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1.3 GHz LCLS-II Cryomodule Transport Base Frame
and Lifting Lug Analysis

M.W. McGee
EN02070 - March 30, 2015, Updated November 19, 2015
(-Load Test)

This device is used to lift and transport a 1.3 GHz LCLS-II Cryomodule.

The lifting device is rated in accordance with ANSI/ASME Standards B30.20 2011,
Below-the-Hook Lifting Devices, Section 20-1, Structural and Mechanical Lifting
Devices, and also the Fermilab ES&H Manual Section 10110-Cranes, Hoists and Rigging,
and the Below-the-Hook Lifting Devices Safety Standard draft revision dated November
5,2012.

ANSI/ASME B30.20-2011 requires the following:

1. A rated load marking is to be visible on the device.

2. An identification name plate or other permanent marking shall display:

a. manufacturer’s name, in this case Fermilab

b. a serial number, in this case the Engineering Note No. EN02070, and the
drawing number F10038883.

c. the tare weight of the lifting device, in this case 9,500 Ibs.

d. the rated load, in this case 21,781 Ibs. (cryomodule and isolation fixture
weight) plus 9,500 Ibs. (tare weight of the base frame) plus 457 Ibs. (upper
truss) and 4,262 Ibs. (any additional loading) or 36,000 Ibs. total.

e. ASME BTH-1 Design Category, in this case Design Category A since use
of this fixture is limited in scope and the loads are well understood.

f. ASME BTH-1 Service Class, in this case Service Class “0” applies since
the number of cycles will be less than 20,000.

g. Attach product safety labels to fixture denoting cautions during use.

3. The design shall be able to withstand stress applied by the rated load based on the
allowable stress, given minimum values of the nominal design factor Ny, where N
=2.0.

4. The device must be load tested at 125% of the rated load.

5. Welding shall be in accordance with ANSI/AWS D14.1-2005.

Summary of load rating:

The highest stress with a simulated load of 1.3 GHz cryomodule attached to the
isolation fixture 21,781 Ibs. plus 457 1bs. (upper truss) plus 9,500 lbs. (tare weight of base
frame) plus 4,262 lbs. (any additional loading) the in the lifting lug was 5,485 psi, due to
longitudinal bending stress (in weak axis). The allowable stress is 22,500 psi.

Therefore, using conservative design factors higher than the minimum of 3, the load
rating is set at 36,000 Ibs. The test load is 45,000 Ibs.
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LCLS-Il 1.3 GHz Cryomodule Transport Frame and Lifting
Lug Analysis

Michael McGee (AD/MSD)
Eng. Note EN02070 March 30, 2015
Updated: November 19, 2015

INTRODUCTION

The safe transport of a LCLS-1l 1.3 GHz Cryomodule from either Fermilab or Jefferson Lab to SLAC
requires a base frame and isolation fixture (shown in Figure 1). Four lifting lugs exist on this frame
for use during overhead crane operation. These four lugs, welded to the base frame are rated for a
total weight of 36,000 lbs (estimated assembly load of 31,500 Ibs.). This report summaries the
analysis performed on the base frame, isolation fixture and lifting lugs to ensure that the stresses
are within the allowable levek according to the American Institue of Steel Construction (AISC)
Standards[1] and ASME Design of Below-the-Hook Lifting Devices [2]. The base frame and isolation
fixture's design details are given in drawing F10039188. Note that the lifting lugs are roughly
positioned at the vertical, longitudinal and transverse center of gravity for lifting stability. Three
seperate components are considered in this report; the base frame, the isolation fixture and upper
truss.

us

Aisle Side
(1C)

Figure 1: Layout of LCLS-Il Transport (FNAL drawing # F10039188).

Weights and parameters were taken from the document; "LCLS-Il 1.3 GHz Cryomodule Transport
System," Fermilab TeamCenter # ED0002675 [3].

Isolation System Assembly Wigo = 21105-1b

Number of Isolation (note that (38) possible locations exist) Nigo =32

Page 3 of 35



-1

Weight Per Isolator W._.. =W, N Wpe]r = 660-1b

per iso'"Viso
Total Weight (Cryomodule and Transport System) Wrg = 31500-1b
Rated Weight Wiated := 36000-1b
Multiframe Model

The base frame was considered in this 3D Multiframe model with pinned constrainats at each
of (4) lug position. The weight of the isolation fixture and assemblied cryomodule was divided into
(32) equal points and appied as 660 Ibs. Also, the isolation fixture was considered in the same
manner (pinned at points of connection with base frame). Multiframe also considers the self weight
of the base frame and isolation fixture. Beyond the expected weight of the cryomodule and the
transport components, an extra 4,500 Ibs. was added to the model in order to consider the
transport system for a rating of 36,000 lbs. This added weight for rating purposes is described in
Section "Lifting Configuration." Given this rating, the moment and shear diagrams from Multiframe
is provided in Figures 2 and 3, respectively. Also, shown in Figures 4 and 5, examples of the lower
load carrying 6" x 3" x 1/4" members along their lengths.

Multiframe 15 V8i Model Moments, Shear Forces and Displacements:

Aisle Side

i

Figure 2: Moment diagram for base frame based on Multiframe analysis.
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Aisle Side

Figure 5: Multiframe results for lower 6" x 3" x 1/4" member (back-side).
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Multiframe Base Frame Results

Table 1 provides the summary of lifting lug reactions taken from the MultiFrame results. The
worst case vertical loading from Table 1, Ry =97 16 Ibs. is used to evaluate the lifting lugs and slings.
Note if the loading were symmetric, then the value used would be 36,000 Ibs./(4 lugs) or 9,000 Ibs.
Table 2 gives a summary of the maximum loads reported by MultiFrame given the princple members
under stress.

Table 1: Summary of Lifting Lug Multiframe reactions.

Lug Location L R(bs) | RMbs) | R(bs)

-117 9,716 220
-15 8,759 240
32 8,079 303
101 9,455 206

Table 2: Summary of maximum loads of Multiframe structual member type and sizes.

| location | Member | M’(bssin) | _V.'(bs) | d'(in)
TS6”x3" x %" 67,718 1,149 0.062
TS 6” x3” x %” 25,615 1,014 0.042
TS8” x3” x 4" 22,140 565 0.026
TS3” x 3" x % 17,844 365 0.036

Table 3: Summary of maximum loads of Multiframe structual member type and sizes.

| location | Member | Detail(s) | M’ (lbs-in) | P/(lbs) | V. (ibs) |
TS6” x3” x %~ B&C 2,125.5 4,252 130
TS6”x3"x%”  D,G,L&P ' 7377 4,252 73

TS 6” x 3" X %" M,R&T 8,177 1,518 1,001
| wmidus RSV N,V&W . 4,608 5,122 340

TS 6” x 3" X %" U&Y 5,630 1,830 1,110

Lifting Configuration
Lifting slings (Mfgr, type, length and capacity of slings) are derated given the worst case

angle of 30 degrees. This derating considers the recommended minimum capacity of 10 ton per
connection by the angle factor (0.86) or 10 ton (0.86) = 8.6 ton.
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Figure 6: Lifting configuration for normal crane transport.

In the Multiframe model, the reactions given in Table 1 were found by applying self-weight of
the base frame and defining loads at the (32) isolators. The lugs were constrained. To consider
reactions at lugs given the lifting configuration shown in Figure 6, we must apply the estimated
vertical reaction from the Multiframe model to actual geometry (given the worst-case loading,
corresponding to a total system load rating of 36,000 Ibs).

Maximum Vertical Reaction per Lug (from Multiframe) Ry = 9716:1b
Maximum Transverse Reaction R, = Ry-sin(ZO-deg) R, =3323.0677-1b
Maximum Longitudinal Reaction R, := Ry-sin(60-deg) R, =8414x 103‘lb

Component Stress Analysis for Base Frame
Section 1: Vertical Bending Stress in Lug (strong axis) Dwg # F10044101 (TeamCenter)

Material: ASTM A-36 Steel

Minimum Yield Stress Fyp = 36000-Ib-in~ >
Design Factor (Design Category A) Ng=2

Modulus of Elasticity By = 29-10%Ibein 2
Lug (plate) Thickness ty == 1.5-in
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Depth of Lug (plate shown in Figure 7)
Distance Between Cross Sections Braced
Maximum Vertical Reaction (from Multiframe, Table 1)

Maximum Vertical Moment My = Ry'Lbl

4.75in

- 27500 -
= lin =

$15in

1¢in

Figure 7: Lug dimensions.

Moment of Inertia (rectangular) L1 = 12 1~t]-d13
Distance to outermost fiber ¢y = (10 - 2.5)-in

Bending Stress

Lyq:d 1.9-E
bl l=8.889< !

2 F
t yl

when

Allowable Bending Stress (ASME BTH-1-2011, p. 20 [2])

. 1.25-Fyy
bx1 =

Ng
Factor of Safety FS; = Fyl'fbxl_l

-1
fox1 = My'cl'lxxl

dy = 10-in
Lbl = 2-in

3
Ry=9.716>< 107-1b

M, = 1.943 x 10* 1b-in

e »
= Lin === 1500

5.2%in

. 4
Ixxl =125-in

c| = 7.5-in

~

g = 1166 10°-Ibein” °

= 1.531 x 103

4 1b
Fpx1 =2:25% 10 -—-—2—
in

FS; =30.877

The bending stress is 1,166 psi and beneath the allowable of 22,500 psi with a safety factor of

30.9 based on the yield.
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Section 2: Longitudinal Bending Stress in Lug (weak axis)
Material: ASTM A-36 Steel

Minimum Yield Stress

Design Factor (Design Category A)

Modulus of Elasticity

Lug (plate) Thickness

Depth of Lug (plate)

Distance Between Cross Sections Braced

Maximum Longitudinal Reaction

Maximum Vertical Moment M, =R, Ly,

. -1 3
Moment of Inertia (rectangular) Iyy2 =12 dyty
Distance to outermost fiber C,p = .5+in

1

Bending Stress fy2 = Mz-czz-lyyz_

Allowable Bending Stress (ASME BTH-1-2011, p. 20 [2])

1.25-Fy

F =
by2
y Nd

1

Factor of Safety FS, = FyZ'fbyZ_

Bi-axial Bending Stress
fi fi
Satisfied bl by2
Fyx1 Fby2

+ — =0.235 <

Fyp = 36000-lbvin” °
Nd =2

E, = 20-10%1bein 2

tz = 1.5-in
dy = 10-in
Lb2 = 2.75-in

R, =8.414x 10%1b
4.

M, =2314x 10 -lb-in

lyy2 = 2812:in"

¢, = 0.5in

fyp = 4.114 10" lbein” 2

4 Ib
Fpyp =225 10—

in
FS, = 8.751

The bending stress is 4,144 psi and beneath the allowable of 22,500 psi with a safety factor of

8.8 based on the yield.

Section 3: Shear Stress in Lug

Minimum Yield Stress

Modulus of Elasticity
Design Factor (Design Category A)

Maximum Vertical Reaction (from Muitiframe, Table 1)
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Lug (plate) Thickness
Depth of Lug (plate)
Area

Shear Stress

when

t3 = 1.5-in
h3 = 10-in
. _ .2
AC3 = t3h3 AC3 = 15-in
-1 . =2
Sy3 = RyAgs Sy3 = 647.733-Ib-in
hs .y
— =6.667 < 245 |EqF 3 =69.537
t3 ¥

Allowable Shear Stress (ASME BTH-1-2011, p. 20 [2])

Factor of Safety

The shear stress in lugs is 648 psi
of 55.6 based on the yield.

F 4 1b

Fy3=1.039x 10 ——E
in

y3
F =
v3-
Ny 3

1

and beneath the allowable of 10,390 psi with a safety factor

Section 4: Bearing Stress at Lug Hole (AISC Ninth Edition, p. 5-74 [1])

Ultimate Strength

Minimum Yield Stress

Design Factor (Design Category A)
Plate Thickness

Hole Diameter

Bearing Area

Bearing Stress

Allowable Bearing Stress (ASME BTH-1-2011,

Factor of Safety (based on Ultimate)

Fq = 49500-Ib-in” >

Fy4 = 36000-Ib-in" 2

Ng = 2
tg = 15in
Dpg = 1.54n
_ A =295
Ab4 = Dp4t4 b4 = 2.25-in
- -1 Sp = 4.318x 10°-Ibin 2
Sb4 = RyAb4 b4 = - x 107-Ib-in
p. 26 [2])
1.25-F
I . - 4 1o
d n
-1

The bearing stress on lugs is 4,318 psi and beneath the allowable of 22,500 psi with a safety
factor of 11.5 based on the ultimate.
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Section 5: Minimum Distance to Nearest Edge of Material
AISC J3.9 (Safety factor of 2) p. 5-169 to 5-170 [1].

Tensile strength of the connected materiarl (ASTM-A36 [4]) Fy5:= 58000-1b-in 2
Maximum Vertical Reaction (from Multiframe, Table 1) Ry =9.716 x 103-lb

Hole Diameter dp5 = 1.5:in

Lug Thickness tp5 = 1.5:in

Bearing Area Aps = dpS'tpS Aps = 2.25-in2

Critical Bearing Stress chrs = Ry'AbS— I chr5 =4318x 10> Ibrin” 2

Required Distance to Edge from Center of Hole

-1 .
les = 2dp5chr5Fu5 les =0.223-in

Actual distance from the free edge to center of the pin hole Les = 2.5-in

Minimum Edge Distance (from Table J3.5, AISC, Sth ed., p 5-76 [1]) was also satisfied as the
minimum was 0.223 in. based on a 1-1/2 in. hole and 2.5 in. actual distance.

Section 6: Weld Stress at LLug Connection

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) E 6= 70000-1b-in 2
Design Factor (Design Category A) Ny=2

Distance from Lug to Weld dg := S-in

Height of Weld (from Figure 8, assume 10") dy = 10-in

Width of Weld bg = 4.25-in
Thickness of Weld (fillet) hg == 0.375-in

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])

3
Maximum Vertical Reaction (from Multiframe, Table 1) Ry =9.716x 10716

. . 4 .
Maximum Moment due to Bending My6 = Ry'd6 My6 =4.858 x 10 -lb-in
Distance to Outer Most Fiber Cy6 = dye -5
Weld (primary shear) Area Ay = 1'414'h6'(b6 + dw6) Ayg = 7.556-in”
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Figure 8: Welds at Lug connection to base frame.

Unit Second Moment of Area L= d62-6_ l-(3-b6 + dw6) L= 94.792-in°

Moment of Inertia (from bending) Lixg = 0.707-hg L¢ v = 25.132-in4

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table
9-2, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 1) R, =8.414x 103-lb
Maximum Moment due to Bending M, := R,dg M, = 4.207 x 104-lb-in
Distance to Outer Most Fiber 6= dg'5
. .2
Weld (primary shear) Area Ajg = 1.414-h6~(b6 + dw6) Ajg = 7.556n
. 3 -1 .3
Unit Second Polar Moment of Area Jug = (b6 + dw6) .6 J,6 = 482.273-in
J = 127.863-1 4
yy6 = . mn

Polar Moment of Inertia (from torsion) Jyy6 = 0.707-hg T 46

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])

-1 -1 -1 -1 4., =2
Sb6 = RyAW6 + My6cy61xx6 + RZA_]6 + MZ6C26Jyy6 Sb6 =1.289x 10 ‘lb-in

Allowable Stress (ASME BTH-1-2011, p. 26 [2])

0.6-E

XX6 4 . -2
F = — F .=175%x10 :lb-in
v6 1'20'Nd v6
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Factor of Safety (nominal tensile) FS¢ = Exx6'sb6— ! FSq = 5.432

The shear stress in lugs is 12,890 psi and beneath the allowable of 17,500 psi with a safety
factor of 5.4 based on the yield.

Stress in Structural Tubes
Dwg # F10038883, Sheet 1 - Weldment, Base Frame

Section 7: Bending Stress in Tube (Lower Back Member)

Material: ASTM A-500 Steel
Tensile Yield Strength Fy7 1= 45000-Ib-in” °

Design Factor (Design Category A) Ny =2

Maximum Moment (from Figure 5 and Table 2, lower back member) Mz7. = 67718-lb-in

Momént of Inertia (taken from ASIC, p. 1-103 [1], 6"x 3" x 1/4" tube) 7= 17.9-in4

Distance to outermost fiber ¢y = 3-in

Bending Stress Spyim M yeq Ly | S, = 1135 x 10*1b-in~ 2
9 b7 = Mz7¢7lkx7 p7 = 1.135> 10 -b-in

Allowable Bending Stress (ASME BTH-1-2011, p. 20 [2])

1.25'F
) y7 4 1b
Fb7 = —-—N——— Fb7 =2.813x 10 ——5
d .
n
Factor of Safety FS; = Fy7-Sb7_ ! FS, =3.965

The bending stress in structural tube is11,350 psi and beneath the allowable of 28,130 psi with a
safety factor of 4 based on the yield. Note that the maximum deflection of this tube is 0.062".

Section 8: Shear Stress in Tube (Lower Back Member)

Tensile Yield Strength Fyg = 45000-1b-in~ 2
Modulus of Elasticity Eg = 29.10%1b-in~ 2
Maximum Shear Force (Table 2) Ry8 = 1149-1b

Depth of Tube hg = 6-in

Thickness of Tube tg == 0.25-in

Area (taken from ASIC, p. 1-103 [1], 8"x 3" x 1/4" tube) Agi= 4.59-in2
Shear Stress Sy8:= RygAgg | S = 250327-Ib-in” >
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h
8 _
when — =24 < 2.45- ’ES'FyS o 62.195

tg
Allowable Shear Stress (ASME BTH-1-2011, p. 21 [2])
F
1
Fg= —2 Fyg = 1299 x 102>
Ng3 in’
-1
Factor of Safety FSg := Fy8'sv8 FSg = 179.765

The shear stress in tubes is 250 psi and beneath the allowable of 12,990 psi with a safety factor
of 180 based on the yield.

Section 9: Bending Stress in Tube (Lower Aisle Member)
Material: ASTM A-500 Steel

Tensile Yield Strength Fy9 = 45000-1b-in 2
Design Factor (Design Category A) Ng=2
Maximum Moment (from Figure 5 and Table 2, lower aisle member) M, g := 25615:Ib-in

Moment of Inertia (taken from ASIC, p. 1-103 [1], 6"x 3" x 1/4" tube) Lyg= 17.9-in4

Distance to outermost fiber cg = 3-in

1

Bending Stress Spo = Mz9'°9'Ixx9_ Spg = 4.293 x 103-1b-in_ 2

Allowable Bending Stress (ASME BTH-1-2011, p. 20 [2])

1.25-F
] y9 4 1Ib
Fb9 = “T" Fb9=2.8]3>< 10 °"'2'
d .
m
Factor of Safety FSq = Fy9-Sb9_ ! FSqg = 10.482

The bending stress in structural tube is 4,923 psi and beneath the allowable of 28,130 psi with a
safety factor of 10.5 based on the yield. Note that the maximum deflection of this tube is
0.042".

Section 10: Shear Stress in Tube (Lower Aisle Member)

Tensile Yield Strength Fy10:= 45000-Ib-in >
Modulus of Elasticity Ejg:= 29-10%1b-in~ 2
Maximum Shear Force (Table 2) R);lo = 1015-1b
Depth of Tube hjg= 6-in
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Thickness of Tube tyo= 0.25-in

Area (taken from ASIC, p. 1-103 [1], 6"x 3" x 1/4" tube) Asi0 = 4.59-in2
-1 L =2
Shear Stress Sy10 = RyIO‘Aclo Sy10 =221.133:1b-in
hyo 1
when — =24 < 2.45 |E{nF =62.195
: 10'Fy10
10
Allowable Shear Stress (ASME BTH-1-2011, p. 21 [2])
F
yl10 4 1b
F = F =1299%x 10 -—
v10 vi0
Ng3 in2
-1
Factor of Safety FSip= Fle'Svlo FS|o =203.498

The shear stress in tubes is 221 psi and beneath the allowable of 12,990 psi with a safety factor
of 204 based on the yield.

Section 11: Bending Stress in Tube (Lower Base Cross Member)
Material: ASTM A-500 Steel

Tensile Yield Strength Fyj1 = 45000-Ib-in” *
Design Factor (Design Category A) Ny=2

Maximum Moment (from Figure 5 and Table 2, cross member) M,y = 22140-1b-in
Moment of Inertia (taken from ASIC, p. 1-100 [1], 3"x 3" x 1/4" tube) Iyyll = 3.16-in4
Distance to outermost fiber 1= L5in

1

Bending Stress Spip = lel'cll'lyyll_ Spyp = 1.051 % 10 1bin~ 2

Allowable Bending Stress (ASME BTH-1-2011, p. 20 [2])

125-Fyqy 4 1b
Ny 2
mn
Factor of Safety FSll = Fyl 1Sbl 1_ ! FS] 1 =4.7282

The bending stress in structural tube is 10,510 psi and beneath the allowable of 28,130 psi with
a safety factor of 4.3 based on the yield. Note that the maximum deflection of this tube is
0.026".

Section 12: Shear Stress in Tube (Lower Base Cross Member)

Tensile Yield Strength Fyjp = 45000-Ib-in” 2

Modulus of Elasticity l Eyp:= 29.10%1b-in~ 2
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Maximum Shear Force (Table 2) Ry12 = 565-1b

Depth of Tube h{y:= 3-in
Thickness of Tube typ:= 0.25-in
Area (taken from ASIC, p. 1-100 [1], 3"x 3" x 1/4" tube) ALp = 2.59-in2
-1 . —2
Shear Stress Sy12 = Ry12'A012 Sy12 = 218.147-1b-in
hyp -1
when —= =12 < 245 |EjpF 1y =62.195
t y
12
Aliowable Shear Stress (ASME BTH-1-2011, p. 21 [2])
F
12 Ib
Fypp = —2 Fy 1y =1299% 10" —
Nd"/3 in2
-1
Factor of Safety FSyy:= Fy12'Sv12 FS;, = 206.283

The shear stress in tubes is 218 psi and beneath the allowable of 12,990 psi with a safety factor
of 208 based on the yield.

Section 13: Bending Stress in Tube (Upper Member)
Material: ASTM A-500 Steel

Tensile Yield Strength Fy13= 45000-b-in~ 2
Design Factor (Design Category A) Ng=2
Maximum Moment (from Figure 5 and Table 2, upper member) M, 3= 17844-1b-in

Moment of Inertia (taken from ASIC, p. 1-96 [1], 3"x 3" x 1/4" tube) Lx13 = 3.16-in4

Distance to outermost fiber ci3= L5 in

1

. - 3..-2
Bending Stress Sp13 = My13013- k13 Sp13 = 8:47 x 10”-Ib-in

Allowable Bending Stress (ASME BTH-1-2011, p. 20 [2])

1.25-F
] yl3 4 Ib
d in
-1
Factor of Safety FS 3:= Fy13'sb13 FS;3=5313

The bending stress in structural tube is 8,470 psi and beneath the allowable of 28,130 psi with a
safety factor of 5.3 based on the yield. This analysis does not consider the reinforcement from
the Upper Truss (a frame which is attached to the top of the Base Frame). Note that the
maximum deflection of this tube is 0.036".
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Section 14: Shear Stress in Tube (Upper Member)

Tensile Yield Strength Fy14:= 45000-Ibin” *
Modulus of Elasticity , Ejy= 29-106-lb-in— 2
Maximum Shear Force (Table 2) Ry14 = 365:1b
Depth of Tube hyg:=3in
Thickness of Tube t14:= 0.25-in
Area (taken from ASIC, p. 1-103 [1], 6"x 3" x 1/4" tube) Ac14= 2.59-in2
-1 . =2
Shear StreSS SV14 = Ry14AC]4 SV14 = 140927"31!1
hig — 1
when — =12 < 2.45- |Eq4F = 62.195
. 14°Fy14
14
Allowable Shear Stress (ASME BTH-1-2011, p. 21 [2])
F
14 b
Fopgi= ——— F,pq=1299% 10"—
Ng/3 in”
-1
Factor Of Safety FS]4 = Fy14SVl4 Fslz = 206.283

The shear stress in tubes is 141 psi and beneath the allowable of 12,990 psi with a safety factor
of 206 based on the yield.

Stress in Welds (Structural Tubes)
Dwg # F10038883, Sheet 2 - Weldment, Base Frame

Note that in the following paired cases (Detail A - Y) the geometry and weldments are the same
with slightly different loads, Sections 15 through 20 considers the worst-case loading.

Section 15: Weld Stress at Connection (Details B & C)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) Eixl5 = 70000-1b-in 2
Design Factor (Design Category A) Ny=2

Height of Weld (from Figure 9(a)) dy,q5:= 3-in

Width of Weld bys5:= 3-in

Thickness of Weld (fillet) hyg:= 0.25-in
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Figure 9(a): Longitudinal view of upper-mid weldment. 9(b): Bottom-view of same weldment.

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 3) Ry15 = 130-1b
Maximum Moment due to Bending My15 = RylS'dWIS My15 =390-1b-in
Distance to Outer Most Fiber Cy15= dy15-5
Weld (primary shear) Area Ayys= 1.414-h15-(b15 12 dwls) Ayls5= 2.121-in2
Unit Second Moment of Area Iyis = dw152’6_ 1-(3-b15 i dwlS) Is = B
Moment of Inertia (from bending) Iyy15:= 0.707-h 5115 L5 = 3.181-in4

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table
9-2, p. 396 [6])

Maximum Longitudinal Reaction (Table 3) R, 5= 4252-1b
Maximum Moment due to Bending M, 5= 2125.5-1b-in
Distance to Outer Most Fiber 415 = dyis-3
Weld (primary shear) Area Ajys = 1.414-h15-(b15 + dwls) Ajjs = 2.121-in”
Unit Second Polar Moment of Area  J ;5 := (bls % dw15)3‘6— 1 Tu1s = 364

Polar Moment of Inertia (from torsion) Jyy]5 = 0.707-hy 5315 Jyy15 = 6.363-in4

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])

- e =lf -1
Sp15= Ry15:Awis  + MyrsCyishxas  +RzisAjls  + Mzi5c,150yy1s

Sp15 = 2751 x 10% lin” >
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Allowable Stress (ASME BTH-1-2011, p. 27 [2])

0.6E
xx15 4 =D
Fyisi= ——— F,j5=1.75x 10"Ib-in
vl5 1.20-N vl5
Factor of Safety (nominal tensile) FSi5:= Exy1s5Sp15 FS;5 = 25.446

The combined stress in weldment is 2,751 psi and beneath the allowable of 17,500 psi with a
safety factor of 25.5 based on the rod strength.

Section 16: Weld Stress at Connection (Details D, G, L & P)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) E v16= 70000-1b-in 2
Design Factor (Design Category A) Ny =2

Height of Weld (from Figure 10(a)) dy,16:= 6-in

Width of Weld bjg:= 3-in

Thickness of Weld (fillet) hyg:=0.25-in

/4

<:—- D 3

¥ A
x !

Figure 10(a): Longitudinal view of upper-end weldment. 10(b): Bottom-view of same weldment.

(2) (b}

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 3) Ryl6 = 73-1b
Maximum Moment dqe to Bending Myl6 = Ry16‘dw16 My16 =438-1b-in
Distance to Outer Most Fiber Cy16 = dw16"5
Weld (prlmary Sheal’) Area AW16 = 1414h16’(b16 + dW16) AW16 = 31811112

. 2 -1 .3
Unit Second Moment of Area Iy16 = dwi6 6 '(3'b16 S dw16) Iy1g = 90-in
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Moment of Inertia (from bending) 1| 6= 0.707h5 116 Lxi6 = 15.907~in4

xx1

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table
9-2, p. 396 [6})

Maximum Longitudinal Reaction (Table 3) R, 6= 42524-1b
Maximum Moment due to Bending M, = 737.71b-in
Distance to Outer Most Fiber ¢,16 = dyisS
Weld (primary shear) Area Ajrg = 1.414~h16-(b16 + dw16) Aj16 = 3.181-in

-1

Unit Second Polar Moment of Area ] <= (b16 + dw16)3'6 Jui6 = 121.5-in3

. . . 4
Polar Moment of Inertia (from torsion) Jyy1 6:= 0.707-h ¢ Ty16 Jyyl 6 = 21.475-in

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])
-1 -1 -1 -1
Shi6 = RyteAwis  + Myi6Cy16lkxi6 T Rz1i6Aj16  + Mzi6C216yy16
Sp1g = 1:494 x 10 lbin” >

Allowable Stress (ASME BTH-1-2011, p. 27 [2])

0.6:E
' Exx16 4 -2
F = F =175 x 10 -lb-in
v16 1.20-N vi6
Factor of Safety (nominal tensile) FSi6:= Exx16Sb1 6~ ! FS;¢ = 46.864

The combined stress in weldment is 1,494 psi and beneath the allowable of 17,500 psi with a
safety factor of 46.9 based on the rod strength.

Section 17: Weld Stress at Connection (Details M, R& T)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) Ey17:= 70000-1b-in 2
Design Factor {Design Category A) Ny=2

Height of Weld (from Figure 11(a)) dyq7:= 6'in

Width of Weid b;7:= 3:in

Thickness of Weld (fillet) hy:= 0.25-in

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 3) Ry17 = 1001-1b

Page 20 of 35



¥

3in —n
Y ¥| Jin —vf
z
X &in
z

(2} {b)

Figure 11(a): Longitudinal view of lower end weldment. 11(b): Transverse view of same weldment.

. : B i
Maximum Moment due to Bending My” = Ry”-dw]—/- My17 =6.006 x 10™-1b-in
Distance to Outer Most Fiber Cy17= dw17-.5
Weld (pﬂmal'y Sheal') Area AW17 = 1414h17'(b17 + dW17) AW17 = 31811n2
Unit Second Moment of Area L,17:= dw172-6~ l-(3-b17 & dw”) L7 = 90-in>
Moment of Inertia (from bending) L 17:= 0.707-hy7L,17 Leg17= 15.907-in4

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table
9-2, p. 396 [6])

Maximum Longitudinal Reaction (Table 3) R, 7= 1517.6Ib
Maximum Moment due to Bending M, 7= 8177Ib-in
Distance to Outer Most Fiber ¢ 7= dy175

: . 2
Weld (primary shear) Area Aj17= 1.414-h17-(b17 + dw17) Aj17=3.181in

=1

Unit Second Polar Moment of Area Jy17:= (b17 + dw17)3'6 Ju17 = 121.5-in3

; ; .4
Polar Moment of Inertia (from torsion) Jyy17 = 0.707-hy 73,17 Jyy17 =21.475-in

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])

=1 —§ oy =i
Sp17= Ry178w17 — *My17¢y17hx17 — + Ra7Ajiz + Mag7ea17yy17

Sp17 = 3.067x 10™Ib-in” >
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Allowable Stress (ASME BTH-1-2011, p. 27 [2])

0.6-E
xx17 4 =D
= F =1.75 x 10 -1b-in
vl7 v1l7
1.20-Ny
Factor of Safety (nominal tensile) FSq:= Exxl7'sbl7_ 1 FS; 7 =22.827

The combined stress in weldment is 3,067 psi and beneath the allowable of 17,500 psi with a
safety factor of 22.8 based on the rod strength.

Section 18: Weld Stress at Connection (Details N, V & W)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) Evxig = 70000-1b-in @
Design Factor (Design Category A) Ny=2

Height of Weld (from Figure 12(b)) dyqg:= 3-in

Width of Weld byg = 3+in

Thickness of Weld (fillet) hig:= 0.25-in

¥
X
’ (@) (b}

Figure 12(a): Longitudinal view of mid weldment. 12(b): Transverse view of same weldment.

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 3) Ry18 = 340-1b

. : 3.
Maximum Moment due to Bending My18 = Ry18'dw18 My18 =1.02 x 10”-1b-in
Distance to Outer Most Fiber Cy18 = dog9
Weld (primary shear) Area Agig= 1414h g (big +dyg)  Ayig=2120in’
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Unit Second Moment of Area Lig= dw182'6_ 1'(3'b18 + dwls) I8 = 18-in3

Moment of inertia (from bending) 1 g:=0.707h g5 18 = 3.181-in4

xx1

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design,” 5th ed., Table
9-2, p. 396 [6])

Maximum Longitudinal Reaction (Table 3) R, g:=51224-1b
Maximum Moment due to Bending M, (g = 4608:1b-in
Distance to Outer Most Fiber c,18 = dyig S
Weld (primary shear) Area Aj18 = 1-414'h18‘(b18 + dwls) Aj18 = 2.121-in2
Unit Second Polar Moment of Area ] ;¢ := (bls + dw18)3‘6— ! Tuig = 36-in°
Polar Moment of Inertia (from torsion) Jyy18 = 0.707-hygJ 18 Jyy18 = 6.363-in4

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design,” 5th ed., p. 396 [6])

-1 -1 ~1 -1
Sp1g = Ry1gAwig  + Myigcyighxis  + RzigAjis  + Mzigcz1gtyyis

Sp1g = 4143 10 1bein”~ 2
Allowable Stress (ASME BTH-1-2011, p. 27 [2])

0.6-E
P Exx18 4 -2
F = F =175 x 10 -lb-in
v18 1.20-Ny vi8
Factor of Safety (nominal tensile) FS;g:= ExxlS'SbIS_ ! FS;g=16.898

The combined stress in weldment is 4,143 psi and beneath the allowable of 17,500 psi with a
safety factor of 16.9 based on the rod strength.

Section 19: Weld Stress at Connection (Details U & Y)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) Eix19= 70000-1b-in 2
Design Factor (Design Category A) Ny=2

Height of Weld (from Figure 13(a)) dy 9= 3-in

Width of Weld bjg:= 3-in

Thickness of Weld (fillet) hjg:= 0.25:in
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Figure 13(a): Longitudinal view of mid weldment. 13(b): Transverse view of same weldment.

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,

Table 3-9, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 3)

Maximum Moment due to Bending
Distance to Outer Most Fiber

Weld (primary shear) Area

Unit Second Moment of Area

Moment of Inertia (from bending) Lexed

My19:= Ry19:dwi9

2 ~1 3
lu19:= dyig 6 (3b1g+dy1g) Iy =18:in

My 19 =333 % 103«1b-in

yl

cy19:= dw19'3

5.2

. 4
IXX19 =3.181-in

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table

9-2, p. 396 [6])

Maximum Longitudinal Reaction (Table 3)
Maximum Moment due to Bending

Distance to Outer Most Fiber

Weld (primary shear) Area Aj19 :

Unit Second Polar Moment of Area Ju19 =

Polar Moment of Inertia (from torsion)

(bro+ dw19)3'6—

1

M, g = 5630-lb-in

€z19:= dy19-5

. 2
14140 g:(bjg + dyjo)  Ajjg=212Lin

53
JU19 = 36-in

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])
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1 1 ] e
Sp19= Ry19Aw19  + My19:¢y19 k19 + Rz19A519  + Mz19°04190yy19

Sp19 = 4283 x 10° Ibin~ 2
Allowable Stress (ASME BTH-1-2011, p. 27 [2])
0.6-E
xx19 4 (D
F = mmm———— F =1.75x 10 -Ib-in
v19 1.20-Ng v19
Factor of Safety (nominal tensile) FS|g ;.: Exx19'Sbl9~ d FS g =16.342

The combined stress in weldment is 4,283 psi and beneath the allowable of 17,500 psi with a
safety factor of 16.3 based on the rod strength.

Section 20: Weld Stress at Connection (Detail)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) Ey 00 = 70000-1b-in 4
Design Factor (Design Category A) Ng=2

Width of Isolator (span from Isolator Fixture and Base Frame) dyg = 4-in

Height of Weld (from Figure 14) dyn0 = 6-in

Width of Weld by = 15-in

Thickness of Weld (fillet) 0.25-in

h20 :

1/4

Figure 14: Front view of isolator connection weldment.

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])
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The maximum load of 915 Ibs per isolator considers the design load of the isolator fixture
21,105 lbs plus the rated load of 36,000 lbs minus the estimated load of 31,500 lbs. Also, during
the isolator tuning process it is estimated that (32) isolators will be needed. However, this
number could be as low as (28) given shock and vibration tuning. Therefore, the rated load per
joslator is (21,105 + (36,000- 31,500))/28 or 914 Ibs.

Maximum Vertical Reaction

[21105 + (36000 — 31500)]-1b

y20 = ” Ry20 =914:1b
Maximum Moment due to Bending My20 = Ry20~d20 My20 =3.658 x 103-lb-in
Distance to Outer Most Fiber °y20 = dw20'3
Weld (primary shear) Area Awzoi= L4lahyy(byg + dypg) Ay =T7423in’
Unit Second Moment of Area oo = dw202'6— 1-(3-b20 + dw20) Lo = 306-in°
Moment of Inertia (from bending) Lo = 0.707-hyg T 00 Lex20 = 54.085-in4

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table
9-2, p. 396 [6])

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])

-1 -1 L =2

Allowable Stress (ASME BTH-1-2011, p. 27 [2])

0.6-E
xx20 4 -2
F =—— F =1.75 x 10 -lb-in
v20 1.20-Ng v20
Factor of Safety (nominal tensile) FSy = Exx20'sb20— ! FSyq = 214.672

The combined stress in weldment is 326 psi and beneath the allowable of 17,500 psi with a
safety factor of 215 based on the rod strength.

Component Stress Analysis for Isolation Fixture
Multiframe Isolation Fixture Results

The Isolation Fixture is considered in the following sections, beginning with the MultiFrame
analysis. In a similar manner, a load of 914 Ibs (shown in Figure 15) is defined at (28) different
locations (which correspond to the isolator device attachment points). Note that the proposed
case for transport involves a load of 660 Ibs, distributed along (32) locations. The four attachment
points for the cryomodule are constrained and the static case is solved for within MultiFrame.

The results are shown in Figures 16, 17 and 18.
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Figure 15: Multiframe loading of Isolation Fixture.

MultiFrame 15 V8i Model Moments, Shear Forces and Displacements:

Figure 16: Multiframe vertical shear results.

Figure 17: Multiframe moment (about z) results.
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Figure 18: Multiframe results for lower 6" x 3" x 1/4" member (back-side).

Table 4: Summary of maximum loads of Multiframe structual member type for Isolation Fixture.

Stress in Structural Tubes of Isolation Fixture
Dwg # F10039628, Weldment, Base Frame
Section 21: Bending Stress in Tube (Longitudinal Member)

Material: ASTM A-500 Steel
Tensile Yield Strength

Design Factor (Design Category A)

Maximum Moment (Table 4, Iso Back Member)

Moment of Inertia (taken from ASIC, p. 1-103 [1], 6"x 3" x 1/4" tube)
Distance to outermost fiber

1

Bending Stress Sp21 = Mysq-Corlyxat

Allowable Bending Stress (ASME BTH-1-2011, p. 19 [2])

Factor of Safety FSy; = Fy21-Sb21_ !

Page 28 of 35

Iso Back Member RIS E I8 S/ 50,490 4,230
TS 8” x4” X %" 58,243 4,996
| weldment IRV SV 42,340 4,996

M/ M (lbs-in) | V' (lbs) | d/(in) |

0.028
0.035

;=2
Fy21 := 45000-1b-in
Ng=2
M5 := 50490-1b-in

17.9-in4

Ixx21 :
Cyp = 3.in

Spoq = 8.462 x 10° Ibin” 2

4 1Ib

in



The bending stress in structural tube is 8,462 psi and beneath the allowable of 28,130 psi with a
safety factor of 5.3 based on the yield. Note that the maximum deflection of this tube is 0.028".

Section 22: Shear Stress in Tube (Longitudinal Member)

Tensile Yield Strength Fyp = 45000-Ib-in” *
Modulus of Elasticity Epy = 29-106-1b-in_ 2
Maximum Shear Force (Table 4) Ry22 = 4230-1b
Depth of Tube hys = 6-in
Thickness of Tube tyy 1= 0.25-in
Area (taken from ASIC, p. 1-103 [1], 6"x 3" x 1/4" tube) Ay = 4.59-in2
-1 . =2
Shear Stress SV22 = Ry22AC22 SV22 =921.569-1b-in
h2o < 1 '
22
Allowable Shear Stress (ASME BTH-1-2011, p. 21 [2])
F
22 Ib
Fyyy = —2 F,pp = 1299 % 10"—
Ng3 in’
-1
Factor of Safety FSZZ = Fy228V22 F822 =48.83

The shear stress in tubes is 922 psi and beneath the allowable of 12,990 psi with a safety factor
of 49 based on the yield.

Section 23: Bending Stress in Tube (Isolation Cross Member)
Material: ASTM A-500 Steel

Tensile Yield Strength Fyp3:= 45000-1b-in” >
Design Factor (Design Category A) Ng=2
Maximum Moment (from Table 4, Cross Member) M, 53 = 58243-1b-in

Moment of Inertia (taken from ASIC, p. 1-101 [1], 8"x 4" x 1/4" tube) Iyy23 = 15.3-in4
Distance to outermost fiber Cy3:= 1.5+in

1

. - 3.,.-2
Bend|ng Stress Sb23 = Mx23023lyy23 Sb23 =571 x 107-1b-in

Allowable Bending Stress (ASME BTH-1-2011, p. 21 {2])
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1.25-Fy3

. 4 1b

Nd in

Factor of Safety FSZ3 = Fy23Sb23— ! FSz:}, = 7.881

The bending stress in structural tube is 5,710 psi and beneath the allowable of 28,130 psi with a
safety factor of 7.9 based on the yield. Note that the maximum deflection of this tube is 0.026".

Section 24: Shear Stress in Tube (Isolation Cross Member)

Tensile Yield Strength Fypq = 45000-bin” *
Modulus of Elasticity Eqy = 20-10%Ibvin” >
Maximum Shear Force (Table 4) Ry24 = 4230-1b
Depth of Tube hyy = 3-in
Thickness of Tube tyg = 0.25-in
Area (taken from ASIC, p. 1-101 [1], 8"x 4" x 1/4" tube) A= 5.59-1‘m2
Shear Stress Sy24 1= RyoaAos : Sy24 = 756.708-Ib-in 2
when e =12 < 245 /E24-F 24 "= 62105
g Y
Allowable Shear Stress (ASME BTH-1-2011, p. 21 [2])
F

Fyog = Ndyi;% Fypq = 1299 % 104::’—2

Factor of Safety FSy4:= FypqSynq FS,, = 59.468

The shear stress in tubes is 757 psi and beneath the allowable of 12,990 psi with a safety factor
of 60 based on the yield.

Section 25: Weld Stress at Connection (Detail)

Nominal Tensile Strength of Weld Material (E7018 rod (MIG) [5]) E 5= 70000-1b-in 2
Design Factor (Design Category A) Ny =2

Height of Weld (from Figure 19) ~ dyps=4in

Width of Weld by = 8-in

Thickness of Weld (fillet) hyg:= 0.25-in
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Figure 19: Longitudinal view of lower weldment.

Bending and Shear Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed.,
Table 3-9, p. 396 [6])

Maximum Vertical Reaction (from Multiframe, Table 3) Ry25 = 4996:1b
Maximum Moment due to Bending My25 = Ry25-dw25 My25 = 1.998 x 104-1b-in
Distance to Outer Most Fiber Cy25 = dyos-5

Weld (primary shear) Area Ayps = 1.414-h25-(b25 + dw25) Ayos = 4.242.in’

Unit Second Moment of Area Lps = dw252'6_ ]-(3-b25 + dw25) L5 = 74.667-in°
Moment of Inertia (from bending) Liyos = 0.707-hy51 55 Los = 13.197-in4

Torsional Component (Shigley & Mischke, "Mechanical Engineering Design," 5th ed., Table
9-2, p. 396 [6])

Maximum Moment due to Bending M, 5= 42340-1b-in
Distance to Outer Most Fiber ¢5 = dyosS

: . 2
Weld (primary shear) Area Apps = LAldhy5(bys +dyps)  Ajgs = 4.242in

-1

Unit Second Polar Moment of Area Jo5 = (b25 + dw25)3'6 Jo5 = 288-in3

. . . 4
Polar Moment of Inertia (from torsion) Jyy25 = 0.707-hy5-J 95 Jyy25 =50.904-in

Maximum Combined Stress; Shear, Secondary Shear and Torsion (Shigley & Mischke,
"Mechanical Engineering Design," 5th ed., p. 396 [6])

~1 =] -
Sp2s = Ryas'Awas  + Mypseynslyxos — + Mpscnslyyos
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Spos = 5.87 x 10 1b-in” 2
Allowable Stress (ASME BTH-1-2011, p. 27 [2])

0.6-E
xx25 4 -2
F = — F =1.75% 10 lb-in
v25 1.20-Ng v25
Factor of Safety (nominal tensile) FSys:= Exx25'sb25- ! FSys = 11.926

The combined stress in weldment is 5,870 psi and beneath the allowable of 17,500 psi with a
safety factor of 12 based on the rod strength.

Component Stress Analysis for Upper Truss

Introduction

The upper truss frame design originated from a simple three 3” x 3” x 1/4" steel tube,
cross-member concept. A new design was considered, since there was a possibility for either injury
to personnel or equipment damage. Another improvement involves using the 10-ton strongback
lifting fixture (normally used to move a cryomodule) to attach and remove the upper truss frame
from the transport base frame as shown in Figure 20. The upper truss frame weighs roughly 500
Ibs. With this design change there exists a possibility of loading the upper truss frame with the
10-ton strong back lifting fixture tare weight of 3.52 tons. This may occur if the crane operator
lowers or unfoads the crane instead of lifting the upper truss frame from the transport base frame.
The upper cryomodule exists just inches below the upper truss frame, therefore protection against
this accident case is reasonable to consider. Otherwise, the upper truss is a protective feature
regarding the transport system and is not meant to provide structural reinforcment of the base
frame.

Figure 20: Use of 10-ton strongback lifting fixture to remove the upper truss frame.
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Allowable Stresses

The upper truss frame structural design is made of A-500 Grade B Steel tube. The structural
upper truss frame meets the AISC Manual of Steel Construction requirements for Allowable Stress
Design [1]. The maximum primary stress shall be beneath 0.6Fy = 27.6 Ksi (in bending), 0.4Fy = 18.4
Ksi (in shear), where the Tensile Yield Strength (Fy) is 46 Ksi [1].

Geometry and Loading

The basic structure consists of four horizontal 3” x 3” steel tube members welded together; (3)
transverse members (3/16” thick) and (2) connecting longitudinal members (1/4” thick). The loading
onto the upper truss frame was based on the tare weight of the 10-ton strongback lifting fixture
increased (rounded up) to 4tons. Therefore, a 1 ton vertical load was applied to each connection
point on the upper truss frame.

Finite Element Analysis

ANSYS Workbench 15 was implemented in order to consider transport upper truss frame
stresses and deflections. Figure 21 provides the maximum vertical deflection downward of 0.071".
Figure 22 shows the stress intensity over the frame. The maximum stress intensity of 26.5 Ksi was
found on the connecting longitudinal member in bending.

Figure 21: Vertical deflection.

Figure 22: Stress intensity plot from ANSYS.
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The transport system upper truss frame design analyzed in this report met the AISC Allowable
Stress Design requirements. The maximum stress intensity within the structural tube estimated by
using ANSYS wa's roughly 26.5 Ksi (in bending) and the allowable stresses were 27.6 Ksi (for bending)
and 18.4 Ksi (for shear) [1].

1
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