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Introduction
The Arial Home Initiative is a nonprofit organiiat that builds prefabricated, solar
powered homes for poor families in underdeveloprdtries around the world. Founded by
Tom Pirelli, Arial Homes hopes to build over ondlimin
homes within the next ten years. This incrediblepany is
seeking to find a way to end homelessness arowndahld. I,
Marshall Everett (one of the project authors ardatithor of

this section), worked for the Arial Home Initiatias an Intern

during the summer of 2008. As an intern, | becasrg v R
familiar with the homes that Arial builds, the stiural Figure 1- One of the authors
building an Arial Home

requirements of the homes, and the design critéribe
homes. It is because of this familiarity with theahhome and its impact around the world, and
both of our interests in architecture, that Katd bdecided to do our project on the Arial home.
We plan to submit this project to Tom Pirelli, the
founder of Arial Home, with the hope that our pabje
might lead to design improvements for the home and

thus lead to better homes for millions of deserving

families worldwide.

L ek

One of the projects | worked on as an intern

Figure 2: A house near a recent build sit

was the design and construction of the middle
supporting wall of the houses. For this projedtia information and technical specifications
regarding the Arial Home are taken from personal
correspondence with the company (Pirelli). Iniyial
the Arial Homes were made completely out of steel
panels filled with lightweight polyurethane foam,

including the middle supporting wall. However, our

founder wanted me and the other interns to testithee =

of using a wooden post and beam style center wall i | Fiqure 3: A recently built Arial ome




order to lower the cost of each house. The ideathaisa wooden interior wall wood not be
exposed to the elements, thus not at risk for terdamage and corrosion, but would be much
cheaper than using the steel insulated panelfiéocenter wall. Thus, the other interns and |
designed and built a center wall out of wood ugiagt and beam construction.

The objective of this project is to analyze threctural integrity of the center wall that
we designed. We wish to determine where the

maximum stresses occur in the structure and

where the structure is most likely to fail. We
want to make sure that the structure is not
subject to greater stresses than the wood we use

is able to withstand. Because some of the

locations Arial Homes hopes to build may acquire

Figure 4: 3D rendering done by the author heavy rain or snow loads, we also want to
of an Arial Home

calculate the maximum load that our center wall

design can withstand. By answering these questwas$iope to recommend to Arial Homes
whether or not the wooden center wall design ighble option for their homes.

As we interns designed it, the center wall wasemadour wood 4x4’s acting as
columns supporting a beam made of two 2x12’s boogether. The posts were located at each
end of the beam and at either side of an off-cedderway. In between the posts (except in the
doorway) were none-structural sheets of plywoothgas a curtain wall. This structural system
must support half the weight of the roof panele @ame steel insulated panels used elsewhere in
the house), as well as the weight of four workensnd) the construction process. With these
requirements in mind, our

analysis will include the

following: we will find the Figure 5: 3D
] floor plan done
support reactions at each post| by the author

analyze the compressive stress O
they are under and look at the
likelihood of buckling, we will

determine the shear and moment

diagrams for the beam, we will



locate the maximum stresses the beam experienwsyawill find the maximum deflection of
the beam. We will then use all this informatiordetermine if the structure is strong enough to

hold up the roof and workers, and then determieentaximum load the structure can support.

Data
The material used when the test wall was built piae form the local Home Depot.
However, since Arial Homes are built around theldyahe middle wall will most likely be built
of whatever wood is most readily available in dogttion. Because of this, we will use Douglas
fir as the material for this analysis. Douglasofiiers a good approximation of material
properties for wood, and information regarding Diasdir properties was readily available.

The dimensions of the middle wall and the crossi@es of the beam and columns are

shown in Figures 6, 7

Figure 6

and 8, respectively. 11.25"

g

As previously
mentioned, the wood

middle wall costs

o 84.75"
significantly less than

the middle wall made

of steel insulated

4797.50”4*33.00” *7 121.50" ———————>

panels, and is the

252.00" >
primary reason for the 300" < 350" ™ Fqure 8
proposed switch. However, specific costs Figure 7
would be determined by local wood and lab«
prices. There are practically no design code 1Le5" .

or standards that the Arial Home is subject t

An Arial Home will never be built in the —

o

United States, and the third world countries whkey are built have little to no building codes.

Idealization
We approximated the load that would be placed erupiper beam by using the diagrams

of the house and the weights of the panels. Eacélpeas 100 Ib and 6.5 panels were used on



each side of the roof, resulting in a total weigh650 Ib per side. We concluded that since the
roof was supported in two places equidistant froendenter of the each roof panel, the resulting
force placed on each support would equal half efttital weight of each side. On the middle
support, the force is half the weight of one sitithe roof plus half the weight of the other side,
totaling 650 Ib. In addition, we added the loadaafr construction workers who would need to
stand on the roof to build the house, and estimadett worker’s weight as 200 Ib (based on our
group member’s experience). This resulted in d total of 1450Ib, idealized as a distributed
load of 5.7 Ib/in over the entire 255.5 in beam.

In a mass-production setting, each support wouldttaehed to the top beam with pins,
and would be fixed on the ground. We felt this ld=dion was essential to solving for the
support reactions and determining the feasibilftgur idea. It will be relevant to the upcoming
calculations to note that although the pins twodiggin supports do not contribute any
moment, the beam is continuous through those stgppod thus still has a moment at those
points.

Calculations
We first determined the equilibrium and load cadtiains, using the weight distribution

of the roof and assuming rigid supports.

weigh =10CIb
6.5(100db) =6501b + 800Ib =1450b
w=5.70lb/in

+- F =0=F,+F, +F +F,- 1450b
+i M,=0 F,(97.5)+ F.(130.5}+ F, (252)=127.25(1450)

Then, we used the deflection formula to find eagbpsrt reaction as follows:

d=i=fF aD'aAzac'aAzaB'aA
AE 2545 1305 975

F. =1.34F, - .34F,

F, =2.67F, - 1.6TF,

By substituting these constraints into our equillibr equations, we obtained the solutions:



97.5F,+ (1.34F, - .34F,)(13(.5) + (2.61F, - 1.61F,)(252) =18451.5
F, +F, +1.34F, - .34F, +2.6F, - 1.61F, =1450

F,=323.8db F,=355.12b F.=365.73b F, =405.4db

T

FA FB FC FR

We then found the stress in each support to seevduld fail in compression. The
stresses, however, were far below the ultimate cesgjve stress.

Sp= A= —32“"89n'b =26.44psi

s = F; _ 355.12Ib = 28.99psi
B -_— - 5 - .
n
s =3.78ksi=378( psi

u(compressivg

_365.73b

SC T A Am D
12.25in

_405.40lb

Sp =5
12.25in

=29.86psi

= 33.09psi



We also calculated the deflections in each bease¢owhether they would be significant; they

were not.

a, =F, f =323.89(3.60910 °) =.00117in
d, =.00128in

d. =.00132in

d, =.00146in

Subsequently, we looked at the possibility of binzkin the supports to see if they could
sustain the load of the roof. Our critical load anitical stress were markedly higher than any

values we had obtained, thus we decided to focub@possibility of failure in the top beam.

|=Lpme =135y =1251n* A=12.25in? r:\/Izl.Ol k=0.7 L. =84.75in
12 "1 A

_ PEl _ p*(1.964.0°)(12.51)
o (KL)? (.7>84.75f

66.66kip

_ p°E _ . .
Sy = > =5435.26psi=5.435ksi
(KL/T)

After we had found the four support reactions aukéd at the stresses in each, the next
step was to determine the shear (V) and moment{dfjrams for each of the three sections of
the beam. This is accomplished by implementingiieéhod of sections. For the first segment,
segment AB, cutting the beam at an arbitrary pairtt then summing the forces and moments
yields the following:

F=0=F,- w(x)-V
V =F, - w(x)

M, =0=M +w(x)(§)- Fa(X)

M =F,(X)- VEVXZ

W*X

um  Applying the method of sections

to the other two segments yields

FA



the following Shear and Moment equations:
For Segment BC

V=F,+F;-wW(X)

M = F,(x- 97.5) + F,(X) - VEVXZ
For Segment CD

V=F,+F; +F.-w(X)

M = Fo(x- 1305) + Fy (X~ 975) + FA(X) - VEVXZ

These functions are plotted in the Shear and Momtiegrams of each of the three segments, in
figures 11-16:
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The next step was to determine where the maxintteases in the beam occur and what
those stresses are. Because our bean is sleniddrighly possible that these stresses are the
highest anywhere in the middle wall structure. ideo to calculate the maximum normal stresses

in the beam, we used three primary formulas:

The flexure formulas , = #

Where M is the resultant internal moment at a paldr location (x coordinate) on the beam, y is
the perpendicular distance from the neutral axthégooint under consideration, and | is the

moment of inertia about the neutral axis.

1 1 .
| =—bh® == (3)(1125)° = 35596in*
T 12( )(1125)

Neutral Axis —, e
The shear formulat = Vo ) _\ i
Figure 17 T
Where V is the internal resultant shear force a -
particular location (x coordinate) on the beam,

is the moment of inertia about the neutral axis, t
is the thickness of the beam (3 inches), and Qesitst moment of the area above the given

location on the cross-section about the neutral @xfunction of y).

L Sy +5y Sy Sy ’ 2
And the Principle Stresses formulg;, = > * +t

Wheres, is calculated by the flexure formula,, is the normal stress perpendicular to the axis
of the beam (0 for our beam), ang is calculated from the shear formula. The priremtress

formula gives the maximum or minimum possible ndrstigess acting at any angle at a
particular point on the beam.

At this point, we made a prediction. After analygzihe normal stresses and the shear
stress for our beam at various points, we notibatddur normal stresses were much higher than
our shear stresses. Additionally, we noted thaptireiple stress formula is dependent on the
square of the two stresses. We thus predicteditbanaximum principle stresses would depend
only on where the internal normal stress was a maxi and not on shear stress at all. In order
to test this hypothesis, we performed a seriesilo$tiutions. First, we substituted the moment

formulas for each segment of the beam into M inflgsaure formula. Then, we substituted our



new flexure formula intcs , in the principle stress formula, using y = -5.6@bget the

maximum internal resultant stress. We substitutedshear force equation for each segment into
the shear formula, and evaluated the shear foraudh that shear stress was at a maximum.
Because the maximum shear occurs at the neutigl @4{or our calculations was Q = (area
above neutral axis)(distance to center of area@beutral axis) =

(5.629(3) * (5.625/2) = 4746. We then substituted the new shear formula fpiin the

principle stress formula. Our thought was thahd thaximum principle stress was not dependent
on shear stress even when shear stress was a maxihan we could disregard it in our
calculations of maximum stress. Using MatLab, wanexed the maximums of the resulting

principle stress formulas for each segment. Thelteeare as follows:

For Segment AB, the maximum principle stress ocatiss= 56.80 inches.
For Segment BC, the maximum principle stress ocatxs= 119.12 inches.

For Segment CD, the maximum principle stress ocatxs= 183.28 inches.

Thus, our prediction was correct. The points of imaxn principle stress were precisely the
same locations where the shear force and sheas stas zero and the moment and normal stress
were at maximums. Because the normal stresses ineam were much higher that the shear
stresses, the maximum principle stresses were #xamm axial normal stresses.

Next, the principle stresses were calculated @t eathe above points. The relevant
values are listed, and the principle stresses eadreilated using the flexure formula and the
principle stress formula.

At x = 56.80 inches

M = 5818.75 lb-in,s , = 145.416 psi, V=0 Ib;,, = 0 psi,s, = 145.416 psis, = 0 psi
At x =119.12 inches

M = 5818.75 lb-in,s , = 91.95 psi, V = 0 Ibf,, = 0 psi,s, =91.95 psis, = 0 psi

At point C, x = 130.5 inches
At x = 183.29 inches
M = 13394.0 lb-in,s = 211.66 psi, V=0 Ibf, =0 psi,s, = 211.66 psis, = 0 psi



Thus, the maximum normal stress our beam felt ds6B psi along the axis of the beam at
point x = 183.29 inches. This stress was felt imakgnagnitude in compression at the top of the
beam and tension at the bottom.

Next, we found the maximum in-plane shear stresedch segment of the beam. The

formula for maximum in plane shear stress (maxinshiear stress regardless of orientation

2
sS,-S
angle) ist ., :\/ - > L +r, ? . We again hypothesized that this function would be

dependent on normal stress only, and a similar ogetised as the one used in finding the
maximum principle stress validated the hypothédisis the maximum in plane shear stresses
also occurred at x = 56.80 inches, x = 119.12 il x = 183.29 inches for segments AB, BC
and CD, respectively. Since at each of these pdimsshear stress is 0, the shear stress formula

reduces ta’, ., =S, /2Using the values fos listed above, the maximum in plane shear

stresses are as follows:

Atx =56.8inchey,  =s, 6 /2 72.71 psi

Ymax X

Atx =119.12 incheg, , =s,/2 =45.97 psi

max

At x =183.29 incheg, . =s, /2 105.80 psi

max X

Thus, the maximum shear stress our beam feel5i8 P3i at the point x = 183.29 inches along
the beam.

In order to determine at what factor of safety minldle wall is operating, we look at the
calculated values of stresses compared with tireati strength of Douglas fir. The stress that
comes closest to the corresponding ultimate stheisghe normal stress in the beam at x =
183.29 inches. This is the location at which thddtg wall structure is most likely to fail. On
the bottom of this beam, a stress of 211.66 pattisg in tension. The ultimate strength of

Douglas fir in tension is 300 psi. Thus, the safatgor for our middle wall structure is:

F.S = Zalowed - 300 =1.42. While 1.42 is not a remarkably high Factosafety, it is well

S 21166

applied

above one and shows that our structure is safe. |



Finally, we calculated the deflections in our beAnough the method of integration.
First, we drew an approximate picture of what wpested the deflection curve to look like
(Figure 18). We used the moment function and irtisgk it to get the deflection formula, using
the fact that the deflection was zero at each@iobtain the missing constants. These are the

steps we took in Segment AB to obtain the finalatigum and the maximum deflection:

Segment AB:
v W, Figure 18
ElZ— =M(X)=F% - —
dX2 ( ) AX:L 2 X:I.
w_F 2 W_3
El=="Ax*- Zx*+C
dx 2 LT gha T
F, 2w 4
Elv=—Ax"- +Cx,+C
6 X 24X1 X TG
v(x,=0)=0=C,
v(x, =97.5)=0=2857082.43 C,(97.5)
C,=-293034
V(%) = 1 32389 3 5.7, 593034

1.940°(355.96) 6 ' 24

V... (% =50.76)=-.0139in

For Segment BC we followed the same steps to fiscejuation of the curve and the maximum

deflection:
Elgi‘g =F, (X, - 97.5)+ F,x, - gxzz
el = EarPel i @75F - Wxt 4,
Elv={FatFe) X, - (97'25):3 X, - ;A;xz“ +Cx, +C,
V(x,) = 1.9><].06:(LSSS.96) (323'89;; 355.12), s (97'5)2355'12x2 -5 44941003.23, - 1061198126

Voo, (X, =114.23)=-.00113n



Again, we repeated the procedure for Segment CD:

E|dL71‘Q = Fo (- 130.5)+ Fy ;- 97.5)+ Fug - 7%’

El dLA;’( :(FALZNFc) X'~ (978, +130.F)x - £x°+G

Elv= (Fa+Fe+Fe) X2 - (97.5, +2130-5:c) Xq - ?VV4X34 +Cx;+C,

V(%) = (323.89+355.12+ 365.73) ; (97.5955.12+130.5G65.73), 57, 4, o070y coo . op04s80.64
1.94.0°(355.96) 5 . o7

Voo (X3 =189.14)= - .0313in

As expected, the greatest deflection was in seg@BnHowever all of the deflections were
quite small.

As a final computation, we calculated the absomigimum distributed load that the
structure could carry, with an operating factosafety of 1.0. To do this, we first realized that
the force reactions must be a linear function efdrstributed load w since w is the only load
present and our equations for the support reacti@ne all linear. Thus we calculated the
support reactions as a function of w by dividingvby 5.7;

Fa = 323.89, 323.89/5.7 = 56.8, £ 56.8(W)
Fg = 355.12, 355.12/5.7 = 62.3 E 62.3(w)
Fc = 365.8, 365.8/5.7 = 64.2cE 64.2(w)

Since the maximum stress occurs in segment CD Jugged in the new support reaction
functions into the moment equation for segment @@ evaluated at x = 183.29 (the point of

maximum stress):

M (x) = 56.8W(18329) + 62.4W(18329- 97.5) + 642W(18329- 1305) - (W/2)(18328)
M (x) = 235567w

Plugging this function into the flexure formula lgle the maximum stress as a function of w:

_ - My _ - 235567w(- 5.625

= = 3723w
| 35E.96

S




Setting this stress formula equal to 300, the @tarstrength of Douglas Fir in tension, yields a
maximum w of 8.06 Ib/in. Multiplied by 255.5 inchehis yields a maximum total load of
2059.09 Ibs distributed over the beam.

Conclusion

From our stress calculations on the supports, weladed that the supports holding up
the roof could be made much smaller, since ourdsghktress (33.09 psi) was significantly less
than the ultimate compressive stress of Douglag3#80 psi). We decided, however, that
smaller beams, such as those with a cross-sedtib® a x 1.5 in, would be more difficult to
obtain and demand that the width of the top beameteced as well. We thus recommend no
change in the support size, since four-by-fourgfaeemost readily available and cost effective
option.

Additionally, we looked at the possibility of buak) in the columns, and found that each
member could support up to 66.66 kips (far abowenayghest force of 405.40 Ib) and a critical
stress of 5.435 ksi. Based on these analyses, nve tabelieve that if failure occurred, it would
most likely take place in the top beam, rather tt@nsupports.

The computation of the principal stresses in tipelt@am gave us our highest value for
stress. This stress occurs in segment CD, at X3298n. All of our principal stresses took
maximum values were the moments were maximum wehih segment. The distance of
183.29 in was also where the global maximum moroeatirred, leading us to conclude that the
place where there is greatest risk for failure imithe beam is wherever the moment is
maximized. This stress totaled 211.66 psi, whidbwger than the ultimate tensile stress for
Douglas Fir of 300 psi, the smaller of the two stes we could have designed against.

Using the ultimate tensile stress of Douglas F&,faund the maximum load that could
be placed on the roof. Our result was a load 0B2D%H with a weight distribution of 8.06 Ib/in.
Practically, this means that at least two additi@®® Ib workers could stand on the roof without
collapse, though three would most likely causeaufailof the structure. After the house is
completed and the weight of the workers is remotteglhouse could withstand up to 39 %ft
snow equally distributed over the surface of thd,raith the weight of compact snow
measuring 30 Ib per cubic foot (Ministry of Labddntario

http://www.labour.gov.on.ca/english/hs/alerts/almlh With the surface area of the roof



measuring 442.525%tthis translates to 1.07 inches of snow. Thusgevaot recommend
substituting the wood beam for steel in cooler alias where there is significant snowfall.

Through the method of integration we used our nrgregquations to find equations for
the deflection of the top beam in each segmenth Haflection was less than 1/16 of an inch, the
largest totaling around 1/32 of an inch, a neglegdmount in every day life. Thus we do not
believe that the deflections will cause any darigehe inhabitants or be unstable in any way.

Based on the maximum tensile stress in our beammeasured against the ultimate
tensile stress of Douglas Fir, we have concludatidbr structure has a factor of safety of 1.42.
This safety factor is perfectly safe for the comstion of the home, and is smaller than it will be
once the workers are not standing on top of thé idwerefore, we have concluded that it is safe
and feasible to replace the steel top beam witlb@dbeam of cross section 3in x 11.25in, a
much more cost effective solution.

Further cost considerations lead us not to consididing the maximum spacing between
supports. The current spacing is fixed based ostdredard size of plywood sheets that compose
the walls of the home. The addition of more sheetsld increase the cost of the home, rather
than decrease it, as is our aim.

In conclusion, we were able to prove that the aidehll as designed is structurally
sound. If the cost benefits over a steel paneletillmiwall are great enough, a wooden middle
wall would be a viable option in some climates fwiit much snow). We hope that this project
will help Arial Homes make informed decisions abthé production of future homes and will

eventually help more homeless people from arouadvibrid find warmth and shelter.
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