Copyright Warning & Restrictions

The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.

Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,

This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.

Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation

Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen












3000 lbs.
10° > 25 plix 12” x 10* = 3000 lbs
10° Figure 2.1: 10° x 10° Cable net grid

e The members are “Type = Cable”, Larsa allows the user to define certain member
properties, like Beam, Nonlinear Spring, etc. It also understands that a cable can not
go into compression. If there is any compression the force in that member goes to
ZEero.

e The edge and ridge cables are prestressed to 10 Ibs in tension, to help with the
convergence and displacement. For these cables, the Young’s Modules is very high so
the output forces on the cables will be the prestress for the loaded model. Larsa is
able to easily control the E values for each cable. This helps in controlling the shape.
If the cable looks too straight, i.e. not enough curvature in the cable, which is directly
related to the amount of stress, or the output force is too high, the E can be lowered.
If controlling the E is too difficult, try estimating the prestress by hand calculating the
forces.

Example: Nodes A and B are fixed ends of an edge cable.

M=0 (eq. 2.0)

ZFx =0 (eq. 2.1)



IFy =0 (eq.2.2)
Solve this determinant structure using basic nodal equilibrium by taking ¥Mjg = 0
Ra =3000(xg + xg + Xp + Xc - Yr - YD)/ Xa (eq.2.3)
The force in member AC is equal to the resultant force.
Fac=Rgu (eq.2.4)
From the solution of equation 2.4 you can work your way back down the cable solving

each member one at a time.
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Figure 2.2: Solving Determinant Cable



An even faster rougher estimate would be to use:

Maximum Tension = WL?%8 (eq. 2.5)

Where W =25 pli, L = distance from A to B

2.3 Convergence
[ ran the output prestress for the second through fourth run to check for shape and
convergence. I used the maximum output forces on the edge and ridge cables as
prestresses for the proceeding run. I used 3000 Ibs. prestress on the cable net for each
run, which creates more uniform stress on the fabric membrane. For the loaded run, I
used the prestresses in the edge and ridge cables as well as the outputted prestresses
of the cable net as initial conditions.
I used the displaced node coordinates from previous runs as initial coordinates for the
proceeding runs.
From the output edge and ridge forces of the first run, the cables can be sized, as seen
in Table 6.4. The sizing is from Table 6.6, from AISI Steel Manual for cables. Table
6.5 is based on Zinc coated steel structural strand for Tons of 2000 lbs, this translates
to a factor of safety of 2. I converted the forces from Ibs. to kips and use the Class A
Coated Inner Wires and Class C Coated Outer Wire’s column. This chart is also used
for the final sizing of maximum force in each cable after loading for detailing.
For the second through fourth runs, I used a Young’s Modules of 8000 pli for the

cable net and 29,000 ksi for the edge and ridge cables.



o The cross sectional area of the members in the cable net has to represent the fabric.

120 lin. in.

10° 10’ x 12” = 120 linear inches

10°
D
Figure 2.3: 10 x 10 Fabric Representation

2.4 Results

The results are on Tables 6.2 and 6.3. On Table 6.2, the last entry is the Cable Net. You
can see from trial run to trial run that the cable net forces are becoming more uniform.
This is due to continually using 3000 lbs. of prestress for each run as opposed to using
the previous run’s output. The check for convergence in listed on Table 6.3. The nodal
displacements are not shown but they converged to .06 inch maximum displacement by
the fourth run. I could have stopped at the third or even second run to load the structure.

Larsa does not have an option to create facets for you or finite elements. I
manually inputted the three node elements. The final results become the shape of a fabric

membrane structure. From here I am able to load the structure.



CHAPTER 3

THE LOADING

The industry standard for loading fabric membrane structures, normal to the surface, is to
use 20 psf up and 20 psf down. With the Larsa program, I created very thin three node
elements and used “pressure loads” acting at the centroid of the element. I input the
thickness of the element as .001 inches. The second column in the output data is checking
for shape again. The finite elements added some stiffness to the fabric membrane and this
is the reason for checking shape. I set the E value for the elements so that the second
column would be similar to the first column, the initial prestresses. Larsa also has four

node elements.

3.1 Checking for Over-Stressed Fabric
The allowable stress on the fabric is 720 pli., with a factor of safety of 4, the factored
allowable stress is 180 pli.

720 pli. / 4 =180 pli (factored allowable)
The maximum force on the cable net from (Data 2) is 3810 Ibs. The “represented area” of
the cable net is 10° x 12” = 120 linear inches.

3810/120=31.75 pli
31.75 pli < 180 pli

Hence the fabric is not over-stressed.
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If the fabric was overstressed by a small amount, 10% to 15%, a fabric reinforcing
strip could be used to strengthen the fabric. Usually the higher stresses are at the support
nodes and where the fabric is pulled, which is usually a mast or peaks. Another

alternative, if the fabric stress exceed allowable tolerances, is to add cables; ridge and

valley cables.

3.2 Checking for Compression
In the data on the analysis, you will see five columns: member numbers, the initial
prestress, no load (for checking shape), 20 psf down, and 20 psf up. On the first run
(Data 1), five cables members went into compression, so I raised the prestress on those

cables, On the second run (Data 2) there were no members in compression.



CHAPTER 4

THE DETAILING

4.1 Developing Details
The detailing of a fabric structures are basically similar; a cable going into a pin
connections, onto a metal plate bolted to a concrete abutment or welded to a metal pipe.
The fabric is connected to an aluminum edge that is connected to the edge, ridge or valley
cables (Figure 5.8-5.9).

The edge and ridge cables are again sized (Table 6.5) for diameters based on the
maximum forces of Table 6.6 for all cables. The differences of Strand verses Wire Rope
are enumerated in Appendix C, also from AISI Steel Cable Manual.

Like a syringe, the two center masts will prestress the fabric and cables. Bridge
sockets are also connections that can perform prestressing. I chose to use closed sockets
or as “The Crosby Group Inc.” company would call it “open spelter socket.” From
Crosby Fitting catalog, I chose the typical grooved open spelter sockets (chart in
Appendix D). I find the corresponding structural strand diameter for the socket
dimensions. The dimensions correspond to the diagram in the upper right hand corner.

From the size of the pin and the calculated forces I am able to calculate the boss
plate and plate sizes. These are calculated on the Connection Plate Sizing Calculation
spread sheet 1 through 3 for the three cables that join at node 2. The connection sizing
was done on the standards of the Allowable Stress Design mamual. There are standard

details for similar connections that can be found in much fabric membrane structure
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literature. From this spread sheet I then design and draw the details of the connection in
plan (Figure 5.8) and the side view of the ridge cable RC - 2. The other cable connections

are very similar. Much of the cost is in the costume details. So the more repetitive, the

better.

4.2 Fortran Program
A Fortran program was written (Appendix E) using the formula for the cross product for
a matrix. I multiplied two times the summation of the cross product for each elements to

calculate the surface area. This is required to get the quoting price on the fabric quantity.



CHAPTER 5

FIGURES

Figure 5.1: Side Elevation
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Figure 5.2: Plan
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Figure 5.3: Front Elevation
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Figure 5.4: Computer Model, Orthogonal Grid =
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Figure 5.5: Computer Model, Radial Grid
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Figure 5.6: 3D Shape, Elevation
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: From 2D to 3D

Figure 5.7
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Figure 5.8: Detail Plan for Node #2 ~
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Figure 5.9: Detail Elevation for Node #2
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Figure 5.10: Member Map at Node #2




CHAPER 6

TABLES

Table 6.1: Variable Restrictions on Nodes

Maximum and minimum cable forces (Ibs.), when X and Y movement are
restricted versus when free in all directions.

Cables Members Only Z free X, Y, and Z free
max min max min

RC2 1-7 -8422 -2958 -8132 -3462
RC3 8-17 -6657 -450 -6109 -1021
RC4 18-28 -33964 -7231 -28486 -16402
RC5 29 -36 -49482 -23832 -45223 -28307
RC6 37-73 -14031 -3025 -14009 -3170
RC1 44 - 57 -55659 -2690 -40810 -15948
RC7 58 - 64 -10797 -2426 -10583 -2506
RC8 65-70 -32385 -8211 27199 -16476
RC9 71-77 -4125 -23 -3271 -270
RC10 78 - 85 -3952 -408 -3156 -680
EC7 86-91 -16107 -3031 -12330 -8276
EC8 92 - 97 -24846 -1324 -16114 -10907
EC9 98 - 108 -32563 -5911 -26016 -15093
EC2 109 - 128 -38287 -3810 -30169 -17068
EC3 129 - 140 -37201 -344 -28984 -16944
EC4 141 - 149 -33325 -463 -18783 -15154
EC5 150-159 -25362 -1342 -17736 -14616
EC1 160 - 166 -33889 -084 -19721 -16859
EC6 167 - 174 -36057 -3331 -20221 -16702
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Table 6.2: Differential Forces

Difference in axial forces in first trial run at shape through the fourth for x, y,
and z free to translate.

Cables Members 1st Trial Run 2nd Trial Run 3rd Trial Run 4th Trial Run
max min max min max min max min

RC2 1-7 -8133 -3462 -6911 -3946 -6928 -4591 -6930 -4592
RC3 8-17 -6109 -1022 -6868 -2159 -7108 -2424 -7111 -2426
RC4 18 -28 -28486 -16402 -23825 -15394 -24277 -15853 -24273 -15861
RC5 29-36 -45244 -28307 -33768 -22897 -33629 -23568 -33632 -23572
RC6 37-73 -14009 -3171 -18624 -6484 -19725 -7109 -19715 -7095
RC1 44 - 57 -40810 -15948 -29257 -12299 -29834 -12286 -29834 -12286
RC7 58 - 64 -10583 -2507 -13218 -4900 -14494 -6037 -14495 -6039
RCS8 65-70 -27200 -16476 -20513 -12073 -19804 -11654 -19801 -11681
RC9 71-77 -3272 271 -3062 -327 -2991 -451 -2992 -451
RC10 78 - 85 -3156 -680 -2772 -63 -2503 -231 -2504 -233
EC7 86 - 91 -12331 -8276 -11719 -7474 -11999 -7662 -11987 -7662
ECS8 92 -97 -16114 -10907 -12401 -8078 -12284 -8002 -12285 -8006
EC9 98 - 108 -26017 -15093 -19697 -13121 -19236 -12849 -19236 -12850
EC2 109 - 128 -30169 -17068 -23488 -14797 -23214 -14944 -23214 -14944
EC3 129 - 140 -28984 -16945 -24013 -15239 -23682 -15148 -23684 -15149
EC4 141 - 149 -18793 -15155 -17740 -14074 -17842 -14205 -17843 -14205
EC5 150 - 159 -17737 -14616 -16010 -13339 -16086 -13458 -16087 -13457
EC1 160 - 166 -19722 -16859 -17481 -14928 -17917 ~-15269 -17918 -15272
ECo 167 - 174 -20221 -16702 -15563 -12469 -15602 -12414 -15601 -12416
Cable Net  (Initially 3000) -6640 -2098 -4126 -1883 -3806 -2080 -3810 -2131
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Table 6.3: Differential Forces per Trial Run

You can see the convergence of cables and the cable net.

Difference from max to min for each run (Ib)

Cables Differnce from max and min from trial run to trial run (Ibs)
Ist to 2nd 2nd to 3rd 3rd to 4th
max min max min max min Ist 2nd 3rd 4th

RC2 1221 -484 -17 -645 -1 0 4670 2965 2337 2338
RC3 -759 -1137 -240 -268 -3 -2 5088 4709 4684 4685
RC4 4661 1008 -452 -458 3 -8 12084 8431 8424 8412
RC5 -11455 5710 139 -671 -3 -4 16916 10871 10061 10060
RC6 -4615 -3313 -1101 -625 10 14 10838 12140 12616 12620
RCl 10854 3649 123 13 0 1 24862 17657 17547 17548
RC7 2635 -2393 1276 -1137 -1 -2 8076 8318 8457 8457
RC8 6686 4403 710 419 3 -26 10723 8440 8149 7120
RC9 210 -56 71 -124 -1 0 3001 2735 2540 2541
RC10 384 617 269 -167 -1 -3 2176 1709 2272 2271
EC7 612 802 -280 -188 12 0 4054 4245 4337 4325
EC8 3713 2830 117 75 0 -4 5207 4323 4282 4279
EC9 6320 1972 460 272 0 -1 10923 655 6387 6386
EC2 3381 2271 274 -147 0 0 13101 8691 8270 8270
EC3 4972 1705 331 91 -2 -1 12040 8773 8533 8235
EC4 1044 1080 -103 -131 -1 0 3629 3665 3637 3638
ECS 1727 1277 -76 -119 -2 1 3121 2671 2627 2630
EC1 2240 1931 -435 -341 2 -3 2819 2553 2648 2547
EC6 4659 4233 -39 55 1 -2 3519 3093 3187 3185
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Table 6.4: Cable Diameter Sizing after Shapefinding

The maximum force along each cable is used to tabulate the required diameter
as per the AISI Manual (Table 6).

Cables Force (1b) Diameter Area
(per Table 6) {per Table 6)
EC1 -17917 9/16 0.190
EC2 -23213 5/8 0.234
EC3 -23681 11/16 0.284
EC4 -17842 9/16 0.190
ECS -16085 9/16 0.190
EC6 -17300 9/16 0.190
EC7 -9979 1/2 0.150
ECS8 -12056 172 0.150
EC9 -19236 5/8 0.234
RC1 -20833 3/4 0.338
RC2 -6928 172 0.150
RC3 -1708 12 0.150
RC4 -24276 11/16 0.284
RCS -33629 13/16 0.396
RC6 -23568 5/8 0.234
RC7 -17049 9/16 0.190
RC8 -19803 11/16 0.284
RC9 -11654 172 0.150
RC10 -2503 1/2 0.150

These areas will be used for the loaded run and the size will be bumped up as
required for the worst load case.



