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Table 10 Case 3-Roark & Young Handbook
Axizl Compressive Load and
Concentrated Intermediate Moment p.167
'CASE Ze End Restraints Reference Number
Material Number (See Material Table)
fy Generate plots ? ‘neno (Default=ves)
in Length of beam
in Momeni distance from left end
Ibf~in Homant
ibt Axial Compressive Load
1450386.4 1bht CRITICAL Compressive Load
P Caution Message
LO0584853
pel Young's Modulus
in"4 Area moment of inertia
in Heutral axis to stress peint
AT SECTION:
in Distance from left end
=2062.122 1bf Transverse shear

=32112.04 1bf-in Banding moment
0006028 rad Slope
0180849 in Deflscticn
Stress: (Axial Load Comp NOT Included)

=11%31.41 psi Fiker strese at stress point z
: sl Max Fiber stress at extremibty vy
N AT LEFT END:
~2954,497 1b¥ Vertical reaction
O lof-in Bending moment
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This spreadshest calculates the load carried by the individual bolts in a group. The bolt locations
are described using x and v coordinates relative to the point of load appiloation, i.e. loads Px and Py
are applied at coordinate (8,0).

Px MNboits 4 Px, Py = x & y load componanis
Py xbar -7.125 M=resuliant moment al bolt patiem centroid
M ~-45068 ybar «20.5 zbar, ybar = centroid coordinates
%, v = boll iceation coordinales
reradius o bolt from centroid
Rrm=shear af bolt due to moment M
Bolt Diameter 4628 i, rym = x & y components of Rim
Mo. of Shear Planes 1 rE Y = X & y components of Rm + Px+ Py
Max Bolt Shear Stress §188 y=ghear resuftani st bolt dustom & 1y
r r R m ryrm i v 2
20778 431.881  -580 -840 -23% -840 1820 (83g>
18004 361,185 -B40 -540) -i2 -840 -1853 1882
18.004 3681185  -540 £40 12 5410} 1570 1860
20778 431881 530 540 239 540 ~1342 1447
SUBJECT CFRICE: REVISION: REFERENCE NC,
Anchor Bolt Shears at Fixed PVE $53571
Supgort (instodiofion Load! MADEBY | CHKD | MADERY | CHKD BY
GO OTR M SHT OF
Hanford, WA ond Livingston, LA DATE DATE DATE DATE e i
or24/96 | 91437 AT
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BEAM TUBE MODULE
SPIRAL SEAM OFFSET TECHNICAL REVIEW
FEBRUARY 20, 1997
Revised April 14, 1997

Executive Summary

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 fechnical requirements include a limit on the spiral seam offset of 1/4
times the thickness of 1257 which is 1/327. 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 1/327. The areas of offset
greater than 1/32” have been documented as they were discovered in Non Confomnanw 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 technical requiremenis are a bmit of 3/327 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.

Technica! Beanirements

CBI Specification C-B1-CO

The technical requirements for the beam tube sections are contained in CBI Specification C-BT-
CO entitied “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:

FASME Unfired Pressure Vessel Code, Section VIL Division 1, 1992 Edition, 1993
Addenda as applicable. (Code stamping is not required.)”

Section UW of ASME Section VI, Division 1 is entitled "Reguirements for P“—“‘su ¢ Vessels
Fabricated bv Weidém” Table UW-33 recuires a maximum seam offset of ¢4 for shell
thicknesses less than /27

Specification C-BT-CO, section & contains the requirements for fabrication of the spiral tube
sections. Section 6.1 containg the requirements for welding. Paragraph 6.1.6 states:

“Hdge registry for spiral welds must be within 1/4 of the thickness which 1s 1/32 inch.”

Busis of the ASME Seam Mismatch Reguiremenis

T Tty

The offset values in ASME table UW-33 are based on past experience of achisvable fabrication

for pressure ve ssels fabricated by conventional methods. These offset requirements are not

directly tied to the design rules. During the initial design, CBI checked the interaction between
9-1
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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 cvlinders under external pressure and longitudinal stress. The rules are based on
tolerances described in section 10 of AP 2U. Although AP ZU does not specifically address
seam offset, the bulletin does provide recommendations for the local deviation from a straight
line. 'The allowable deviation from a straight longitudinal line over 4 times (RO is 1% of
4(?&)3’2. This results in an allowable deviation of .07” over a length of 77, Based on API 2U, the
allowable offset at any location in the beam tabe is 077

Development of the Welding Requirements

The specific requirement for weld registry of /4 in the specification was based on extensive tests
by CBI on the allowable edge mismatch using a standard Gas Tungsten Are Weld (GTAW)
process. The GTAW process is also know as the Tungsten Inert Gas {(TIG) process. Weld tests
with coupons performed by CBI and spiral welds made by tube fabricators demonstrated that
offsets greater than approximately /4 could not be successfully welded with the standard GTAW
process.  These offsets produced large holes and areas with a lack of fusion when a standard
GTAW process was used. Tests conducted during the original design contract and gualification
test also idenmiified the fact that the standard GTAW process did not provide sufficient penetration
mto the matenal to ensure 100% fusion at all locations. To solve the problems associated with
the lack of penetration, CBl investigated the use of high frequency puised GTAW process with
tests performed in Plaintield prior to the Design Review for the cumrent contract.. This weld
process produces a deep and narrow weld penetration which not only provides 100% penetration
and allows greater weld speeds, but also allows greater offset in the edge regisiry without
producing the problems associated with the standard GTAW process. Caltech approved the
change in the spiral weld procedure from the previously approved standard GTAW process to the
new high frequency GTAW process.

To date, approximately 200 tbe 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 kst and the axial stress i3 1.5 ksi plus additional longitudinal stress due to dead load bending
moments. All sections tested o date have been entirely leak free including those tube sections
with spiral seam offsets greater than 1/327.

Descrintion of Seam Oifepr

All beam tube sections are mnspected after welding to ensure dimensional conformance to the
technical requirements. Seam offsets greater than /327 have been measured and documented in
Non Conformance Reports submitted to Caltech. The seam offset configurations and locations
are preserited in the attached "Summary of Tubes With Joint Offset”. Twelve beam tube sections
contain one or mere areas of seam offset greater than /327, The total number of offset locations
in all twelve tubes is 38, The total length of all offset locations is 741.57 for an average length of
19357 The mean length is 11 inches. The longest continuous offset exceeding 1/327 15 1807 and

9.2
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the shortest offset such is 47, All of the offset areas are 217 long or less except for 3 areas. The
maximum offset at 28 locations is /167, The maximum offset at 9 locations is 3/32” and one
location has an offset of 1/87.

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 |
transition at the seam mismatch., A typical offset seam with a weld metal transition is shown in
the attached Non Conformance Report.

auses Leadine To Weld Joint Offses

{CBI has identified a number of items or conditions which are potentially respounsible for spiral

seam offsets greater than 1/327, These items are listed below,

1. Coil with deformed slit edge - Distorts area at weld joint marriage point making 1t very
difficult to control alignment and tube diameter.

2. Coil with edge that is not straight - Causes gap control to make excessive and repeated
movements distorting the weld joint marriage point.
3. Coil with excessive camber - Results in difficulty in controlling seaming rollers at weld joint

marriage point.

4, Ml spider pressure - Can potentially distort shape of the tube in the weld joint marriage

point.

Mill seaming roller adjustment - Improper adjustment can distort the area at the weld joint

mamage point.

6. Mill operator error - Can directly cause excessive misalignment in the weld joint marriage
point.

7. Welded Stop/Starts - Shrinkage distortion at an arga of 3 mill stop/start results in a non-
equilibrium condition when the mill is started. This has led to areas with weld joint offsets
greater than 1/327,

8. Welded coil splices - Shrinkage distortion at an area of a cail 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

I e ti

with weld joint offsets greater than /327,

Lr

Crlobal Analvsis of the Beam Tubs

The stresses in the beam tube were determined by 2 global analysis of the beam tube module.
The global analysis of the beam tube was performed in the onginal Design and Qualification
Test comract. The beam tube analysis was presented in CDRL #15, DRD #9, Item IV entitled
“Diesign Calculations and Analvses”™ dated Aprl 11, 1994, After award of the construction
viion, the original analysis was reviewed to ensure that the design basis was consistent with the
sroposed final configuration. A review of the analysis was presented in DRD #3, CDRL #10 &

4 entitled “Design Document Revisions - Design Calculations” dated March 12, 1996 and June
9.3
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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 settiement of the fixed support, and vacuum during the beam tube bake out. The
maximum allowable differential settlement is limited to keep the longitudinal beam fube stresses
under the ASME allowable longitudinal stress of 5.9 ksi.

Stresses Due to Bake Owut

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 10,062 pounds per inch. The maximum actual spring rate measured to date 15 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 1.7 kst Based on the current maximum spring rate, the maximum
longttudinal stress due to bake out is 1.0 ksi.

Stresses Due to Beam Dead Load

The dead load of the stiffened beam tube is 75 pounds per foot. The design dead load 1s
pounds per foot to melude the msulaton dead load. The dead load results in normal bea
bending stresses in the beam tube. The beam bending stresses were determined by finite elemem
anaiysis in the original design. The fintte element analyvsis modeled the continuous beam tube on
fixed and guided supports with expansion joints at the guided supports. The shear, morments,
and deflections of the beam tube due to the dead load are shown in sketch #1. As shown in the
sketch, the maximum moment exists at the fixed support. The maximum longitudinal stress due
io dead load bending 15 2.2 ks1.

91

Stresses Due 1o Differential Settiemen
Differential settiement also produces bending stresses in the beam tube. Although not shown on
the sketch, the effects of differential settlement are limited to the sections immediately next to the
settlement location due to the rotational flexibility of the expansion joints. i}if‘feremial
settiement of the fixed support produces the greatest bending moments in the beam tube. T
shear loads, bending moments, and deflections of the beam tube due to differential seﬁie‘nem of
the fixed support are shown in sketch #2. The shear loads, moments, and deflections associate
with the combined dead load and differential settiement of the fixed support are shown i 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 Gfi,"};*‘s&? design,
differential settlement of the fixed support of 367 produces a longitudinal bending stress of 2.0
ksi.
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Stresses Due to Vacuum Conditions

Vacuum in the beam tubs 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 aiso produces slight longitudinal tensile stresses in the beam tube.
The circumferential compressive stress in the beam tube due to vacuum is 2.9 ksi.

Fipite Vlement Analvsis of the Seam Oifset

Arnalysis Description and Resulis

A finite element analysis of a beam tube section with a 3/327 offset has been performed and
compared to the analysis of an idealized beam tube section. The offset model consists of a
section of beam fube between stiffeners with a 3/327 offset around the full circumference at the
midpoint between the stiffencrs. The idealized modal consists of half of a section of beam mbe
between stiffeners which is perfectly cylindrical. The analysis includes elastic-plastic material
vehavior and geormetric non-linearity. Both models use a non linear approximate stress strain
curve for AZ40 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 uniform around the circumference, The analvsis report 1s provided in
appendiz 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 entive circumference, The maximum load capacity of
the deaiized model and the offset model with a 14.7 psi external pressure are given below. The
axial displacement over the 307 stiffener spacing and the maximum radial displacement due to
the maximum axial load are also provided below.

"Jifm Axaal Load Acaal Displacement Radial Displacement
Idealized Model: 374.0 kips (5487 01737
Offset Model: 230.4 kips 01707 L1657
These maximum loads are factors of 3.286 and 2.024 over the equivalent allowable design load

for the idealized model and offset moch respectively.

Discussion of Analysis Results

In general, 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 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 imperfections. Plasticity reduction factors account for non linearity in
material properties. The analvsis 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 predicied buckling stress of an actual tube section is less than the maximum stress in

8.5
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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”7 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 determined the reduction factor associated with a
3/327 offset compared to an idealized perfect cvlinder. For analysis, the 3/327 offset exists
around the full circumference of a tube section at the mid point between circumferential vacuum
stiffeners. The maximum axial compressive stress was 61.6% of the maximum axial compressive
stress of the wdealized perfeet eylinder.

Fabricated structures can not reach the stress levels of idealized shapes due to geometric
imperfections and non linear material behavior. API Bulletin 2U contains formulas for the
predicted buckling stresses of cylindrical shells inclunding 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 15 12.3 ksi without superimposing the external pressure. The finite element analysis of the
3/327 offset predicted a longitudinal buckling stress of 2.024 times 5.9 ksi times or 11.9 kst with
the presence of an external pressure. This indicates that an offset of 3/327 around the entire
circumference causes less of a reduction in the predicted longitndinal buckling stress that of the
general shell imperfections allowed by bulletin 21

Implementation of Analysis Results

The spiral seam offset will be limited to 3/327 in all areas. The longitudinal distance from any
offset oreater than 1/327 1o a civcumiferential stiffener will not be greater than 7.57. When offset
areas_exist at a distance greater than 757 from a circumferential stiffener. an additional
circumferential Stiﬁermr u% be attac?”zf;d at _the midpoint between normal c¢ircumferential
stz;fene bgt y 2 sye-siress——Based-en-the-global-analvsis—the
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Factors of Safety

As noted earlier, the design of sheil structures involves the determination of predicted buckling
stresses in the structure and the application of safety factors fo the predicted buckling stresses to
ensure stability. The original design determined the predicted longitudinal and circumfereniial
compressive stresses and checked the interaction of the stresses per API 2U.  API 2U
recommends a {actor of safety of 1.5 for the combined stresses. The factor of safety on the
original design per AP 2U was 1.35. However, the actual factors of safety of the beam tbe
modules 18 in fact much greater due to the nature of the beam tube loading and the offset
configuraiion as described below,

Neagure of Beam Tube Loading

The circumferential compressive stresses in the beam tube are due fo vacuum conditions and can
not exceed the current design values. The longitudinal stresses are due primarily to beam
bending momenis. Beam bending stresses could exceed the current design values if differential
seftlements exceed the current limits, However, the predicted bending stresses were determined
hased on linear clastic behavior, In the bearn tube module, the bending stresses will be less than
the predicted stresses due to the non linear properties of the material.  Greater differential
settlemeants will be accompanied by proportionally lower bending stresses,  Differential
settlements of over 27 would be reguired fo reach the maximum compressive stress in the shell
along the bottom of the shell. In addition, the bending capacity of the beam tube would continue
to merease long after the maximum compressive stress was reached a the bottom of the tube.

Offvei Configuration

The offsets in the beam tubes are along the spiral seam. The spiral seam makes an angle with the
circurnference of 97 and 13.5° for 247 wide and 367 wide coil material, respectively. The
maximum axial compressive stress capability of a section containing a spiral offset is

significantly higher than that of a section with a full circumferential offser.

3
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