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Background I
• The Artemis I booster pull test evolved from a continuous re-evaluation of the Artemis I 

dynamic building block test program.  
• The original Artemis I building block test program included a partial stack modal test (PSMT) 

that served as a pre-cursor to the integrated modal test (IMT), which sought to gather system 
response data of the integrated SLS system mounted to the ML at eight VSPs.  

• With the removal of the PSMT, it was still recognized that characterization of the booster to the 
ML interface was critical to informing the analytical models.  This realization gave rise to the 
booster pull test to provide needed information prior to the IMT.  

• The IMT represents a convergence of civil structure, in the form of the ML, and aerospace 
structure, in the form of the SLS system, with the ML serving as the test fixture for the IMT

• This system of system tests represents a new paradigm in testing and departs from the more 
traditional modal testing where you minimize any interactions between the test fixture and the 
article under test. 
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Background II
• The original objective of the Booster Pull Test was to “Determine the stiffness of 

ML/Haunches/VSP and SRB aft structures in both the Y and Z directions” by pulling on the 
left Booster in the Y-Axis and Z-Axis directions [1].
‒ These models must accurately capture the stiffness of the Vehicle Support Posts (VSPs), ML Deck, 

Aft Skirt, Booster casing, etc.

• The Booster Pull Test then was expanded to include manually pushing on the left Booster to 
excite its fundamental lateral bending modes in the in the Y-Axis and Z-Axis directions and 
collecting free decay data from which modal parameters could be extracted.  This was then 
referred to as the Booster Push/Pull Test (BPPT).

• The BPPT was performed in the Vehicle Assembly Building (VAB) at Kennedy Space Center 
(KSC) on March 24th – 26th. 
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Booster Pull Test Overview
• The main objectives is to obtain lateral deflections (i.e., 

displacements) in two orthogonal directions  
• This will be accomplished by applying applied loads near 

the top of the booster and recording deflection data at five 
separate distributed locations along the length of the 
booster

• The rationale for collecting data in two orthogonal 
directions is that the interface between the booster and the 
ML is asymmetric

– As a result of this geometric feature, one has a strong axis and a weak 
axis to measure to determine coupling stiffness.  An attempt will also 
be made to record strain from strain gauges located on each VSP

• A Booster push test that is synonymous to a sine dwell test 
followed by a free decay will be performed to characterize 
the Booster cantilever bending mode and obtain 10 
minutes of frequency and damping data from the decay on 
the Booster 
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Historical Perspective
• Similar test occurred in 1979 using an inert booster 

mounted to the Shuttle era Mobile Launcher 
Platform (MLP)  

• Necessity for this test was driven by concerns 
regarding Shuttle umbilical capabilities

• Objectives for this test were to measure the stiffness 
and determine the frequency of the first pitch 
bending mode of the combined booster and MLP

• Results from this proved to be important as it 
indicated that the actual hardware was on the order 
10% stiffer than the FEM predictions

• Post-test, it was determined that for this cases the 
cantilevered mode structural stiffness characteristics 
were more sensitive to the booster stiffness rather 
than the MLP stiffness
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What is Deformed Geometry Synthesis (DGS)?
• Component-modal synthesis (CMS) couples dynamic math models (DMMs) in their 

undeformed (FEM) geometry state
• Deformed Geometry Synthesis (DGS) couples DMMs in their deformed geometry states 

“locking in” preloads in an accurate/physically realizable manner
• In the subject SLS Prelaunch and CLA work, DGS is utilized to simulate:

• ML VSPs leveling/Spacing while ML is in 1G deformed state
• ML VSP X-shims for booster toe-in and CS integration
• CS integration soaking-up the toe-in resulting in pre-loads that increase out-board VSP X-IFFs
• Booster/CS aft strut integration
• CS fueling cryogenic shrinkage and aft strut rotations

• Finally, DGS works seamlessly with the SLS multibody CLA framework and Henkel-Mar pad 
separation method to automatically relieve these locked-in preloads as the SLS undergoes 
pad separation, contributing to the liftoff pad separation “twang”
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Exploring the Effects of Stacking Parameters
• First characterize the interface flexibility between the booster aft skirt 

and the ML VSP
– Critical to understanding the influence of each side of the interface to the coupled 

system  

• Next steps are to methodically evaluate the effect of the following on 
the test outcome: 

– Effects of gravity (1-g) acting on both the booster and ML and the effects that 
booster stacking has on the system  

• Each booster is comprised of multiple segments and these segments 
are assembled onto the ML with requirements to level, space, and 
shim to meet tolerance requirements 

– Effects are captured using a Deformed Geometry Synthesis (DGS) approach. 

• Determine the geometric nonlinear effects due lateral displacements 
as booster is pulled to maximum load

• Further, system coupling between the booster under test, ML, and the 
second booster is explored when subjected to dynamic transient 
inputs
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Approach Selection
• The approach selected for the BPPT analyses includes a method (Deformed 

Geometry Synthesis (DGS)) for enforcing the ML 1-G deformed geometry 
state while preserving VSP leveling and spacing. With this, the ML is in its true 
“bowed” 1-G stress state prior to booster coupling with the VSPs leveled and 
spaced.
– Includes DGS to incorporate VSP X-shims to enforce toe-in.  

• The selected  approach includes geometric nonlinear effects to capture delta 
increases in lateral displacements and over-turning moments which manifest 
to re-distribute ML/Booster interface forces (IFF)s.  

• For comparison, an alternate approach for the BPPT analyses is to enforce ML 
0-G since the VSPs are leveled and spaced in the undeformed FEM. 
– The ML is in a “zero-stress” un-bowed state prior to booster coupling. 
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Booster Aft Skirt to ML VSP Interface 
Flexibility

• Sensitivity analyses serve to inform what flexibility exists between the ML side of the 
interfaces and the booster aft skirts

• Results indicate that the aft skirt side stiffness is less that the ML interface stiffness at the VSP 
interface  

– This exercise is confirming of the conclusions from the 1979 testing  
• This is an important result as it indicates that accurate capture of aft skirt flexibilities during 

the pull test is critical to updating the booster aft skirt region of the stacked ML/SLS system
– This in turn is important as this interface has an impact on stacking preloads and SLS/ML liftoff separation

• Further sensitivity studies pursued understanding the aft skirt modeling to understand the 
local stiffness effects

– To determine the element member membrane displacement field sensitivity, the CQUAD4 elements were 
promoted to CQUAD8 elements  

– This has the effect of promoting the plate element membrane displacement fields from linear to parabolic
• Conclusion from this exercise is that the booster aft skirt interface flexibilities show 

considerable sensitivity to modeled membrane displacement field approximation
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Booster to ML Coupling
• Boosters are coupled to the ML in the exact physical manner in which they 

are stacked for flight using the Deformed Geometry Synthesis (DGS) 
technique  
– ML VSPs are leveled and spaced under 1G environment with ML in deformed (“bowed”) state

• Shims are utilized in a pitch/yaw procedure to enforce booster “toe-in” for 
correct positioning to mate with the Core Stage 
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Booster Displacements
DGS Method vs Alternate Method
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Summary – ZERO Pull Load Cases
• The comparison of the DGS and alternate methods as applied to 

the BPPT analysis clearly demonstrate significant differences in 
booster lateral displacements

• The alternate method tends to under-predict the toe-in (Y-SLS) 
[e.g., 38% under-prediction for the right booster] while not 
enforcing displacements orthogonal to the toe-in plane (Z-SLS).
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Booster Displacements under Static Load
15 Kips +Y-SLS Right Booster

DGS vs Alternate Method
DGS Method

DGS Method: ML under 1G (bowed); DGS for VSP leveling/spacing and X-shims; Geometric nonlinear on
Alternate Method: ML under 0G (undeformed geometry)

Alternate Method
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Booster Displacements under Static Load
15 Kips minus Y-SLS Right Booster

NESC vs Alternate Method DGS Method

NESC Method: ML under 1G (bowed); DGS for VSP leveling/spacing and X-shims; Geometric nonlinear on
Alternate Method: ML under 0G (undeformed geometry)

Alternate Method
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ML/Boosters Interface Forces
15 Kips +Y-SLS Right Booster

VSPs leveled/spaced with 
ML bowed under 1G / Boosters 1G; X-shims 

VSP R_Booster VSP L_Booster

1
-118862.40

5
570.16

3559.45 95.80
-49985.07 404.94

2
118862.40

6
-570.16

3326.48 179.72
50645.41 -159.87

3
-121538.11

7
-570.16

4154.61 -158.88
51048.66 72.27

4
121538.11

8
570.16

3959.46 -116.64
-51709.01 -317.35

SUM: X 0.00
Y 15000.00
Z 0.00

SUM: X 0.00
Y 15000.00
Z 0.00

No Geom NL With Geom NL % Diff
VSP R_Booster VSP L_Booster

1
-127748.87

5
595.66

3547.99 99.03
-53855.75 430.29

2
127734.82

6
-613.21

3292.63 195.04
54562.93 -168.82

3
-130608.14

7
-604.26

4182.26 -166.61
54997.82 79.06

4
130622.19

8
621.81

3977.12 -127.46
-55705.00 -340.53

VSP R_Booster VSP L_Booster

1
7.48%

5
4.47%

-0.32% 3.38%
7.74% 6.26%

2
7.46%

6
7.55%

-1.02% 8.52%
7.74% 5.60%

3
7.46%

7
5.98%

0.67% 4.87%
7.74% 9.39%

4
7.47%

8
9.06%

0.45% 9.28%
7.73% 7.30%
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Notes: 
- At each VSP, forces provided in SLS X, Y, Z
- All forces in lbf
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ML/Boosters Interface Forces
15 Kips +Y-SLS Right Booster

DGS vs Alternate Method

DGS Method: ML under 1G (bowed); DGS for VSP leveling/spacing and X-shims; Geometric nonlinear on
Alternate Method: ML under 0G (undeformed geometry)

DGS Alternate % Diff
VSP R_Booster VSP L_Booster

1
-127748.87

5
595.66

3547.99 99.03
-53855.75 430.29

2
127734.82

6
-613.21

3292.63 195.04
54562.93 -168.82

3
-130608.14

7
-604.26

4182.26 -166.61
54997.82 79.06

4
130622.19

8
621.81

3977.12 -127.46
-55705.00 -340.53

SUM: X 0.00
Y 15000.00
Z 0.00

VSP R_Booster VSP L_Booster

1
-118862.40

5
570.16

3559.45 95.80
-49985.07 404.94

2
118862.40

6
-570.16

3326.48 179.72
50645.41 -159.87

3
-121538.11

7
-570.16

4154.61 -158.88
51048.66 72.27

4
121538.11

8
570.16

3959.46 -116.64
-51709.01 -317.35

SUM: X 0.00
Y 15000.00
Z 0.00

VSP R_Booster VSP L_Booster

1
-6.96%

5
-4.28%

0.32% -3.27%
-7.19% -5.89%

2
-6.95%

6
-7.02%

1.03% -7.85%
-7.18% -5.30%

3
-6.94%

7
-5.64%

-0.66% -4.64%
-7.18% -8.58%

4
-6.95%

8
-8.31%

-0.44% -8.49%
-7.17% -6.81%

www.nasa.gov 06/30/2022 16

Notes: 
- At each VSP, forces provided in SLS X, Y, Z
- All forces in lbf

Artemis I Booster to Mobile Launcher Interface Test: Impact of DGS + Nonlinearities
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						4.134737E+05		4.089336E+05

						-6.634382E+04		6.541721E+04												-0.00				-0.00										-0.00				-0.00

						-1.575167E+05		-1.551277E+05								SUM:		X		-0.00										SUM:		X		-0.00

						3.881187E+05		3.926328E+05										Y		15000.00												Y		15000.00

						6.138314E+04		-6.267428E+04										Z		0.00												Z		0.00

						-1.490034E+05		-1.508096E+05

				baseline loads; no pull; no geom

						3.909927E+05		3.954007E+05

						-6.132184E+04		6.264896E+04

						1.479069E+05		1.494166E+05

						4.117682E+05		4.073710E+05

						6.626909E+04		-6.537693E+04

						1.586291E+05		1.565371E+05

						4.109977E+05		4.065896E+05

						-6.630666E+04		6.538200E+04

						-1.564758E+05		-1.541415E+05

						3.904372E+05		3.948345E+05

						6.135941E+04		-6.265403E+04

						-1.500602E+05		-1.518121E+05

				Y- pull; no geom

						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215206E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04

						-2.017692E+05		-1.521295E+05

				diff

						-1.188624E+05		5.701608E+02

						3.559448E+03		9.579814E+01

						-4.998507E+04		4.049392E+02

						1.188624E+05		-5.701608E+02

						3.326484E+03		1.797209E+02

						5.064541E+04		-1.598666E+02

						-1.215381E+05		-5.701608E+02

						4.154606E+03		-1.588807E+02

						5.104866E+04		7.227387E+01

						1.215381E+05		5.701608E+02

						3.959462E+03		-1.166383E+02

						-5.170901E+04		-3.173464E+02

				Y- pull; with geom

						2.655060E+05		3.981357E+05

						-5.774211E+04		6.271867E+04

						9.506877E+04		1.508071E+05

						5.370833E+05		4.044762E+05

						6.954341E+04		-6.516753E+04

						2.121585E+05		1.553917E+05

						2.828656E+05		4.083293E+05

						-6.216156E+04		6.525060E+04

						-1.025188E+05		-1.550486E+05

						5.187409E+05		3.932546E+05

						6.536026E+04		-6.280174E+04

						-2.047084E+05		-1.511502E+05

				diff

						-1.277489E+05		5.956603E+02

						3.547993E+03		9.903247E+01

						-5.385575E+04		4.302886E+02

						1.277348E+05		-6.132054E+02

						3.292630E+03		1.950397E+02

						5.456293E+04		-1.688212E+02

						-1.306081E+05		-6.042606E+02

						4.182257E+03		-1.666105E+02

						5.499782E+04		7.905934E+01

						1.306222E+05		6.218057E+02

						3.977119E+03		-1.274617E+02

						-5.570500E+04		-3.405267E+02

				Y- pull; 0G ML

						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215205E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04

						-2.017692E+05		-1.521295E+05

				diff

						-1.188624E+05		5.701608E+02

						3.559448E+03		9.579814E+01

						-4.998507E+04		4.049392E+02

						1.188624E+05		-5.701608E+02

						3.326484E+03		1.797209E+02

						5.064541E+04		-1.598666E+02

						-1.215381E+05		-5.701608E+02

						4.154606E+03		-1.588807E+02

						5.104866E+04		7.227387E+01

						1.215381E+05		5.701608E+02

						3.959462E+03		-1.166383E+02

						-5.170901E+04		-3.173464E+02





R2_ML_1G



						2.653376E+05		3.934586E+05

						-5.018205E+04		5.628450E+04

						1.091546E+05		1.628981E+05

						5.374233E+05		4.093130E+05

						6.527207E+04		-5.982777E+04

						2.247263E+05		1.702252E+05

						2.962523E+05		4.085317E+05

						-5.857441E+04		6.057697E+04

						-1.223009E+05		-1.690352E+05

						5.051826E+05		3.928924E+05

						5.848440E+04		-5.703369E+04										VSP		R_Booster		VSP		L_Booster

						-2.115800E+05		-1.640881E+05										1		265337.64		5		393458.61

																				-50182.05				56284.50

																				109154.58				162898.11

																		2		537423.25		6		409313.04

																				65272.07				-59827.77

																				224726.26				170225.25

																		3		296252.28		7		408531.70

																				-58574.41				60576.97

																				-122300.87				-169035.24

																		4		505182.62		8		392892.44

																				58484.40				-57033.69

																				-211579.97				-164088.12

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03





R3_level_space



						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215206E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04										VSP		R_Booster		VSP		L_Booster

						-2.017692E+05		-1.521295E+05										1		272130.33		5		395970.85

																				-57762.39				62744.75

																				97921.83				149821.49

																		2		530630.56		6		406800.80

																				69595.58				-65197.21

																				209274.52				156377.24

																		3		289459.59		7		406019.46

																				-62152.06				65223.12

																				-105427.13				-154069.27

																		4		511975.31		8		395404.68

																				65318.87				-62770.67

																				-201769.22				-152129.46

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03





R4_shim



						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215206E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04										VSP		R_Booster		VSP		L_Booster

						-2.017692E+05		-1.521295E+05										1		272130.33		5		395970.85

																				-57762.39				62744.75

																				97921.83				149821.49

																		2		530630.56		6		406800.80

																				69595.58				-65197.21

																				209274.52				156377.24

																		3		289459.59		7		406019.46

																				-62152.06				65223.12

																				-105427.13				-154069.27

																		4		511975.31		8		395404.68

																				65318.87				-62770.67

																				-201769.22				-152129.46

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03





R5_NL



						2.655060E+05		3.981357E+05

						-5.774211E+04		6.271867E+04

						9.506877E+04		1.508071E+05

						5.370833E+05		4.044762E+05

						6.954341E+04		-6.516753E+04

						2.121585E+05		1.553917E+05

						2.828656E+05		4.083293E+05

						-6.216156E+04		6.525060E+04

						-1.025188E+05		-1.550486E+05

						5.187409E+05		3.932546E+05

						6.536026E+04		-6.280174E+04										VSP		R_Booster		VSP		L_Booster

						-2.047084E+05		-1.511502E+05										1		265506.02		5		398135.66

																				-57742.11				62718.67

																				95068.77				150807.08

																		2		537083.31		6		404476.21

																				69543.41				-65167.53

																				212158.51				155391.73

																		3		282865.59		7		408329.34

																				-62161.56				65250.60

																				-102518.84				-155048.63

																		4		518740.87		8		393254.58

																				65360.26				-62801.74

																				-204708.43				-151150.17

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03
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Comparison









						-1.277489E+05		5.956603E+02

						3.547993E+03		9.903247E+01

						-5.385575E+04		4.302886E+02

						1.277348E+05		-6.132054E+02

						3.292630E+03		1.950397E+02

						5.456293E+04		-1.688212E+02

						-1.306081E+05		-6.042606E+02

						4.182257E+03		-1.666105E+02

						5.499782E+04		7.905934E+01

						1.306222E+05		6.218057E+02

						3.977119E+03		-1.274617E+02										VSP		R_Booster		VSP		L_Booster

						-5.570500E+04		-3.405267E+02										1		-127748.87		5		595.66

																				3547.99				99.03

																				-53855.75				430.29

						-1.188624E+05		5.701608E+02										2		127734.82		6		-613.21

						3.559448E+03		9.579814E+01												3292.63				195.04

						-4.998507E+04		4.049392E+02												54562.93				-168.82

						1.188624E+05		-5.701608E+02										3		-130608.14		7		-604.26

						3.326484E+03		1.797209E+02												4182.26				-166.61

						5.064541E+04		-1.598666E+02												54997.82				79.06

						-1.215381E+05		-5.701608E+02										4		130622.19		8		621.81

						4.154606E+03		-1.588807E+02												3977.12				-127.46

						5.104866E+04		7.227387E+01												-55705.00				-340.53

						1.215381E+05		5.701608E+02

						3.959462E+03		-1.166383E+02												-0.00				-0.00

						-5.170901E+04		-3.173464E+02								SUM:		X		-0.00

																		Y		15000.00

																		Z		0.00

				baseline; no pull; 0G ML

						3.909927E+05		3.954007E+05

						-6.132184E+04		6.264896E+04

						1.479069E+05		1.494166E+05

						4.117682E+05		4.073710E+05

						6.626909E+04		-6.537693E+04

						1.586291E+05		1.565371E+05

						4.109977E+05		4.065896E+05										VSP		R_Booster		VSP		L_Booster								VSP		R_Booster		VSP		L_Booster						VSP		R_Booster		VSP		L_Booster

						-6.630666E+04		6.538200E+04										1		-127748.87		5		595.66								1		-118862.40		5		570.16						1		-6.96%		5		-4.28%

						-1.564758E+05		-1.541415E+05												3547.99				99.03										3559.45				95.80								0.32%				-3.27%

						3.904372E+05		3.948345E+05												-53855.75				430.29										-49985.07				404.94								-7.19%				-5.89%

						6.135941E+04		-6.265403E+04										2		127734.82		6		-613.21								2		118862.40		6		-570.16						2		-6.95%		6		-7.02%

						-1.500602E+05		-1.518121E+05												3292.63				195.04										3326.48				179.72								1.03%				-7.85%

				baseline loads; no pull; with geom																54562.93				-168.82										50645.41				-159.87								-7.18%				-5.30%

						3.932549E+05		3.975400E+05										3		-130608.14		7		-604.26								3		-121538.11		7		-570.16						3		-6.94%		7		-5.64%

						-6.129010E+04		6.261963E+04												4182.26				-166.61										4154.61				-158.88								-0.66%				-4.64%

						1.489245E+05		1.503768E+05												54997.82				79.06										51048.66				72.27								-7.18%				-8.58%

						4.093485E+05		4.050894E+05										4		130622.19		8		621.81								4		121538.11		8		570.16						4		-6.95%		8		-8.31%

						6.625078E+04		-6.536257E+04												3977.12				-127.46										3959.46				-116.64								-0.44%				-8.49%

						1.575956E+05		1.555605E+05												-55705.00				-340.53										-51709.01				-317.35								-7.17%				-6.81%

						4.134737E+05		4.089336E+05

						-6.634382E+04		6.541721E+04												-0.00				-0.00										-0.00				-0.00

						-1.575167E+05		-1.551277E+05								SUM:		X		-0.00										SUM:		X		-0.00

						3.881187E+05		3.926328E+05										Y		15000.00												Y		15000.00

						6.138314E+04		-6.267428E+04										Z		0.00												Z		0.00

						-1.490034E+05		-1.508096E+05

				baseline loads; no pull; no geom

						3.909927E+05		3.954007E+05

						-6.132184E+04		6.264896E+04

						1.479069E+05		1.494166E+05

						4.117682E+05		4.073710E+05

						6.626909E+04		-6.537693E+04

						1.586291E+05		1.565371E+05

						4.109977E+05		4.065896E+05

						-6.630666E+04		6.538200E+04

						-1.564758E+05		-1.541415E+05

						3.904372E+05		3.948345E+05

						6.135941E+04		-6.265403E+04

						-1.500602E+05		-1.518121E+05

				Y- pull; no geom

						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215206E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04

						-2.017692E+05		-1.521295E+05

				diff

						-1.188624E+05		5.701608E+02

						3.559448E+03		9.579814E+01

						-4.998507E+04		4.049392E+02

						1.188624E+05		-5.701608E+02

						3.326484E+03		1.797209E+02

						5.064541E+04		-1.598666E+02

						-1.215381E+05		-5.701608E+02

						4.154606E+03		-1.588807E+02

						5.104866E+04		7.227387E+01

						1.215381E+05		5.701608E+02

						3.959462E+03		-1.166383E+02

						-5.170901E+04		-3.173464E+02

				Y- pull; with geom

						2.655060E+05		3.981357E+05

						-5.774211E+04		6.271867E+04

						9.506877E+04		1.508071E+05

						5.370833E+05		4.044762E+05

						6.954341E+04		-6.516753E+04

						2.121585E+05		1.553917E+05

						2.828656E+05		4.083293E+05

						-6.216156E+04		6.525060E+04

						-1.025188E+05		-1.550486E+05

						5.187409E+05		3.932546E+05

						6.536026E+04		-6.280174E+04

						-2.047084E+05		-1.511502E+05

				diff

						-1.277489E+05		5.956603E+02

						3.547993E+03		9.903247E+01

						-5.385575E+04		4.302886E+02

						1.277348E+05		-6.132054E+02

						3.292630E+03		1.950397E+02

						5.456293E+04		-1.688212E+02

						-1.306081E+05		-6.042606E+02

						4.182257E+03		-1.666105E+02

						5.499782E+04		7.905934E+01

						1.306222E+05		6.218057E+02

						3.977119E+03		-1.274617E+02

						-5.570500E+04		-3.405267E+02

				Y- pull; 0G ML

						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215205E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04

						-2.017692E+05		-1.521295E+05

				diff

						-1.188624E+05		5.701608E+02

						3.559448E+03		9.579814E+01

						-4.998507E+04		4.049392E+02

						1.188624E+05		-5.701608E+02

						3.326484E+03		1.797209E+02

						5.064541E+04		-1.598666E+02

						-1.215381E+05		-5.701608E+02

						4.154606E+03		-1.588807E+02

						5.104866E+04		7.227387E+01

						1.215381E+05		5.701608E+02

						3.959462E+03		-1.166383E+02

						-5.170901E+04		-3.173464E+02





R2_ML_1G



						2.653376E+05		3.934586E+05

						-5.018205E+04		5.628450E+04

						1.091546E+05		1.628981E+05

						5.374233E+05		4.093130E+05

						6.527207E+04		-5.982777E+04

						2.247263E+05		1.702252E+05

						2.962523E+05		4.085317E+05

						-5.857441E+04		6.057697E+04

						-1.223009E+05		-1.690352E+05

						5.051826E+05		3.928924E+05

						5.848440E+04		-5.703369E+04										VSP		R_Booster		VSP		L_Booster

						-2.115800E+05		-1.640881E+05										1		265337.64		5		393458.61

																				-50182.05				56284.50

																				109154.58				162898.11

																		2		537423.25		6		409313.04

																				65272.07				-59827.77

																				224726.26				170225.25

																		3		296252.28		7		408531.70

																				-58574.41				60576.97

																				-122300.87				-169035.24

																		4		505182.62		8		392892.44

																				58484.40				-57033.69

																				-211579.97				-164088.12

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03





R3_level_space



						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215206E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04										VSP		R_Booster		VSP		L_Booster

						-2.017692E+05		-1.521295E+05										1		272130.33		5		395970.85

																				-57762.39				62744.75

																				97921.83				149821.49

																		2		530630.56		6		406800.80

																				69595.58				-65197.21

																				209274.52				156377.24

																		3		289459.59		7		406019.46

																				-62152.06				65223.12

																				-105427.13				-154069.27

																		4		511975.31		8		395404.68

																				65318.87				-62770.67

																				-201769.22				-152129.46

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03





R4_shim



						2.721303E+05		3.959708E+05

						-5.776239E+04		6.274475E+04

						9.792183E+04		1.498215E+05

						5.306306E+05		4.068008E+05

						6.959558E+04		-6.519721E+04

						2.092745E+05		1.563772E+05

						2.894596E+05		4.060195E+05

						-6.215206E+04		6.522312E+04

						-1.054271E+05		-1.540693E+05

						5.119753E+05		3.954047E+05

						6.531887E+04		-6.277067E+04										VSP		R_Booster		VSP		L_Booster

						-2.017692E+05		-1.521295E+05										1		272130.33		5		395970.85

																				-57762.39				62744.75

																				97921.83				149821.49

																		2		530630.56		6		406800.80

																				69595.58				-65197.21

																				209274.52				156377.24

																		3		289459.59		7		406019.46

																				-62152.06				65223.12

																				-105427.13				-154069.27

																		4		511975.31		8		395404.68

																				65318.87				-62770.67

																				-201769.22				-152129.46

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03





R5_NL



						2.655060E+05		3.981357E+05

						-5.774211E+04		6.271867E+04

						9.506877E+04		1.508071E+05

						5.370833E+05		4.044762E+05

						6.954341E+04		-6.516753E+04

						2.121585E+05		1.553917E+05

						2.828656E+05		4.083293E+05

						-6.216156E+04		6.525060E+04

						-1.025188E+05		-1.550486E+05

						5.187409E+05		3.932546E+05

						6.536026E+04		-6.280174E+04										VSP		R_Booster		VSP		L_Booster

						-2.047084E+05		-1.511502E+05										1		265506.02		5		398135.66

																				-57742.11				62718.67

																				95068.77				150807.08

																		2		537083.31		6		404476.21

																				69543.41				-65167.53

																				212158.51				155391.73

																		3		282865.59		7		408329.34

																				-62161.56				65250.60

																				-102518.84				-155048.63

																		4		518740.87		8		393254.58

																				65360.26				-62801.74

																				-204708.43				-151150.17

																				1604195.79				1604195.79

																SUM:		X		3208391.59

																		Y		15000.00

																		Z		0.00

								FA right						FA Left

								1.584200E+00						1.59E+00

								-8.497300E-01						3.67E-01

								-1.062100E-02						1.36E-03
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Simulating the Booster Dynamic Input (I)
• Booster was displaced at four inches in each of the lateral directions and displacements 

measured along the length of the booster
• The Z direction results show that the left booster responds out of phase as the right hand 

booster responds  
• While the first inclination is to classify the response as a beat frequency, the response is 

indicative of sympathetic vibration.  
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Simulating the Booster Dynamic Input (II)
• Y direction excitation displacements due to the same magnitude input, one see a very 

different response.  This is due in part to the differences in symmetry between axes at the 
ML VSP to booster aft skirt interface.

• Each time-history vibrates about its respective “X-shim + CG off-set” datum and will 
eventually settle at that value with simulation carried for a longer duration
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Booster Displacements
4” +Y-SLS on Right Booster

Right Booster
(Twang source) 

Right Booster
(Twang Source)

Response at top location DGS Approach
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Differences in dynamic response booster toe-in (DGS) and geometric nonlinear effects
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Booster Displacements
4” +Z-SLS on Right Booster

Right Booster
(Twang source) 

Right Booster
(Twang Source)

Response at top location DGS Approach
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Differences in dynamic response booster toe-in (DGS) and geometric nonlinear effects



Summation
• A methodical process for the BPPT pre-test analysis utilizing Deformed Geometry 

Synthesis (DGS) is presented that accounts for the VSP leveling and spacing in a 1G 
environment, enforces booster toe-in (X-Shims), and accounts for geometric 
nonlinear effects in an attempt to provide a complete understanding of coupled 
system statics and dynamics

• For the zero-pull case, the alternate/simplified representation tends to under-
predict the toe-in (Y-SLS) [e.g., 38% under-prediction for the right booster 
compared to DGS] while not enforcing displacements orthogonal to the toe-in 
plane (Z-SLS).

• For the pull cases, geometric nonlinear effects accounted for increases in 
ML/Booster interface forces in the range of 7-10% and tip displacements of 10-15%. 

• Dynamic excitation of a single booster results in sympathetic vibrations of the other 
booster since the two boosters are attached to the ML haunches form a coupled 
dynamic system and cannot be handled as decoupled components. 
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End
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