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!MOMENT OF INERTIA CALCULATION 

2 
3 
4 
5 
6 
7 
8 

I 9 

x 

T 
vi ,! 

Previous 
.Area 

2 
3 
4 
5 
6 
7 
8 
9 

b 

J< 
d3 

d2 b2 

dl 

r= 
d Theta 

0 0 
4,5 0.125 
0.5 4 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

b3 
~ 

J 
3 

a h 

0 0.000 0.000 
0 0.000 0.125 
0 0.125 4.125 

0 4.125 4.125 
0 4.125 4.125 
0 4.125 4.125 
0 4.125 4.125 
0 4.125 4.125 
0 4.125 4.125 
0 4.125 4.125 

f TOTAL AREA= 

lroTAL DEPTH = 
jCENTROID (Y) 
ICI = Y = 

= SUM(AY)/SUM(AREA) = 

C2 =· DEPTH ·· Ybar = 

1 litotoi)= [SUM(AYA2)+SUM(lo)]-(AREA) (Y)·~2 = 
ISxl =I/Cl = 
1sx2 = l/C2 = 
I Radius of gyration (r) = (I/ A)A 1 /2= 

I 
fsuSJEcr 

I 
Fixed Support Axial Braoket w I Shell 
L!GO 

b4 

t 
~_J_ 

h4 

a4 

AREA y 

0.000 0.000 
0.563 0.063 
2.000 2.125 
0.000 4.125 
0.000 4.125 
0.000 4.125 
0.000 4.125 
0.000 4.125 
0.000 4.125 

0.000 4.125 

2.563 inA2 

4.125 in 
1.672 in 
1.672 in 
2.453 in. 

2.71 in.A3 
1.85 in.A3 

1.330 in. 

AY 

0.00 
0.04 
4.25 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

4.29 

INERTIA4.XLS. Rev 41 
Pg l of 1 

x 

AY·~2 lo 

0.0 0.00 
0.0 0.00 
9.0 2.67 
0.0 0.00 
0.0 0.00 
0.0 0.00 
0.0 0.00 
0.0 0.00 
0.0 0.00 
0.0 0.00 

11.7 

I 
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VARIABLE SHEET 
St Input~~ Name--- Output~- Unit-~~ 

29.8 
18.55 
88044 
12650 

2.9E7 
4.5 
1.672 

10.8 

case 
matnum 
matl 
plot 
L 
a 
MO 
l' 
Per 
err 
k 
E 
I 
z 

" v 
M 
theta 
y 

st 
sty 

AA 
MA 
thetaA 
yA 

RB 
MB 
thetas 
yB 

'CASE 3e -

'Y 
in 
in 
lbf-in 
lbf 

1450366.4 lbf 

~00984555 
psi 
in~4 

in 

in 
-2962 .122 lbf 
-32112. 04 lbf-in 
.0006028 rad 
.0160849 in 

-11931.41 psi 
psi 

-2954.497 lbf 
0 lbf-in 
.0019329 rad 
0 in 

2954.497 lbf 
0 lbf-in 
-~0005559 rad 
0 in 

Comment.~~~~~~~~--~~~~~~--~~~ 

Both simple support 
Table 10 Case 3-Roark & Young Handbook 
Axial Compressive Load and 
Concentrated Intermediate Moment p.167 
End Restraints Reference Number 
Material Number (See Material Table) 

Generate plots ? 1 n=no (Default=yes) 
.Length of beam 
Moment distance from left end 
Moment 
Axial Compressive Load 
CRITICAL Compressive Load 
Caution I>fessage 

Young 1 s Modulus 
Area moment of inertia 
Neutral axis to stress point 
AT SECTION: 
Distance from left 
Transverse shear 
Bending moment 
Slope 
Deflection 

end 

Stress: (Axial Load Comp NOT Included) 
Fiber stress at stress point z 
l.fa:x: Fiber stress at extremity ':l 

A'l' LEFT END: 
Vertical reaction 
Bending mo:ment 
Slope 
Deflection 

AT RIGHT END' 
Vertical reaction 
Bending moment 
Slope 
Deflection 
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I This spreadsheet calculates the load carried by the individual bolts in a group. The bolt locations 
are described using x and y coordinates relative to the point of load application, i.e. loads Px and Py 
are applied at coordinate (0,0). 

Px 
Py 
M 

Bolt Diameter 
No. of Shear Planes 
Max Bolt Shear Stress 

r 
20.776 
19.004 
HUl04 
20.776 

~-ui.JEci______ . 

I ,A,nchor B<.)lt Shears at_ Fixed 
, Support (lnstal!ailon Load) 

uc;o 

Nbolts 4 
xbar -7.125 
ybar -20.5 

0.825 
1 

8188 

r2 
431.681 
361.165 
361.165 
431.861 

Rm 
-590 
-540 
-540 
-590 

l Hanford, \/\/A and Uvlngston, LA 

rxm 
-540 
-540 
540 
54() 

Px, Py = x & y load components 
M=resultant moment al bolt pattern centroid 
xbar, ybar = centroid coordinates 
x, y = boll location coordinates 
r-radius io bolt from centroid 
Rm=shear at bolt due to moment M 
rxm,rym = x & y components of Rm 
rx,ry = x & y components of Rm + Px + Py 
v=shear resultant at bolt due to rx & ry 

rym rx ry 
-239 -540 -1820 
-12 -540 -1593 1682 
12 540 -1570 1660 

239 540 -1342 1447 
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Executive Summarv 

BEAM TUBE MODULE 
SPIRAL SEAM OFFSET TECHNICAL REVIEW 

FEBRUARY 20, 1997 
Revised April 14, 1997 

To date, CBI has fabricated over 223 spiral tube sections on the tube mill at CBI' s fabrication 
facility, These 223 beam tube sections contain approximately 12 miles of spiral butt weld, The 
beam tube technical requirements were established in the original Design and Qualification 
Contract The current technical requirements include a limit on the spiral seam offset of l/4 
times the thickness of ,i25'' which is l/32", The seam offset is the distance between the 
centerlines of two plates meeting at a butt welded joint. Out of the 223 tube sections produced, 
12 tubes contain areas of the spiral weld where the mismatch exceeds 1/32". The areas of offset 
greater than 1/32" have been documented as they were discovered in Non Confonnance Reports. 
This report describes the offset configuration, causes for the offset, the impact of the offset on the 
structural integrity of the modules, and proposed revised technical requirements for spiral seam 
offset. The proposed revised tech11ica! requirements are a limit of 3/32" for offsets at the 
locations of highest stress and a limit of 1/8" for offsets in all areas outside of the highest 
stressed areas. 

CBI Specification C-BT-CO 
The technical requirements for the beam tube sections are contained in CB! Specification C-BT
CO entitled "LIGO Beam Tube Sections - Construction Option". Although the specification was 
developed by CBI in the Design and Qualification Test contract for procurement of tube sections 
fabricated by an outside vendor, the scope of the specification is to provide technical 
requirements for the spiral welded tube sections. Based on the code guidelines specified by 
Caltech for the original design, the list of applicable codes in this specification includes: 

"ASME Unfired Pressure Vessel Code, Section VllL Division 1, 1992 Edition,. 1993 
Addenda as applicable. (Code stamping is not required.)" 

Section U\V of ASME Section VIII, Division l is entiiied "Requirements for Pressure Vessels 
Fabricated by Welding". Table UW-33 requires a maximum seam offset of t/4 for shell 
thick~nesses than 

Specification C-BT-CO, section 6 contains the requirements for fabrication of the spiral tube 
sections. Section 6. 1 contains the requiren1ents for \Velding. Paragraph 6.1.6 states: 

'"E~dge registry for spiral \Velds n1u.st be \Vitl1in 1/4 of the thick11ess ,,vhich is 1/32 inch.'~ 

l:.Jasis of the .4"')AfE .'Seam Jvlisn1atch l?.equiren·1entv 
The offset values A.SME table UW-33 are based on past experience of achievable fabrication 
for pressure vessels fabricated co11ventional n1ethods. TI1ese offset reql1irerr1ents are not 
directly to design rules. During the initial design_, CBI checked the interaction betvveen 
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longitudinal compressive stresses and circumferential compressive stresses per AP! Bulletin 2U 
entitled "Bulletin on Stability Design of Cylindrical Shells", This bulletin includes design rules 
for stiffened cylinders under external pressure and longitudinal stress, The rules are based on 
tolerances described in section l 0 of AP! 2U, Although AP! 2U does not specifically address 
seam offset, the bulletin does provide reconunendations for the local deviation from a straight 
line, The allowable deviation from a straight longitudinal line over 4 times (Rt) 112 is 1 % of 
4(Rt)112

, This results in an allowable deviation of ,07" over a length of 7", Based on AP! 2U, the 
allowable offset at any location in the beam tube is ,07", 

Development of the Welding Requirements 
The specific requirement for weld registry of t/4 in the specification was based on extensive tests 
by CB! on the allowable edge mismatch using a standard Gas Tungsten Arc Weld (GTA W) 
process, The GTA W process is also know as the Tungsten Inert Gas (T!G) process, Weld tests 
with coupons performed by CB! and spiral welds made by tube fabricators demonstrated that 
offsets greater than approximately t/4 could not be successfully welded with the standard GTA W 
process, These offsets produced large holes and areas with a lack of fusion when a standard 
GTA W process w-as used, Tests conducted during the original design contract and qualification 
test also identified the fact that the standard GT;\ W process did not provide sufficient penetration 
into the material to ensure 100% fusion at all locations, To solve the problems associated with 
the lack of penetration, CBI investigated the use of high frequency pulsed GTA W process with 
tests performed in Plainfield prior to the Design Review for the current contracL This weid 
process produces a deep and narrow weld penetration which not only provides l 00% penetration 
and allows greater weld speeds, but also allows greater offset in the edge registry without 
producing the proh!ems associated with the standard GT AW process, Caltech approved the 
change the spiral \veld procedure from the previously approved standard GT AW process to the 
new high frequency GTA process, 

To date, approximately 200 tube section have been leak tested, In addition to a leak check, the 
test imposes significant circumferential and axial stress in the tube, The circumferential stress is 
2, 9 ksi and the axial stress is LS ksi plus additional longitudinal. stress due to dead load bending 
moments, All sections tested to date have been entirely leak free including those tube sections 
with spiral seam offsets greater than 1/32'1

• 

Desuiptim:t of Seam Offset 

All be&"ll tube sections are inspected after welding to 
technical requirements. Seam offsets greater than, 

ensure dimensional conformance to the 
have been measured and documented in 

Non Conforn1ance Reports Sl1b1r1itted to Caltech. 'rhe seam offset configurations and locations 
are presented in the attached "Summary of Tubes With Joint Offset", Twelve beam tube sections 
contain one or more areas of searn offset greater than l/32", The total number of offset locations 
in all twelve tubes is 38, The total length of all. offset locations is for an average length of 
19 , The mean length is l l inches, The longest continuous offset exceeding 1 /32" is 180" and 
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the shortest offset such is 4". All of the offset areas are 21'" long or less except for 3 areas. The 
maximmn offset at 28 locations is 1116''. The maximum offset at 9 locations is 3/32" and one 
location has an offset of 118". 

Some tube sections which contain mismatches have been stiffened and leak tested. The severity 
of the discontinuity is reduced by adding weld metal to the seam mismatch to provide a 3 to l 
transition at the seam mismatch. A typical offset seam with a weld metal transition is shown in 
the attached Non Confonnance Report. 

CBI has identified a number of items or conditions which are potentially responsible for spiral 
seam offsets greater than 1/32". These items are listed below. 
l. Coil with deformed slit edge - Distorts area at weld joint marriage point n:rnking it very 

difficult to control align_rnent and tube diameter. 
2. Coil with edge that is not straight - Causes gap control to make excessive and repeated 

n10\'ements distorting the weld joint marriage point. 
3. Coil with excessive camber - Results in difficulty in controlling seaming rollers at weld joint 

m!:miage point. 
4. Mill spider pressure - Can potentially distort shape of the tube in the weld joint marriage 

point. 
5, Mill seaming roiler adjustment - Improper adjustment can distort the area at the weld joint 

11-ian:iage point. 
6. Mill operator error - Can directly· cause excessive misaligrtl11ent in the v.reld joint ma1Tiage 

point. 
7. Welded Stop/Starts - Shrinkage distortion at an area of a miH stop/srnrt results in a non-

equilibrium condition when the mill is started. This bas led to areas weld joint offsets 
greater than 1/32~'. 

8, Welded coil splices - Shrinkage distortion at an area of a coil splice may cause a variation in 
the fairing of the coil and tube edges at the weld joint marriage point. This has led to areas 
with weld joint offsets greater t.han 1/32", 

Global Analysis of the Beam Tube 

The stresses in the beam tube were deterrnined by a global analysis of the beam tube module. 
global analysis of the beam tube \Vas perfOrn1ed in the original Design and Qualification 

Test contract. The beam tube analysis \Vas presented in CDRL #]5, DRD #9, Item entitled 
"Design Calculations and Analyses" dated April 11, 1994. After award of the construction 
option.7 tl1e original analysis v,,ras revie\ved to er1sure that the design basis \:vas consistent \Vitl1 the 
proposed final configuration, A. review of the analysis was presented in DRD CDRL #10 & 

e11titled ··oesign Docun1ent Re'visions - Design Calculations~' dated Iv1arch 12, 1996 and June 
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28, 1996. The stresses in the current configuration are less than those predicted by the original 
design. 

The governing load condition for the beam tube is the combination of the beam tube dead load, 
differential settlement of the fixed support, and vacuum during the beam tube bake out The 
maximum allowable differential settlement is limited to keep the longitudinal beam tube stresses 
under the ASME allowable longitudinal stress of 5.9 ksi. 

Stresses Due to Bake Out 
Bake out of the beam tube causes compression of the expansion joints due to thermal expansion 
of the beam tube. This results in a direct compressive load on the beam tube accompanied by 
relatively small moments at the fixed support due to load eccentricity. The original axial load 
due to expansion joint compression was based on an estimated maximum expansion joint spring 
rate of l0,062 pounds per inch. The maximum actual spring rate measured to date is 5,301 
pounds per inch. As such, axial load in the beam is approximately 15,000 pounds less than the 
value used for design. Based on the original design spring rate, the maximum longitudinal stress 
due to bake out was L7 ksi. Based on the current maximum spring rate, the maximum 
longitudinal stress due to bake out is 1.0 ksi. 

Stresses Due to Beam Dead Load 
The dead load of the stiffoned beam tube is 75 pounds per foot The design dead load is 91 
pounds per foot to include the insulation dead load. The dead load results in normal beam 
bending stresses in the beam tube. The beam bending stresses were determined by finite element 
analysis in the original design. The finite element analysis modeled the continuous beam tube on 
fixed and guided supports with expansion joints at the guided supports. The shear, moments, 
and deflections of the beam tube due to the dead load are shown in sketch # l. As shown the 
sketch, the n1aximun1 inon1ent exists at the fixed support. 'The rnaximtuT1 longitudinal stress d·ue 
to dead load bending is ksi. 

,_,';"'tresses Due to Differenff(Jl Settlen1ent 

Differential settien1ent also produces bendir1g stresses in the bearn tube. .Althougl1 not sb.o\•.rn on 
the sketch, the effects of differential settlement are limited to the sections immediately next to the 
settlement iocation due to the rotational flexibility of the expansion joints. Differential 
settlement of the fixed support produces the greatest bending moments in the beam tube. 
shear loads, bending moments, and deflections of the beam tube due to differential settlement of 
the fixed support are s110\:v-n i-11 sketch The shear 1oads~ mo111ents, and deflections associated 
with the combined dead load and differential settlement of the fixed support are shown in sketch 
#3. The dead load plus upward differential settlement of any fixed support between guided 
supports produces the greatest bending moments in the beam tube. Based on the original design, 
differential settlement of the fixed support of .56" produces a longitudinal bending stress of 2.0 
ksi. 
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Stresses Due to Vacuum Conditions 
Vacuum in the beam tube causes an external pressure on the beam tube resulting in compressive 
circumferential stresses. In addition, due to the expansion joint configuration, the external 
pressure at the expansion joint also produces slight longitudinal tensile stresses in the beam tube. 
The circumferential compressive stress in the beam tube due to vacuum is 2. 9 ksi. 

Finite Element Analvsis of the Seam Offset 

Analysis Description and Results 
A finite element arialysis of a beam tube section with a 3/32" offset has been performed and 
compared to the analysis of an idealized beam tube section. The offset model consists of a 
section of beam tube between stiffeners with a 3/32" offset around the full circumference at the 
midpoint between the stiffeners. The idealized model consists of half of a section of beam tube 
between stiffeners which is perfectly cylindrical. The analysis includes elastic-plastic material 
behavior and geometric non-linearity. Both models use a non linear approximate stress strain 
curve for A240 type 304L stainless steel at 300 °.F. Both models are subjected to a constant 
external pressure of 14.7 psi while the axial load is increased from zero to the maximum 
capacity. The axial load is unifonn rcround the circumterence. The analysis report is provided in 
appendix A.. 

As noted earlier, the ASME allowable longitudinal stress is 5.9 ksi. An axial load of 113.8 kips 
is required to induce this stress around the entire circumference. The maximum load capacity of 
the idealized model an_d the offset model vvith a 14.7 psi external pressure are given belov<ir. The 
axial displacement over the 30'" stiffener spacing and the maximum radial displacement due to 
the maximum axial load are also provided below. 

Idealized Model: 
Offset Model: 

Max Axial Load 
374.0 kips 
230.4 kips 

Axial Displacement 
.0548" 
.0170" 

Radial Displacement 
.0173"' 
.0165" 

maximum loads are factors of 3.286 and 2.024 over the equivalent allowable design load 
for the idealized model and offset modeL respectively. 

Discussion O)r .. 4-na("v·sis Resulrs 
In general, the design of shell strnctures involves the determination of predicted buckling stresses 
in the structure and the application of safety factors to the predicted buckling stresses to ensure 
stability. The predicted buckling stresses are based on classical linear theory for idealized shapes 
reduced by capacity reduction factors and plasticity reduction factors. Capacity reduction factors 
account for the effects of imperfoctions. Plasticity reduction factors account for non linearity 
material properties. The analysis contains non linear material properties for both the idealized 
model and the offset model. The idealized model does not contain any imperfections and as 
such, the predicted buckling stress of an actual tube section is less than the maximum stress 
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the idealized model. The analysis of the offset model determines the axial load capacity 
reduction associated with the seam offset of 3/32" over the entire circumference. The analysis 
predicts that the seam offset will cause a 38.4% reduction in the maximum axial stress of an 
idealized cylinder. 

As stated above. the finite element analysis detem1ined the reduction factor associated with a 
3/32" offset compared to an idealized perfect cylinder. For analysis, the 3/32'' offset exists 
around the full circumference of a tube section at the mid point between circumferential vacuum 
stiffeners. The maximum axial compressive stress was 6 l.6% of the maximum axial compressive 
stress of the idealized perfeci cylinder. 

Fabricated structures can nor reach the stress levels of idealized shapes due to geometric 
imperfections and non li.r1ear material behavior. API Bulletin 2U contains formulas for the 
predicted buckling stresses of cylindrical shells inciuding the capacity reduction factors for 
geometric imperfections and plasticity reduction factors for non linear material properties. The 
predicted inelastic longitudinal buckling stress for the beam tube modules per API 2U, formula 
4 .. 7 is 12.3 ksi without superimposing the external pressure. The finite eiement analysis of the 
3/32" offset predicted a longitudinal buckling stress of2.024 times 5.9 ksi times or 11.9 ksi with 
the presence of an external pressure. This indicates that an offset of 3/32" around the entire 
circumference causes less of a reduction in the predicted longitudinal buckling stress that of Lh.e 
general sJJell imperfections allo\ved by bulletin 2lJ. 

Implementation of Analysis Results 

The spiral seam offset will be limited to 3/32"" in all areas. The longitudinal distance from anv 
QD;li£Lgreater than 1/32" to a circumferential stiffener will not be greater than 7.5". Wnen offset 
areas exist at a distance greater than 7S' from a circumferential stiffener. an additional 
~ferential stiffener will be attached at the midpoint betv;een nom1al circumferential 
stiffeners.tfte-areas of highest longitudinal compressiYe stress. Based-B1Hhe-gh:H3-al-analysis, the 
highect longitudinal compressive str~ in the~· of the foced support at 
the botlem of the beam tube. /Is shown in 'he global analysis, the longitHdinal stress decreases 
rapidly~~lljJport. +he maximum Bending moDJnt in the boo~ 
approximately 51.5 foot kips for all locations at 'east 8~ ~·mm the fixed support. "Thi:; 
moment producestr-iong'.tudinal compressi-~ss in the shell of2.6 ksL ;,vhich ·xhen combimd 
with the direct compressive~sS--'df...l..JJ ksL results in :1 mm:iumm comp~ of 3 .6 ksi. 
~· . r T, ... ' 11g··~ o• ""'""'" +'·~· ! he m·n1mum o ts0' ''"H he-±Fmtca to '-'- - · - ·· · ~- · - -- ·. Jj'' '-' .< ·"- -.,<., V,A Q "- " -' ~ ~ -& • 1' ' 

and in the bottom quadrant of tho .;kcumferci:cc. The bottom qm:dffin.l..~0 ancI 2"5°, 
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As noted earlier, the design of shell structures involves the determination of predicted buckling 
stresses in the structure and the application of safety factors to the predicted buckling stresses to 
ensure stability, The original design determined the predicted longitudinal and circumferential 
compressive stresses and checked the interaction of the stresses per AP! 2U. AP! 2U 
recommends a factor of safety of 1.5 for the combined stresses. The factor of safety on the 
original design per AP! 2U was L55. However, the actual factors of safety of the beam tube 
modules is in fact much greater due to the nature of the beam tube loading and the offset 
configuration as described below. 

Nature of Beam Tube Loading 
The circumferential compressive stresses in the beam tube are due to vacuum conditions and can 
not exceed the current design values. The longitudinal stresses are due primarily to beam 
bending moments. Beam bending stresses could exceed the current design values if differential 
settlements exceed the cmTent limits. However, the predicted bending stresses \Vere determined 
based on linear elastic behavior. In the beam tube module, the bending stresses will be less than 
the predicted stresses due to the non linear properties of the material. Greater differential 
settlements will be accompanied by proportionally lower bending stresses. Differential 
settlements of over 2" would be required to reach the maximum compressive stress in the sheli 
along the bottom of the shell. In addition, the bending capacity of the beam tube would continue 
to increase long after the maximum compressive stress was reached a the bottom of the tube. 

Off1·ei Configuration 
The offsets in the beam tubes are along the spiral seam. The spiral seam makes an angle with the 
circumference of 9° cmd 13.5° for 24" wide and 36" wide coil material, respectively. The 
n1aximum axial co1n1Jressive stress capability of a sectio11 containing a spiral offset is 
significantly higher than that of a section with a full circumferential offset. 
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