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Axisymmetric Shell Analysis of the Space Shuttle
Solid Rocket Booster Field Joint

Michael P. Nemeth*
NASA Langley Research Center, Hampton, Virginia
and
Melvin S. Andersont
Old Dominion University, Norfolk, Virginia

The Space Shuttle Challenger (STS 51-L) accident led to an intense investigation of the structural behavior of
the solid rocket booster (SRB) tang and clevis field joints. The presence of structural deformations between the
clevis inner leg and the tang, which were substantial enough to prevent the O-ring seals from eliminating hot gas
flow through the joints, has emerged as a likely cause of the vehicle failure. This paper presents results of
axisymmetric shell analyses that parametrically assess the structural behavior of SRB field joints subjected to
quasi-steady-state internal pressure loading for both the original joint flown on mission STS 51-L and the
redesigned joint recently flown on the Space Shuttle Discovery. Axisymmetric shell modeling issues and details
are discussed and a generic method for simulating contact between adjacent shells of revolution is described.
Results are presented that identify the performance trends of the joints for a wide range of joint parameters.

Nomenclature facts leading up to the loss of the vehicle has focused on failure

d, d* = radial distance between tang and clevis inner of the aft tang and clevis field joint of the right SRB as the
leg prior to and after motor pressurization probable cause of the accident.! Structural analyses of this

F; = contact forces, j = 1—7 (Fig. 10) field joint have been performed on several levels at the Langley
G, = radial distance between shell wall surfaces Research Center and the Marshall Space Flight Center. These
corresponding to F;, j = 1-7 [Eq. (A1)} levels range from simple axisymmetric shel! analyses to very

Hy H, = dimensions of tang and clevis pin region model sophisticated three-dimensional inelastic finite-element analy-
(Fig. 2) ses. The axisymmetric shell analyses were used to iQentify the

N = pumber of contact points (Appendix) qualitative joint behavior trends and to provide guidance for
P = pressure due to burning of solid propellant the more sophisticated analyses. This paper focuses on elastic
h,ty = dimensions of capture feature and clevis inner leg axisymmetric shell analyses performed using the computer
(Fig. 3b) program FASOR.? Specifically, the paper describes modeling

A = O-ring gap change defined by A=d* —d issues necessary to adequately predict the qualitative joint be-
Ay = radial displacement at point » due to influence havior trends, and presents a generic methodology for para-
loads associated with F; (Fig. 10) metrically simulating contact within the joint as a function of

A, = radial displacement at point r due to pressure the initial joint clearances. The method presented herein al-

loading (Fig. 10)

81,. . ., 05 = initial joint clearances (Fig. 3)

N = joint clearance defined by pu =1, — f; = 8, + 65
(Fig. 3b)

Introduction

Nintense effort has been underway at the NASA Langley
Research Center to study the structural behavior of the
right solid rocket booster (SRB) since the loss of the Space
Shuttle Challenger (STS 51-L). Review of the evidence and
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lows very rapid calculation of joint response so that parametric
studies involving a large number of parameters are practical.
Some results of parametric studies showing joint behavior
trends as a function of initial clearances are presented for the
original and redesigned SRB field joints. The results indicate
that the redesigned joint provides a substantial improvement
in the performance of the SRB field joint over the original
joint design.
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Problem Overview

The original and redesigned SRB field joints shown in Fig.
1 consist of a male-to-female pin-connected joint between two
cylindrical shells, referred to as solid rocket motor (SRM)
cases, which are approximately 3.7 m (12 ft) in diameter and
9.1 m (30 ft) long. The male and female parts of the joint are
referred to as the tang and clevis, respectively. The parts of the
clevis on the inside and outside of the cylinder are referred to
as the inner and outer legs, respectively. The original joint uses
two O-rings to provide a pressure seal between two SRM cases.
The redesigned joint has an additional part on the tang, re-
ferred to as the capture feature, which is intended to limit the
deflections between the tang and clevis inner leg. The re-
designed joint is based on the original joint design concept
with small differences in dimensions, the addition of the cap-
ture feature, and the presence of a third O-ring.

A total of 180 pins spaced equally around the joint circum-
ference are inserted into holes that are machined through the
tang and partially through the clevis, for both the original and
the redesigned joints, as indicated in Fig. 1. The pins are held
in place by a metal retainer strap on the outer surface of the
joint. Metal shims are placed between the tang and clevis outer
leg to reduce the initial joint clearance between the tang and
inner clevis leg. Rubber O-rings are used to provide a pressure
seal during motor operation. The effectiveness of the O-rings
in providing this seal depends on the relative displacements of
the parts of the joint in the proximity of the O-rings.!

The Space Shuttle experiences a number of dynamic loading
conditions prior to and during the 2-min-long part of the as-
cent when the SRBs are operational. An important loading
condition for the boosters that is addressed herein is the max-
imum quasi-steady-state internal pressure of approximately
6.895 MPa (1000 psi) exerted on the shell wall by solid propel-
lant burning during vehicle ascent.

Modeling Assumptions and Details

Two SRM cases joined together by either the original or
redesigned field joint possess periodic circumferential symme-
try. A basic repetitive meridional element of the joined SRM
cases that possesses the same stiffness, loading, and support
conditions when translated circumferentially by a finite angle
can be identified. For the SRM cases, this angle is 2 deg. Since
this angle is relatively small, it is assumed that the overall
stiffness of the field joint can be matched closely enough by
axisymmetric analysis to adequately represent the structural
behavior of the joint in the vicinity of the O-ring pressure
seals. The SRM field joint has several modeling issues that
must be addressed when using an axisymmetric shell analysis,
especially when local joint behavior trends are the desired end
result of the analysis. The issues that appear to be most impor-
tant are the modeling of the pin connection, the local stiffness
reduction associated with the pin hole and O-ring grooves, the
internal pressure distribution near the O-rings, the way in
which the load is transferred between the tang and clevis by the
pin reaction forces, and the clearances between the tang,
clevis, and pin. The joined SRM cases are fabricated using
D6AC steel and the nominal material properties for this mate-
rial used in the analyses are E =200 GPa (29 x 10 psi) for
Young’s modulus and »=0.3 for Poisson’s ratio.

Local Stiffness Modeling Details

The tang is connected to the clevis by discrete pins that can
only be modeled by continuous shell segments in a shell of
revolution analysis. To simulate the actual three-dimensional
flexibility of the joint as accurately as shell analysis will per-
mit, the shell segments representing the pin are assumed to
only contribute meridional stiffness to the joint model. This
assumption is implemented in the FASOR model by eliminat-
ing the circumferential stiffnesses of the shell segments repre-
senting the pin connection. The meridional extensional and
bending stiffnesses of the shell segments representing the pin
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are approximated by EA/s and EI/s, where s is the pin spacing
and EA and EI are the extensional and bending stiffnesses of
a pin, respectively.

The circumferential variation in stiffness of the shell due to
the pin holes is approximated by using a reduced value of
stiffness that is assumed to be constant around the circumfer-
ence of the shell, which is consistent with shell of revolution
analysis. The stiffness reduction associated with the pin holes
is implemented in the FASOR model by introducing a linear
thickness variation over the pin hole region for the tang and
both clevis legs. This region of thickness variation for the
original joint and a typical element of the tang or clevis legs are
shown in Figs. 2a and 2b, respectively. The linear thickness
variation used in the FASOR models is determined by requir-
ing the models to have an average meridional bending stiffness
that matches stiffnesses determined in unpublished plate bend-
ing experiments performed in the Structures Laboratory at
NASA Langley Research Center. These experiments consisted
of four-point bending tests of flat plates with holes approx-
imately 2.54 cm (1.0 in.) in diameter and with hole spacings
identical to that of the SRM case field joint, and are intended
to represent the actual flight hardware within the fidelity of the
shell model. Plate thicknesses used in the experiments were
those of stock items that were close to the thicknesses of the
actual tang and clevis legs. Holes were drilled completely
through the plates used to simulate the tang and clevis outer
leg, and drilled partially through (to the corresponding depth
of the holes in the clevis inner leg) the plate intended to simu-
late the clevis inner leg. The experimental results indicate bend-
ing stiffness reductions due to holes in the clevis outer leg and
tang, and due to holes drilled partially through the clevis inner
leg at approximately 57, 63, and 58% of the bending stiff-
nesses of the corresponding plates without holes. The dimen-
sions Hy and H; of the linear thickness variations used in the
FASOR model of the pin region depicted in Fig. 2b are deter-
mined by analytically finding the thickness H; that produces
the same bending stiffness reductions that were obtained in the
experiments. The dimension H, is predetermined by the di-
mensions of the tang and clevis legs.

A reduced meridional stiffness of the clevis inner leg is im-
plemented in the FASOR model to account for the fact that the
O-ring grooves cannot have meridional stresses acting on their
traction-free surfaces. The region where the stiffnesses are
modified is assumed to cover the shaded region shown in Fig.
2¢. The FASOR program allows the input of orthotropic elas-
tic moduli, and this convenience is used to selectively modify
the stiffnesses of the O-ring grooves. The shaded region be-
tween the O-ring grooves is assigned a zero value of elastic
modulus in its meridional direction. The meridional stiffness
in the remaining shaded regions shown in Fig. 2c are calculated
using an elastic modulus in their meridional direction that
varies from the full value to zero at the traction-free surfaces
of the O-ring grooves. For all of the shaded regions shown in
Fig. 2¢, the full circumferential stiffness is retained.

Local Pressure Distribution Modeling Details

The relative displacements between the tang and clevis inner
leg in the vicinity of the O-rings is dependent on where the
pressure seal actually occurs. Three pressure seal cases are
considered in the analysis of the original joint. The first case
corresponds to one in which the pressure has been prevented
from reaching the O-ring seals altogether by the SRM internal
insulation. This case corresponds to the factory assembly of
two SRM cases in which a rubber liner totally seals the joint
(referred to as a factory joint) and the pressure never reaches
the O-rings. The second and third pressure seal cases are de-
fined by the instances in which the primary and secondary
O-rings independently seal the joint, respectively.

As previously mentioned, the redesigned joint contains an
additional O-ring, referred to herein as the tertiary O-ring. The
pressure distributions investigated in the analysis of the re-
designed joint correspond to the cases in which the tertiary,
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primary, and secondary O-rings seal the joint independently.
For all of these cases, when the pressure acts on both surfaces
of a shell segment (as may occur on the clevis inner leg shown
in Fig. 1), the net result is negligible within the limits of thin
shell theory.

Pin-Tang-Clevis Load Transfer Modeling

The nominal 6.895 MPa (1000 psi) internal pressure gener-
ated by propellant burning induces an axial load in the shell
wall of 63,650 N/cm (36,345 Ib/in.) corresponding to the biax-
ial state of stress occurring in a sealed pressure vessel. This
axial load corresponds to approximately 413,350 N (92,220 1b)
of axial force that is transferred by each pin. The load transfer
between the tang, clevis, and pins occurs in a periodic manner.
Moreover, the pins bear on the tang and clevis to produce a
contact stress distribution within each pin hole. The way in
which the pins bear on the clevis inner leg, through the thick-
ness of the shell, generally depends on the amount of pin
deformation, the clearances in the pin hole, the amount of
beveling of the edges of the pin, friction between the pin and
the tang and clevis, and any inelastic deformations that result
from high stresses. Associated with the contact stress distribu-
tion of a pin is a resultant pin reaction force. The large size and
the proximity of the pin reactions to the O-ring pressure seals
suggest that the manner in which the pins bear on the clevis
inner leg is an important modeling detail to be addressed.

Axisymmetric shell analysis cannot capture the local nature
of the periodic pin contact stresses, but can simulate the actual
load transfer with a statically equivalent uniform load distri-
bution. This simulation is accomplished by investigating the
sensitivity of the FASOR model to the location of the reference
surface of the clevis inner leg. The length of the shell segment
connecting the clevis inner leg to the tang depends on the
location of the shell wall reference surface. Varying the length
of this connecting shell segment changes its bending stiffness
and indirectly changes the location of the resultant pin reaction
force.

As previously discussed, the stiffnesses of the shell segments
representing the pin are modified to include only meridional
stiffness since the pin contributes essentially no circumferen-
tial stiffness to the joint. Joining the tang and clevis in this
manner constrains the tang from sliding on the pin and corre-
sponds to a no-slip connection between the tang, clevis, and
pin. Preventing slippage between the tang, clevis, and pin was
shown to be an important modeling issue of the SRM joint.?

Clearances and Contact Modeling
The results of the “‘referee tests’’ of the original SRM field
joint performed at Morton-Thiokol, Inc.* have indicated an
effect of initial clearances on the relative displacements be-
tween the tang and clevis inner leg at the O-rings. Ideally, it is
desirable to know the effect of a wide range of clearances on
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Fig.2 Pin hole and O-ring groove modeling details.
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the structural behavior of the field joint. This effect is studied
by applying an influence coefficient method in which pairs of
loads are applied to assumed contact points on adjacent shell
walls. This influence coefficient method, however, does not
address clearances and contact between the pin, tang, and
clevis legs. The locations and number of contact points re-
quired to sufficiently simulate the joint behavior were deter-
mined in the present study by examining the joint deflections
obtained from shell analyses of the joint in which adjacent
shell walls were free to overrun one another. This effort led to
the selection of points on adjacent shell walls corresponding to
locations A, B, and C of the original joint shown, in Fig. 3a,
and to locations A-G of the redesigned joint shown in Fig. 3b,
as the contact locations. Associated with each contact point is
an initial clearance indicated by 8,85 in Fig. 3. These clear-
ances represent the radial distance between adjacent shell walls
prior to assembly and pressurization of the joint. The clear-
ance 0, is particularly significant in that it corresponds to the
shimming process applied to the joint during assembly. The
range of values of §; investigated in this study includes all shim
sizes used in the ‘‘referee tests’’ and on the actual flight arti-
cles. Thus, the maximum value of 8, corresponds to a joint
without shims, and a zero value corresponds to a joint where
the shimming process produces a perfect contact between the
adjacent shell walls resulting in no clearance.

The basic idea behind the contact analysis is to compute the
forces at two assumed contact points that are necessary to
prevent adjacent shell walls from overlapping. This task is
accomplished by enforcing radial displacement compatibility
between two assumed contact points when the deflections and
clearances are such that contact occurs. The relative displace-
ments between the tang and clevis at the O-rings are then
adjusted to reflect the presence of any contact forces. For a
given set of clearances and NN possible contact locations, there
exist 2V possible contact conditions that can be determined by
analysis. There is, however, only one physically admissible
solution. This solution is found by excluding all solutions that
produce tensile contact forces and inadmissible relative dis-
placements (overrun) between adjacent shell walls. An al-
gorithm was developed to determine the physically admissible
solution. Details of the algorithm are given in the Appendix.

Results and Discussion

The effectiveness of the O-rings in providing a pressure seal
inside the solid rocket boosters to eliminate hot gas flow
through the SRM field joints depends heavily on the relative
radial displacements between the tang and clevis inner leg in
the proximity of the O-rings. A specific relative displacement
is used in this paper to assess the joint performance and repre-
sents the joint displacement that an O-ring must follow during
motor pressurization to insure safe operation. This important
parameter, for both the original and redesigned joint, is the
relative radial displacement between the inner surface of the
tang and the outer surface of the clevis inner leg midway
between the primary and secondary O-rings. After joint as-
sembly, the radial distance (referred to herein as gap) separat-
ing adjacent surfaces of the tang and clevis inner leg, between
the primary and secondary O-rings, is a specific amount de-
noted as d. After motor pressurization, the gap d between
adjacent surfaces of the tang and clevis inner leg changes to a
different gap d*. The relative radial displacement that the
O-rings must follow to insure a pressure seal is given by
A=d* —d, and is referred to hereafter as the O-ring gap
change. Positive values of A represent further separation of the
tang and clevis inner leg, whereas negative values indicate the
tang and clevis inner leg are closer together after motor pres-
surization.

Results for the Original Joint

The linear FASOR analysis of the original SRM joint
yielded O-ring gap changes ranging from 0.053-0.066 cm
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(0.021-0.026 in.). This range of displacements was obtained
for values of clearances 6, and §, ranging from 0-0.127 cm
(0.050 in.) and a nominal value of §; equal to 0.127 cm (0.050
in.) (see Fig. 3a). Similar results obtained using three-dimen-
sional finite-element analysis are presented in Refs. 3, 5, and
6, and these resuits indicate O-ring gap changes ranging from
approximately 0.048-0.094 cm (0.019-0.037 in.). The varia-
tion in the O-ring gap changes reported in Refs. 3, 5, and 6 was
attributed to differences in local modeling details and clear-
ances around the pin and pin-hole region, and clearances be-
tween the tang and clevis. The lower value of O-ring gap
change corresponds to the ideal case of a joint with a perfectly
fitting pin and zero initial clearances.

As discussed previously, axisymmetric shell analysis cannot
simulate the local details of the pin region such as clearances
and pin-edge bevel exactly, and thus the analysis treats the pin
connection as an ideal connection. One modeling parameter
that can be adjusted in the shell analysis is the location of the
reference surface of the clevis inner leg. This parameter deter-
mines the length of the shell segment connecting the clevis
inner leg to the tang and, hence, affects its bending stiffness
and indirectly determines the location at which the statically
equivalent pin reaction force is transferred to the clevis inner
leg. Results obtained for several different reference surface
locations indicate that moving the reference surface from the
innermost side of the clevis inner leg toward the tang results in
only minor differences in the O-ring gap change computed and
a slight reduction in the sensitivity of the displacements to the
initial clearances 8, and 6,. The largest variation in O-ring gap
changes, associated with varying the initial clearances, ranges
from 0.041-0.058 cm (0.016-0.023 in.) and corresponds to a
reference surface located at the inner surface of the clevis inner
leg. Because of the fairly benign influence of reference surface
location on the O-ring gap changes, a single reference surface
location was used to perform the remaining parametric stud-
ies. This reference surface location is approximately at the
midpoint of the slot in the clevis inner leg that the pin fits into
[0.8090 cm (0.3185 in.) outboard from the interior surface of
the clevis inner leg]. In addition, the effect of varying the
initial clearance §; on the O-ring gap change was found to be
benign and was ¢liminated as a parameter in the study of the
original joint.

The O-ring gap changes recorded in the referee tests per-
formed by Morton-Thiokol* ranged from 0.051-0.104 cm
(0.020-0.041 in.), depending on circumferential location
around the joint and the size of the shims used (see Fig. 1). The
gap changes recorded were obtained from a pressure loading
approximately 1% higher than the 6.895 MPa (1000 psi) pres-
sure loading used in the analysis presented herein and in Refs.
3 and 5. The results of Ref. 6 correspond to the same value of
pressure as that used in the referee tests, namely 6.923 MPa
(1004 psi). The presence of a substantial variation in joint and
pin clearances around the circumference of the shell was noted
in the experiment. Specifically, measurements made on the
tang and clevis prior to testing indicated that clearances be-
tween the tang and both clevis legs, in the proximity of the
O-rings, could vary from 0.089-0.165 c¢cm (0.035-0.065 in.)
around the circumference of the shell. These clearances corre-
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spond to values of 8, ranging from 0 to approximately 0.076
cm (0.030 in.), for the shim sizes used in the referee tests.

The results of the FASOR analyses, the three-dimensional
finite-element analyses, and the referee tests are presented in
Fig. 4. The distribution of results shown for the FASOR analy-
ses corresponds to O-ring gap changes obtained by varying the
clearances 6; and 8, from 0-0.127 cm (0.050 in.). The distribu-
tion of results shown for the three-dimensional finite-element
analyses ranges from displacements corresponding to an ideal
joint with zero clearances to larger displacements correspond-
ing to additional flexibility associated with the pin, pin-edge
bevel, and initial clearances (including clearances around the
pin). The results shown for the referee tests were affected by
small amounts of local plasticity in the vicinity of the pin
connections in addition to joint clearances and exhibited a
slight nonlinear behavior according to Ref. 4. The FASOR
analyses indicated stresses in excess of the yield stress also in
the pin-connection region of the shell-of-revolution model.
However, since the areas of plasticity indicated by the sheli-of-
revolution analyses were in the relatively small region of the
joint where thicknesses were tapered to simulate the reduced
bending stiffness of the pin holes, it was considered unrealistic
to include plasticity in the axisymmetric analyses since the
actual area of plastic deformation was in the localized pin
bearing area.

The results of Fig. 4 show that both the FASOR analyses
and the three-dimensional finite-element analyses yield O-ring
gap changes that are in the range of the experimental results.
Moreover, the results of the FASOR analysis and the three-di-
mensional finite element analysis are in good agreement when
the joint is assumed to be free of initial clearances (ideal joint).
The maximum O-ring gap changes corresponding to three-di-
mensional finite element analysis and ‘‘referee tests’’ show
good agreement and indicate that the local pin clearances,
pin-edge bevel, and pin deformations are important to predict
the structural deformations precisely. However, the reason-
ably good qualitative agreement between the results of the
FASOR analyses and the three-dimensional finite-element and
experimental results, and the relative simplicity of the FASOR
analysis, suggests that the axisymmetric shell analysis pre-
sented herein is useful for identifying structural trends of the
SRM joints for a large range of parameters in a timely and
relatively inexpensive manner.

Results obtained from FASOR analyses and from the ‘‘ref-
eree tests’’ showing the sensitivity of the O-ring gap changes to
local pressure distribution near the O-rings and initial clear-
ances are presented in Fig. 5. The parameter x shown in this
figure is the distance measured from the tip of the clevis inner
leg toward the pin, and indicates the point at which the pres-
sure distribution changes from being applied to the tang to
being applied to the clevis inner leg. The band of results in Fig.
5 obtained from the FASOR analyses corresponds to clear-
ances ranging from 6;=6,=0 to 0.127 ¢m (0.050 in.) and in-
cludes results for all clearances between these bounding values.
These results indicate that preventing the pressure from reach-
ing the O-rings (like the factory joints) produces the smallest
O-ring gap changes for the full range of joint clearances. As
the parameter x increases to values that correspond to the
locations of the centers of the primary and secondary O-rings,
the band of displacements increases to between 0.051-0.064
cm (0.020-0.025 in.) and between 0.076-0.091 cm
(0.030-0.036 in.), respectively. The referee tests results indi-
cate the same trend as the FASOR results, but with somewhat
larger O-ring gap changes and data scatter due to the added
flexibility associated with the variation in clearances, plastic-
ity, slight geometric nonlinearity, and slightly higher operating
pressure. '

The nonlinear static response of the joint was also deter-
mined as a function of the initial joint clearances. The nonlin-
ear contact solutions were obtained by applying the incremen-
tal procedure described at the end of the Appendix. This
procedure converges rapidly indicating a very slight, and es-
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sentially benign, influence of geometric nonlinearity on the
O-ring gap changes. Because of the benign influence of geo-
metric nonlinearity obtained in the FASOR analyses and re-
ported in the referee tests, the remaining analyses presented
herein neglect geometric nonlinearity.

Results for the Redesigned Joint

The results presented in Figs. 6 and 7 show the effects of
initial clearances on the O-ring gap changes for the redesigned
joint. In particular, the results presented in Figs. 6 and 7 show
the O-ring gap changes as a function of the clearance é, for the
case when the primary O-ring seals the joint and for the case
when the secondary O-ring seals the joint. A band of results
that corresponds to clearances ranging from 6, =6,=01t0 0.127
cm (0.050 in.) and that includes all combinations of clearances
in between these bounding values is shown in Figs. 6 and 7.
Results were obtained for values of ;=0 and 0.127 cm (0.050
in.) that indicated no significant effect of varying §;. Results
for the original joint (independent of é4) are overlayed in Figs.
6 and 7 to highlight the advantage of the redesigned joint.

Another important parameter appearing in Figs. 6 and 7 is
the clearance u. This clearance is defined as the mismatch in
the width of the channel that the clevis inner leg slides into
(dimension ¢, in the figures) and the width of the clevis inner
leg (dimension ¢, in the figures). Moreover, the clearance p is
also the sum of the clearances 6,4 and 65 as indicated in Fig. 3b.
A zero value of u implies a perfect metal-to-metal assembly of
the clevis inner leg and the capture feature with no clearance
on either side of the clevis inner leg. This type of assembly
would be very difficult to perform without damaging the O-
rings in the joint, and results for this parameter are included
herein to give an indication of the effect of reducing p. The
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nominal value of p that is considered to be representative of
the actual flight hardware assembly is taken to be 0.051 cm
(0.020 in.) in the present study.

The most important parameter used in the design of this
joint, and appearing in these figures, is the clearance 84. Posi-
tive values of &, correspond to a relative positioning of the
capture feature and clevis inner leg, prior to assembly, such as
that depicted in Fig. 8a. In this case, no contact is made be-
tween the outer surface of the capture feature (surface facing
the outside of the shell) and the inner surface of the clevis inner
leg when the joint is assembled (see Fig. 8b). For joints with
0< 4 < p, the relative positioning of the tang and clevis inner
leg results in no contact between the clevis inner leg and either
the capture feature or the tang when the joint is assembled. In
this case, the joint exhibits the largest O-ring gap changes, and
behaves in a manner similar to that of the original joint; i.e.,
the O-ring gap changes are determined by the relative stiff-
nesses of the tang and clevis and are not influenced by any
preloading due to an interference fit assembly. For joints with
large values of &, (greater than u), the relative positioning of
the tang and clevis inner leg causes contact between the inner
surface of the tang and the outer surface of the clevis inner leg
when the joint is assembled. After assembly, the clevis inner
leg and tang are deformed so that they tend to remain in
contact when subjected to motor pressurization. This behavior
is manifested in Figs. 6 and 7 by the reduction in the O-ring gap
change as 6, becomes greater than u. The increased force hold-
ing the clevis inner leg against the tang, associated with the
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increase in 8,, causes the reduction in the size of the O-ring gap
changes. However, as 8, increases beyond p, the likelihood of
damaging the primary and secondary O-rings during joint as-
sembly also increases, and is thus undesirabie since these O-
rings constitute the primary sealing mechanism of the joint.

Negative values of é,, referred to herein as an interference
fit, correspond to a relative positioning of the capture feature
and clevis inner leg, prior to assembly, such as that shown in
Fig. 9a. With an interference fit, the tertiary O-ring in the
capture feature is locked against the inner surface of the clevis
inner leg and does not move during motor pressurization.
However, because of the possibility of damage during motor
assembly, associated with an interference fit, the tertiary O-
ring seal is not relied on as a primary sealing mechanism in the
redesigned joint. After joint assembly, the capture feature and
the clevis inner leg are deformed so that they will remain in
contact when the joint is pressurized, as indicated in Fig. 9b.
The results in Figs. 6 and 7 indicate that this deformed state
has the positive effect of allowing only very small O-ring gap
changes when the joint becomes pressurized, as indicated in
Fig. 9c.

Results of similar parametric studies of the redesigned joint
involving substantially fewer joint parameters and obtained
using three-dimensional finite-element analyses are presented
in Refs. 3, 5, and 6. More specifically, results showing the
effects of the clearance §; associated with the prelaunch shim-
ming process, the capture feature clearance §,, and the pres-
sure seal location on the O-ring gap changes are presented in
Refs. 3, 5, and 6. The elastic analyses presented in these refer-
ences (for these three parameters mentioned previously) indi-
cate good qualitative agreement with the corresponding results
presented herein and suggest that the FASOR analysis ade-
quately captures the qualitative behavior of the joint. Typi-
cally, the results obtained from three-dimensional finite-ele-
ment analyses yielded somewhat larger O-ring gap changes
than the results obtained from the FASOR analyses, but both
analyses indicated the same trends. The larger gap changes
obtained from the finite-clement analyses are attributed to the
more accurate three-dimensional flexibility of the finite-ele-
ment models and the inclusion of clearances around the pin
connection that are not included in the shell analysis presented
in this paper. The pertinent results presented in Refs. 3, 5, and
6 are reproduced in Figs. 6 and 7.

The results of the present study presented in Figs. 6 and 7
indicate that the redesigned joint has essentially the same be-
havior for the two pressure seal cases with O-ring gap changes
of the same size [<0.051 cm (0.020 in.)] that are substantially
smaller than those of the original joint. In addition, the results
of the present study shown in Figs. 6 and 7 indicate that the
interference fit (given by negative values of é,) yields substan-
tially smaller O-ring gap changes in most cases than the fit with
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Fig. 8 Capture feature clearances of redesigned joint (64> 0).
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large positive values of 6, and exhibits much less sensitivity to
variations in the clearances 8; and §,. The results of three-di-
mensional finite-element analyses presented in Refs. 3, 5, and
6, and shown in Figs. 6 and 7, also indicate O-ring gap changes
substantially smaller than those of the original joint when an
interference fit is used. Both the results of the present study
and the three-dimensional finite-element results indicate that
the size of the O-ring gap change is essentially independent of
the amount of interference between the capture feature and the
clevis inner leg for both pressure seal cases. O-ring gap changes
of 0.0132 ¢cm (0.0052 in.) and 0.0158 cm (0.0062 in.) for an
interference fit and pressure seals at the primary and secondary
O-rings, respectively, are reported in Refs. 3 and 5. These
results correspond to clearances on the order of u=0.025 cm
(0.010 in.) and 6, =0.018 ¢cm (0.007 in.). Values of O-ring gap
changes ranging between 0.0109-0.0147 cm (0.0043-0.0058
in.) corresponding to various interference fits with p=0.023
c¢m (0.009 in.), 6; on the order of 0.025 cm (0.010 in.), and with
a pressure seal at the primary O-ring are reported in Ref. 6 (see
Fig. 6). The results presented in Ref. 6 also indicate a slight
sensitivity of the O-ring gap changes to the clearance 6, for the
case of 8,=0 (1 =0.023 cm). The results are shown in Figs. 6
and 7 for 6,=0 and correspond to 6, varying between 0 and
~0.076 cm (0.030 in.).

The results of the present study presented in Figs. 6 and 7
also indicate that reducing the clearance u results in only slight
reductions in the size of the O-ring gap changes for joints with
an interference fit. In contrast, the results presented in Figs. 6
and 7 indicate that reducing the clearance u results in substan-
tially reducing the O-ring gap changes and sensitivity to clear-
ances for joints having positive values of clearance §,. How-
ever, it should be reiterated that reducing the clearance p
increases the possibility of damaging the O-rings during motor
assembly and losing the pressure seal altogether. The results
presented in Figs. 6 and 7 indicate that an interference fit is
practically insensitive to the clearance p in addition to yielding
small O-ring gap changes, and is thus an attractive joint design.

An important result depicted in Figs. 6 and 7 is the indica-
tion that, due to the presence of the capture feature, the re-
designed joint behaves essentially the same whether the pri-
mary or secondary O-ring provides the pressure seal. This
result is substantiated by both the shell analyses presented
herein and the three-dimensional finite-element analyses pre-
sented in Refs. 3, 5, and 6. This similar behavior means that if
the primary O-ring fails to seal the joint then the secondary
O-ring only has to undergo modest displacements of the same
order to reseal the joint. This attribute of the redesigned joint,
particularly with an interference fit, is a significant improve-
ment over the original joint (see Fig. 5) in which the size of the

Outer
surface
of capture
feature

Tertiary
O-ring Primary
§\\}/7 Capt O-ring
/ ure
m?aeé AN Q\é/ll\y feature
s e o’ \/ Secondary
oftang ‘: Outer %A\\\\\é O-ring

surface

of clevis

MANRS

inner leg % § .

Inner // levis

St ove % e
inner leg %
%

¢) Pressurized to 6.895 MPa

a) Prior to assembly (1000 psi)

Fig. 9 Capture feature clearances of redesigned joint (54<0).



JAN.-FEB. 1990

O-ring gap change increases by about 45% when the pressure
seal moves from the primary O-ring to the secondary O-ring.
The results presented in Figs. 6 and 7 suggest another signifi-
cant point. Specifically, the motor cases are 3.7 m (12 ft) in
diameter and are not perfectly circular to within very small
tolerances. Thus, after assembly, the actual flight article may
be operating over the entire spectrum of the results presented
in these figures for various circumferential locations.

Concluding Remarks

Results of axisymmetric shell analyses have been presented
for the original and redesigned Space Shuttle solid rocket
booster field joints. The results were obtained using the shell-
of-revolution computer code known as FASOR. Details of the
modeling issues, a generic method for simulating contact in the
joint, and the way in which the shell analysis treats these
modeling issues have been discussed. Results of an in-depth
parametric study of the structural behavior of the joints as a
function of initial clearances have been presented. Compari-
sons of the axisymmetric shell analyses with experimental re-
sults obtained by Morton Thiokol and with three-dimensional
finite-element analyses have also been presented for a few joint
parameters. These comparisons indicate that the results of the
shell analyses agree well qualitatively with the experimental
results and the results of the three-dimensional finite-element
analyses, and can be used to identify the structural response
trends and to serve as a guide for more detailed three-dimen-
sional finite-element analyses.

A wide range of parametric results for the original joint
indicate how the radial distance (referred to herein as O-ring
gap change) separating adjacent surfaces of the tang and clevis
inner leg between the primary and secondary O-rings changes
as a function of initial clearances, pressure seal location, and
geometric nonlinearity have been presented. These results indi-
cate that substantial increases in the O-ring gap changes occur
(about 45%) when the primary O-ring fails and the secondary
O-ring then seals the joint. These results also indicate a moder-
ate sensitivity of the O-ring gap changes to initial joint clear-
ances and a benign effect of geometric nonlinearity.

A wide range of parametric results have also been presented
for the redesigned joint that indicate its behavior as a function
of initial clearances and pressure seal location. These results
indicate that the addition of the capture feature to the re-
designed joint significantly reduces the size of the O-ring gap
changes and the sensitivity to joint clearances compared to the
original joint. In addition, the results show that the redesigned
joint exhibits practically the same size O-ring gap changes and
behavior trends regardless of whether the primary or sec-
ondary O-ring seals the joint, unlike the original joint. Fur-
thermore, the results indicate that the interference fit configu-
ration provides a good pressure seal.

Appendix: Contact Modeling Details

The basic FASOR models of the original and redesigned
SRM joints do not account for contact between adjacent shell
segments during structural deformation. Specifically, adjacent
shell segments are free to overrun one another for certain
loadings and initial clearances. To rectify this deficiency in the
basic shell analysis, an influence coefficient method is used in
conjunction with the FASOR models to obtain contact forces
that prevent overrun of adjacent shell segments and that hence
provide more accurate physical models of the SRM joints. The
general contact simulation procedure is identical for the origi-
nal and redesigned joints, and is illustrated in this section only
for the redesigned joint.

The influence coefficient method presented herein is based
on applying pairs of self-equilibrating loads, referred to here-
after as influence loads, to points on adjacent shell segments
that could come into contact with one another during defor-
mation. There are assumed to be seven locations involving 11
points on the shell where contact could occur with associated

SHELL ANALYSIS OF THE SHUTTLE SOLID ROCKET JOINT 91

contact forces F; through F; as indicated in Fig. Al. Pairs of
influence loads are applied in separate FASOR runs to deter-
mine the influence coefficients A,;, which are defined as the
deflection of point r due to the influence loading associated
with F;. The influence loads are inversely proportional to the
radii of adjacent shell walls in order to satisfy force equi-
librium of adjacent differential elements of the two shell walls.
Influence coefficients A,, are also determined for a unit pres-
sure loading on the shell. If §; is the initial gap between adja-
cent shell wall surfaces (radial distance between adjacent shell
wall surfaces before assembly and loading), the final gap G,
after assembly and loading is given by

N
Gj:P(Arp~Asp)+EFi(Ari_Asi) + 6j (Al)
i=1
where the subscript j ranges from 1 to N, the number of
contact locations. The subscripts r and s represent two adja-
cent contact points associated with the contact forces F; shown
in Fig. Al. The multiplier P is used to specify the intensity of
the actual pressure loading under consideration. Setting P = 0
corresponds to the case of contact forces produced by joint
assembly. Because of the close proximity of certain locations,
the number of clearance parameters used in the study was
reduced by requiring that 85 = 64 and 6; = és. In addition, the
parameters 64 and 65 should not be considered completely inde-
pendent. The parameter u =, + 85 has been introduced to
better reflect the possible geometry of the joint. Positive values
of p indicate clearance between capture feature and clevis inner
leg, whereas negative values indicate that the clevis inner leg is
larger than the channel formed by the capture feature that it
slides into.

Setting all of the gaps G, equal to zero and solving Eq. (A1)
for F; gives the contact forces at all of the assumed contact
points. In general, however, some of the contact forces will be
negative indicating that a tensile force is required for displace-
ment compatibility. This solution is not physically admissible.
A physically admissible solution to Eq. (A1) is one in which all
of the contact forces F; are either positive or zero, and the gaps
G; are zero for the locations with positive F; and positive for
the locations with zero F;. A negative value of G, indicates that
two adjacent surfaces have overrun each other and is inadmis-
sible. Computationally, this process corresponds to eliminat-
ing the equations and contact forces associated with points not
in contact from Eq. (Al). This elimination step is performed
by using the information about points not in contact to define
a pivotal strategy in a Gaussian elimination subroutine.

The unique contact solution may be found by considering all
possible combinations for F; =0 in Eq. (A1), solving the re-
duced set of equations obtained by including only those with
nonzero F;, and then calculating G; for the locations having
F;=0. If N is the number of pairs of possible contact points,
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which may be either open or closed, there are 2V total number
of contact combinations that must be considered. The analysis
of all the various load combinations is facilitated by consider-
ing the 2V binary numbers from 0 to 2¥—1. Each digit in the
binary number is assigned to one of the locations and the load
at that location is taken to be zero or nonzero according to
whether there is a 0 or 1 in that particular digit of the binary
number. For seven possible contact locations (N =7), there are
128 combinations that need to be considered; i.e., 1 combina-
tion taking 7 F; at a time, 7 combinations taking 6 F; at a time,
21 combinations taking 5 F; at a time, 35 combinations taking
4 F; at a time, 35 combinations taking 3 F; at a time, 21
combinations taking 2 F; at a time, 7 combinations taking 1 F;
at a time, and 1 combination taking 0 F; at a time (no contact).
Because this is a physical problem that has a unique solution,
only one of these combinations will satisfy all of the required
conditions. Solutions for the original SRM joint are obtained
by considering only the three equations of Eq. (Al) corre-
sponding to Fy, F,, and F;. All 7 F; are considered for the
redesigned joint.

Solution Procedure for Nonlinear Analysis

The nonlinear solutions for the original and redesigned
joints were obtained using the contact formulation previously
described. First, a linear solution is obtained from which the
values and locations of the nonzero contact forces are ob-
tained. The nonzero contact forces are then applied to the
FASOR model in addition to the motor pressure loading, and
a nonlinear analysis is performed. From the nonlinear analysis
a new set of displacements A,, and A, are obtained. The dis-
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placements A,, and A,, are then substituted into Eq. (A1),
replacing A,, and Ag,, and increments to the contact forces are
obtained by solving Eq. (Al). The increments to the contact
forces are for the same contact combination produced by the
linear solution and do not account for any change in the con-
tact location. Following this procedure, the increments to the
contact forces obtained from the solution of Eq. (A1) may be
positive, negative, or zero. This process is repeated until the
increments for the contact forces are negligible compared to
their total values.
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