an increase in the
force of the pin by eight times. To maintain an appropriate factor of safety, I estimate that eight times the reinforcements need
to be made and thus have eight times the cost. This is of course only a ballpark estimate.
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