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SPINOFF 2B
Aquatics Lab Loading
Background Information

French and German scientists used space aboard the Shuttle Columbiafor an August 1997 launch.
They had constructed experiments to study the effects of weightlessness on fish and snails.

An aguatics lab was built at Kennedy Space Center which was used to perform preliminary
experiments in preparation for the launch. Unused office space on the second floor of an existing
building was modified as shown on the floor plan on the last page of this Spinoff. The plan shows
anumber of racks of aquaria of different sizes which were distributed as shown in the plan.

Student Task

Y ou are to cal culate the maximum deflection of a beam under stress due to the weight of racks of
50 gallon aquaria.

Technical Information

The relation between weight on a horizontal beam and the amount of bending which results can be
understood by considering a simple example. Suppose a person is standing on a diving board
above apool. A diving board is ahorizontal beam supported at one end. The further out a person
stands from the supported end of the diving board, the greater the bending of the board.
Experiments show that, within the elastic limits of the materid, thisrelationislinear. That is, the
effect of the weight, w, on the bending of a diving board is proportional to wx, where x isthe
distance measured from the supported end of the diving board. The product wx is called amoment
of force, often measured in ft-Ibs.

L et x be the horizontal distance along abeam, and let y be the vertical deflection of the beam
(Figure 1).

Figure 1l
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The amount of bending of the beam is given by the formulafor curvature, k.

d7y

2
o2
k = dx 3 When k issmall thereisvery little bending.
e @yozﬁi
dx 2 g

§re

NASA - AMATYC - NSF
2.15



In actual building construction |%i| is assumed to be very small compared to 1 so that

.2 2
1+ ?%(% » 1, and wethen havek » % . Since the amount of bending is directly proportional

2
to the moment about x, M(x), we have 37)2/ K1 M(x). To get an equation, a constant of
proportionality is needed. In this case, the constant depends on the physical characteristics of the
materia that the beam is made of and its cross-sectiona area. Without going into the details, it

turns out that the formulaused is:

d’y _ M(x)
dx? El

(Equation 1)
where E isthe modulus of elasticity of the material used and | isthe moment of inertia about an
axis through the center of mass of a cross-section of the beam.

Sample Calculation: M(x) and y(x)

Suppose a 150 pound weight islocated 6 ft from end A and 3 ft from end B on awooden beam as
shown below.

150 Ib

A 6 ft 3ft B
L

Suppose further that both ends of the beam are supported. Sincethisis a static Situation, the sum
of the moments about any point must be zero. From statics, the reactive forces at A and B, Ra and

Rg respectively, must balance the 150 |b weight.

Choosing A as one point, the moment equation is.
Rp(9 ft) — (150 Ib)(6 ft) = 0. (That is, the sum of the moments about A is zero. )

Then, Rg =100 Ib.

Choosing B as another point, the moment equation is, similarly:
(150 Ib)(3 ft) — Ra(9 ft) = 0.

Then, Ra =50 Ib.

(In these calculations, a counter-clockwise moment was arbitrarily chosen as positive and a
clockwise moment was negative. Also, we will consider the upward direction positive and the
downward direction negative. The reactive forces act in opposition to the 150 Ib weight.)
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So, with the reactive forces calculated, the diagram of our sample situation is shown below:

150 Ib
A 6 ft 3ft B
50 Ib 100 Ib

Now, to compute the moment, M (x), about a variable point X, welet x =0at A. Then,

for OEX£E£6, M(x)=50x and
for 6EX£9, M(X)=50x- 150(x- 6).

Note: M(0) =M(9) =0; i.e., the bending is zero at the ends where the beam is supported.

Using Equation 1, integrating M(x) twice and using boundary conditions to eval uate the constants
of integration would give the deflection y in terms of x. However, since M(X) is piecewise
defined, if each piece were to be integrated separately, there would be four constants of integration
to evaluate. To aleviate this cumbersome procedure, M(x) can be written as

M(x) =50x —150 < x — 6 >, where < x — 6 > isitself piecewise:

5 jx-6if x36
<X - >=
X Lo if x<6

2 _H(x-a)"if x2a : . : .
Ingeneral, <x- a> :10 it x<a arecaled singularity functions. Using a
|

singularity function, only two constants of integration need to be calculated. Thus,

d%y
M(X) = El y =50x-150< x- 6>,

p Elg—i:25x2-75<x-6>2+cl,and

2
b El y(x):§x3- 25< x- 6>° + Cx+C,

Sincey(0) = y(9) = 0 (the beam is supported at both ends), we get C, = - 600, and
C,=0. Therefore,

El y(x)= %5x3- 25< x- 6>° - 600X, OE£XE9 (Equation 2)
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Recall, <x —6 >iszero when x < 6. Using thisfact and thefirst derivative test, it can be shown
that the maximum deflection occurs at x = 4.90 ft. Consider, for example, a wooden beam with
cross sectional dimension 2" x 4" resting on its edge. For this situation, atable of valuesfor the

modulus of eaticity givesE @ 1.6 x 106 Ib/in2, and amoment of inertia, | @6.25 in4.
Atx =4.90 ft, the amount of the maximum deflection is, from Equation 2, y = 0.339 inches.

Note: Sincethe unitsof M(x) are ft-Ibs, the right-hand side of Equation 2 has dimensions Ib-ft3,

S0 you must convert the result of the calculation on the right-hand side to Ib-in3 in order to obtain
the correct answer.

Wor ksheet

Part |: Singularity Functions

1) On the coordinate axes provided below, sketch the graphs of < x—a >0, < x—a >1, and
<x—a>2, fora>0.

2) Using Equation 2, sketch the graph of y(x) on [-10, 15]. Use feet for the units on the x-
axis and inches for the units on the y-axis.
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.2
3) Inthederivation of aformulafor the deflection, y(x), the approximation 1 + g%’(gg »1 was
made. Use your calculator/software to verify that this approximation is reasonable by graphing

.2
%(/ on[0,9]. Then, caculate 1+ g%(% for the largest possible value and compareit to 1.

elys”.

largest valueof 1+ :
dx@

4) Thefunction y(x) in Equation 2 contains a singularity function. Isy(x) differentiable on the
interval (0, 9)? Explain your answer.

Part I11: Unit Analysis

1) Inthe sample calculation it was stated that the unit of the terms on the right-hand side of
Equation 2 was |b-ft3. Explain why the unit is|b-ft3. Hint: M(x) wasintegrated
twiceto obtain y(x).

2) Inthe sample calculation, the numerical value of C; turned out to be —600. What are the
unitsthat need to be assigned to C; in order for Equation 2 to make sense? Explain your
reasoning.
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Part I11: Calculating y(x)

Referring to the floor plan on the last page of this Spinoff, the third row of aguariafrom the right-
hand side consists of four racks of 50 gallon aquaria. The aquaria are stacked three high in arack.
Water weighs 8.34 Ib/gal, and each rack which holds three aguariaweighs 250 Ib. Asa
convenient approximation, suppose that the combined weight of water and rack is concentrated at
the geometric center of the rectangles shown in the floor plan.

1) Assumetherow of 50 gallon aquariarests on areinforced concrete beam 26 feet long. Usea
ruler to estimate to the nearest 1/16 inch (i.e., the nearest 1/2 foot), the distance from the wall at
the top of the page to the geometric center of each rectangular rack. (Use the outside of the
double linein the floor plan as the end of the beam.) Fill in the distances and weights on the
static diagram shown below. Also, calculate the reactive forces at the beam ends as outlined in
the sample calculation, and fill in the reactive force values at the beam ends in following
diagram.

__lbs __lbs __lbs __lbs
L L
_ft
>
- _ft >
«————_ft ——»

B 26 ft -

2) Using the data from the diagram, calculate y(x) for this situation. Y ou will have four
singularity functionsin your answer. Also, state the boundary conditions which are
needed to determine the constants of integration.

Boundary conditions. y(0) = y(26) =

Ely(x) =

Note: Before proceeding, verify your solution above with at least one other group member or
with your instructor.
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3) For the reinforced concrete beam, use E = 6 x 106 Ib/in2 and | = 700 in. Differentiate y(x),
and use the result to calculate the location and the amount of the maximum deflection of the
beam.

x-vaue (location):

M aximum deflection:

Note: A rule of thumb for structural engineering isthat the maximum deflection should not be
more than the length of the beam in inches divided by 360. With respect to this rule of thumb,
does your answer seem to be “in the ballpark” ?

Part I1V: A Safety Problem

When NASA designers inspected the lab as equipment was being installed, there was an extra
water tank, cylindrical in shape, 4 feet in diameter and 6 feet high, located near the outside wall at
point A on the floor plan. The purpose of the extra tank was to cool outside water and provide a
source of “settled” water for the aquaria and related experiments. Unfortunately, the tank capacity
was far too large for the reinforced concrete floor on which the tank was standing. From origina
blueprints and building specifications, a NASA engineer calculated that the floor could safely
support no more than 200 Ib/sq ft.

Calculate the distributed load of the full tank resting on the floor with no specia support, and write

a concluding statement which indicates a reasonable and simple solution to the problem caused by
the presence of the extratank.

REFERENCE:

Beer and Johnston, Jr.: Mechanics of Materials, 2nd ed., Section 7.5, pp. 432-434, McGraw-Hill,
Inc. 1992.
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