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EXECUTIVE SUMMARY 

The D-Zero Central Calorimeter Module Assembly is a segmented ring 
structure consisting of an assemblage of trapezoidal modules. It is housed 
inside a vessel containing liquid argon. The modules contain specialized 
equipment for use in particle physics experiments. 

The design review of the D-Zero Central Calorimeter Module Assembly 
evaluated all major structural elements for adequacy for their design loads. 
They were evaluated in accordance with applicable specifications from Ref
erence 1. The allowable stresses of the Specifications provide an approximate 
safety factor of 2.0 or more on failure and 1.67 on serviceability of the 
structure. This margin is typical of buildings, bridges, and other large 
structures executed in steel. To the extent that calculated stresses are'less 
than the allowable stresses, the margin is proportionately greater. For 
additional conservatism to account for inherent uncertainties in estimating 
design loads, an arbitrary load factor of 1.25 was also applied. Design loads 
were calculated for deadwe1ghted plus thermal expansion, neglecting the 
effects of friction. and for deadweight only. considering postulated effects 
of friction. 

All of the major structural elements were found to be provisionally 
acceptable for their intended service and the predicted design loads. The 
provisions are as follows: 

1. 	 That the connect pins be fabricated of Inconel 718 or func
tional equivalent. instead of the originally specified Type 304 
stainless steel. 

2. 	 That conditions on bearing surfaces be modified to effectively
reduce the potential coefficient of friction. The affected 
bearing interfaces include those between the CH. FH. and EM 
rings. and between the CH ring and its support members. 

Item 1 has been effectively accomplished in that Fermilab has indicated 
verbally that this change was specified. Item 2 may be accomplished by 
treatment of affected surfaces with friction-reducing coatings. Candidate 
materials are molybdenum disulfide (MoSZ). polytetrafluoroethylene (PTFE). or 
ultrahigh molecular weight polyethylene (UHMWPE). These materials are rela
tively chemically inert, functional at cryogenic temperatures, and need be 
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1.0 INTRODUCTION 

The D-Zero Central Calorimeter Module Assembly is a segmented ring 
structure consisting of an assemblage of trapezoidal modules. It is housed 
inside a vessel containing liquid argon. The modules contain specialized 
equipment for use in particle physics experiments. The assembly design was 
reviewed to verify structural integrity and adequacy for service. Components 
that were evaluated were the main support beams, main support straps, module 
endplate brackets, module endplates, endplate connection pins, and transi
tion pieces. Loading conditions considered were deadweight and differential 
thermal expansion due to specified temperature gradients. The American 
Institute of Steel Construction Specifications for The Design Fabrication and 
Erection of Structural Steel for Buildings Eighth Edition, referred to here
inafter as the AISC Specifications, were the primary acceptance criteria, 
where applicable. Other guidelines and engineering judgment were applied as 
appropriate. 

The reader ;s alerted to the fact that the text reports general 
aspects and results of the design review. All calculations and computer 
output supporting the conclusions are provided as an appendix. The calcu
lations fully document assumptions and methodologies, and should be referred 
to for specific information not reported in the text. 
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2.0 DESCRIPTION OF THE MODULE ASSEMBLY 

-
2.1 Geometry 

-The Central Calorimeter Module Assembly consists of a number of 
trapezoidal members (modules) assembled in the form of three concentric ring 
structures. Refer to Figure 1. The rings are oriented about a horizontal 
axis of revolution. 

The outer ring, referred to as the CH ring, is made up of 16 Coarse -
Hadronic (CH) Modules. The CH ring inside and outside radii are 67.225 inches 
and 88.199 inches, respectively. The CH ring is 104.796 inches in length at 
the inside diameter, and 89.616 inches in length at the outside diameter. The 
CH modules weigh 15,900 lbs each, for a total ring weight of 254,400 lbs. -The middle ring, referred to as the FH ring, is made up of 16 Fine 
Hadronic (FH) Modules. The FH ring inside and outside radii are 41.600 inches 
and 66.975 inches, respectively. The FH ring is 104.76 inches in length. The 
FH modules weigh 18,300 lbs each, for a total ring weight of 292,800 lbs. 

The inner ring, referred to as the EM ring, consists of 32 Electro
MagnetiC (EM) Modules. The EM ring inner and outer radii are 33.125 inches 
and 41.350 inches, respectively. The EM ring is 104.26 inches in length. The ~ 

EM modules weigh 1,350 lbs each, for a total ring weight of 43,200 lbs. 
The modules are densely packed with metal and instrumentation which -perform scientific functions. The assembly is housed inside an insulated 


vessel containing liquid argon at a temperature of 90 K (-300 F) and a pres

sure of 30 psig at the top of the vessel. The modules do not perform a 
pressure-retaining function. 


2.2 Construction 

Each module ;s a trapezoidal box constructed of sheet or thin plate 
sides, welded to comparatively thick endplates. The endplate edges are milled -to the inside and outside radii of their respective rings. The CH, FH, and EM 
modules are assembled to form their respective rings by means of lap or splice 
plates referred to as endplate brackets. The endplate brackets fasten to 
the module endplates by means of pins located at the corners of the module 
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endplates and brackets. Thus, all moment, shear and circumferential loads are 
transferred between modules via the endplate brackets. The pins are held in place by pin retainers. 

Spacer blocks, referred to as transition pieces, are located between 
the circumferential edges of the endplates of the EM and FH rings, and sim 
ilarly between the endplates of the FH and CH rings. The weight of the rings 
are transmitted from the module endplates through the spacers to the end 
plates of the next outermost ring below it, over a 180 degree arc. A clear
ance is maintained between rings above this arc. The transition pieces func 
tion as bearing surfaces. They also are flanged to correctly locate the rings 
axially. The rings are located circumferentially by keys at the bottom of -
each ring. 

The outer (CH) ring assembly, which is supporting the two inner 
rings, is supported by two beams parallel to the ring axis, located sym 
metrically at 56.25 degrees from bottom dead center. There are two tension 
straps milled to the outside radius of the CH ring, slung between the beams 
a~d beneath the CH ring. The straps prevent horizontal displacement of the 
beams. The beams in turn are supported by four pedestals which penetrate the 
enclosing vessel. The pedestals allow thermal expansion and contraction of 
the assembly. Located between the outer (CH) ring assembly and the support -
beams and straps are thin strips of electrical insulating material. 

Table 1 summarizes the important design data. Figure 2 provides 
schematic representations of the main components. 

2.3 Materials 
Most of the structural components are fabricated from annealed AISI 

Type 304 18Cr-8Ni austenitic stainless steel in the form of plate, sheet, bar 
or castings. The modules are fabricated by welding the sheet and plate mem -
bers. The endplates, endplate brackets, and transition pieces are plate 
product, while the main support beams and straps are castings. The tension 
straps are butt welded to the ends of the main support beams. The pins used 
to fasten the module endplates and brackets are currently specified to be 
fabricated from Inconel 718, a precipitation-hardening nickel-based alloy. 

-
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TABLE 1. MODULE ASSEMBLY DATA 

CH FH 	 EM 


Number of Modules 
Module Weight, lbs. 
Ring Weight, lbs. 

- Inside Radius, inches 
Outside Radius, inches 
Module Length, inches 
Connection Pin Diameter, inches 
Endplate Thickness, inches 
Module Skin, Top/Bottom, inches 
Module Skin, Sides, inches 
Bracket Thickness, inches 
Bracket Dimension A, inches(2) 
Bracket Dimension B, inches(2) 

16 
15,900 

254,400 
67.225 
88.199 
(1) 

2.0 
1. 74 

.1875 

.1054 
1.50 

16.239 
4.672 

16 
18,300 

292,800 
41.600 
66.975 

104.76 
2.0 
1.24 

.1875 

.1054 
1.25 

18.750 
4.500 

32 
1,350 

43,200 
33.125 
41.350 

104.26 
0.75 
0.74 

.125 

.075 
0.75 
5.778 
1.600 

1. 	 The CH module length is 104.88 inches at the inside diameter and 
89.62 inches at the outside diameter. 

2. 	 Bracket dimension A is the radial pin spacing. Dimension B is the 
tangential pin spacing. Refer to Figure 2. 
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The connection pins used in the CH and FH rings had been specified as AISI 
Type 304 stainless steel at the time this design review was initiated. 

For the purpose of analysis, the annealed Type 304 austenitic stain
less steel was assumed to possess a minimum tensile yield strength of 30 ksi 
and a minimum tensile ultimate strength of 75 ksi, based on material speci
fications from References 2 and 3. These properties correspond to ASTM A-666, 
Grade 1 and other ASTM designations. It is noted that many Type 304 product 
forms may possess greater yield and ultimate strength values in annealed, 
solution-treated, and cold work hardened conditions. Type 304 is available in 
free-machining and weldable grades. It is often used as-welded (i.e., without 
post-weld heat treatment). 

The Inconel 718 precipitation hardening nickle-based alloy speci
fied for the pins was considered to' have a minimum tensile yield strength of 
150 ksi and minimum tensile ultimate strength of 180 ksi, in accordance with 
Reference 3. These properties correspond to ASTM 8-637, and others. 

The electrical insulation material located between the CH ring 
assembly and the support beams and straps is a glass fiber-reinforced compo
site commonly used in cryogenic applications as an insulating structural com

-- ponent. It is a heat-activated, amine-catalyzed, bisphenol A solid epoxy 
resin reinforced with continuous filament E-glass woven fabrics. It meets the 
specifications of ASTM 0-709, Grade G-10, and is commonly referred to as 
NEMA/ASTM G-10. The material is anisotropic, with effective properties 
depending on fiber orientation with respect to the applied loading. Citing 
the full range of properties from Reference 3, the tensile strength is 35 to 
40 ksi. the compressive strength is 35 to 60 ksi. the elastic modulus is 
2.0 x 106 to 2.7 x 106 psi. and Poisson's ratio is .14 to .21. Actual 
properties will vary with orientation, temperature, load history, and 
manufacturer. 

2.4 Loadings 

The primary loading is the weight of the module assembly contents. 
The distribution of the load is uniform around each ring. The deadweight 
loads are transferred as described in Section 2.2 of this report. Fermilab 
personnel performed 2-0 and 3-0 finite element analyses of the structure to 
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determine the distribution of forces through the rings. The results of the 
analyses were reviewed by Battelle as part of this effort. ... 

The operating environment of the rings is at cryogenic tempera
tures. The rings are cooled very slowly to -300 F by the gradual introduction ... 
and circulation of chilled gases or liquids. Fermilab estimated a nonlinear 
temperature gradient in the vertical direction and a linear temperature gra
dient in the axial direction. Battelle cannot comment on the validity of the 
assumed temperature gradient, except that it appears plausible. The internal ...forces due to differential thermal expansion were estimated using the same 
finite element models as for deadweight. These analyses were also reviewed by 
Battelle. ... 

The modu1e assembly was designed for static or quasi static loadings 
only. live" loads were postulated not to exist. Loadings which were not ... 
addressed in this design review include the following: 

1. 	 Operational dynamic loads, such as nozzle thrust, wind load, 
vibration from reciprocating equipment, electromagnetic forces, 
etc. 

2. 	 Seismic accelerations and accidental loads. 

3. 	 Static loads from miscellaneous attached equipment. ... 
4. 	 loads which may occur during fabrication, construction, or 

transportation. 
...

Based on conversations with Fermilab personnel, the probability of occurrence 
of the above loadings at significant magnitudes is remote, with the exception ...of Item 4. Construction loads were outside the scope of this review, and 
Fermilab has indicated that appropriate methods of support will be employed 
in construction. ... 

... 


... 
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3.0 RESULTS OF THE DESIGN REVIEW 

The design review process began with a critical assessment of the 
finite element analyses performed by Fermilab personnel. The analyses were 
required to accurately estimate the distribution of internal loads throughout 
the structure. After establishing that the predicted loads were reasonable 
and appropriate, the major structural components were evaluated for structural 
integrity and adequacy for service. The loadings considered were due to dead
weight and differential thermal expansion due to a prescribed temperature dis
tribution. The AISC Specifications were the primary acceptance criteria, 
where applicable. Justification was developed for applying the AISC allowable 
stresses to the materials of construction, AISI Type 304 austenitic stainl~ss 
steel and Inconel 718 nickel-based alloys, which are not standard materials 
for the construction of steel structures. In specific cases where the AISC 
Specifications were not met, engineering judgment was applied to assess the 
component. 

3.1 Review of Finite Element Analyses 

Fermilab provided results of detailed finite element analyses per
formed by Fermilab personnel. The initial analyses considered 2-0 and 3-0 
geometry, fixed or movable supports, deadweight, and thermal expansion due to 
a prescribed distribution of temperature. At Battelle's suggestion, an anal
ysis was also performed to consider a stick-slip condition between maximally 
loaded bearing surfaces. 

The modeling techniques, assumptions, and final results were care
fully reviewed and discussed with Fermilab personnel. A discussion of the 
items addressed may be found in calculation CC-MOD-Ol in the Appendix. As 
part of the review, an independent check was performed by means of a highly 
simplified finite element analysis of the CH ring alone. The interaction 
between the CH and FH rings and between the CH ring and the supports is com
plex and was not documented in the condensed output provided by Fermilab. 
However, the structural interactions were crudely approximated by simplified 
assumptions regarding the loads and boundaries on the CH ring, for checking 
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purposes. The check analysis was in good agreement with the 3-D FEA results 
insofar as order of nlagnitude, sense and distribution of the hoop and bending 
loads were concerned, although they were in variance with respect to specific 
values, which was expected. This was considered adequate to establish the 
credibility of the much more sophisticated and detailed analyses performed by 
Fermi lab. ... 

3.2 Consideration of Frictional Loads on Bearing Surfaces 
... 

Each of the individual ring subassemblies is supported in bearing. 
As-designed, all inter-ring bearing surfaces are bare stainless steel-on ... 
stainless steel. Stainless steel has a notoriously high stick-slip coeffi 
cient of friction, typically 0.5 to 1.0. The outer ring assembly is supported ... 
in bearing on strips of G-l0. References 4 and 5 report metal-insulator 
static coefficients of friction for uncoated G-l0 between 0.3 and 0.5, at both 
room and cryogenic temperatures. Metals sliding on hard glass-fiber rein
forced epoxy generally showed stable (stick-slip-free) slip, but at high 
coefficients of friction. It;s therefore not impossible that significant 
frictional forces may be generated at the bearing surfaces if there is any 
tendency for relative motion between the components. This tendency may occur ... 
in two situations. One situation is during the construction process, where 
the frictional loads interfere with the tendency for the structure to settle ... 
in. This could occ~r either with the small incremental build-up of load as 
the rings are assembled, or by the introduction of large increments of load as 
major subassemblies are attached. However, analysis of the construction 

... 
procedure was not within the scope of this review. The second situation is 
during the cool down process. The prescribed temperature distribution admits 
of a vertical temperature variation with increasing temperature differential 
moving downward. It would seem plausible that this may induce a tendency for ... 
relative motion between ring assemblies tangentially, in the areas of bearing 
support. 

In both the construction and cool down situations, the distribution 
of internal forces may be radically different for the finite friction condi ...
tion than for the zero-friction condition. This was confirmed by the finite 
element analyses. The actual condition in the physical structure ;s probably, ... 


... 




---

11 


but not necessarily, intermediate between the conditions represented ;n the 
analyses. The effective coefficient of friction may be reduced to near zero 
by the application of friction-reducing material on the bearing surfaces, by 
hydrodynamic lubrication, or by vibration/impact loads. None of these con
ditions was considered present in the module assembly, as designed. There~ 

fore, the extent to which friction will affect the structural response of the 
module assembly to loadings was considered unknown, but not trivial. However, 
the module component designs were based on the zero-friction condition. For 
the purpose of evaluating components, the following policy was therefore 
employed. The larger of the loads on a particular component, as calculated by 
the assumptions friction versus no friction, would be used to evaluate the 
component. However, if the component design could not be accepted for the 
loads which considered the effects of friction, a recommendation was made for 
reducing the possibility of generating friction. 

3.3 	 Relevance of the AISC Specifications to Structures 
Constructed of AISI Type 304 and Inconel 718 

The AISC Specifications for the Design, Fabrication, and Erection of 
Structural Steel for Buildings were used as the primary criteria for accept
ance. A valid concern ;s whether these criteria are applicable to the struc
ture of interest. The question is a matter of scope, material properties, 
function of the structure, and appropriate margins of safety. 

The AISC SpeCifications are intended primarily for beam and column 
structures executed in steel, e.g., buildings. The structures are categorized 
as three types: rigid-framing or continuous framing, simple framing (shear 
connections only), and semi-rigid framing, which is intermediate between rigid 
and simple framing. 

The module assembly is not a beam and column structure. However, 
many of its structural elements perform load carrying functions similar to 
load carrying elements employed in beam and column construction. This com
parison can be made between the endplates or endplate brackets and the splice 
plates and end connection details used with beams and columns; the endplates 
or endplate brackets and certain flexural members bent about their major axes; 
between the endplate connection pins and eyebar pins; between the main support 
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beam and general flexural members; between the main straps and general tension 
members; and between the support frame outside the vessels and general struc
tural members, although this item was not included in this design review. As 
such, the module assembly is susceptible to similar modes of failure as the 
analogous members used in more conventional construction. The AISC Specifica
tions are therefore applicable to the module assembly in principle. 

As to materials, the AISC Specifications recognize a number of plain 
carbon and low alloy steels as suitable for framing members, and other steels 
as suitable for high-strength bolts and rivets. These are listed in Table 2. 
This list is based on factors such as availability in common structural 
shapes, economy, weldability, corrosion resistance, and maintenance require
ments. Type 304 stainless steel and Inconel 718 are not included in the AISC 
list because building construction does not require the special properties, 
and cannot bear the high costs, associated with these materials. The allow
able stresses in the Specifications are based on material strength. It can be 
seen in Table 3 that in terms of material strength, the Type 304 stainless 
steel and Inconel 718 are the functional equivalent of many of the common 
structural materials. They also possess the low-temperature toughness and 
nonmagnetic properties demanded in Fermilab's application. The AISC Speci
fications therefore are generally applicable to a structure executed in these 
materials. 

The AISC Specifications, being intended for structures that may be 
utilized by the general public and/or may represent significant monetary 
investment, are based on an overall safety factor of 2.0 or more on failure, 
and somewhat less (approximately 1.67) on impairment of the structure (deform
ation). The various Specifications are based on strength of materials, lab
oratory tests, general history and experience, and statistical analyses. The 
module assembly ;s a unique device intended for rather exotic uses. However, 
a stru~tural failure could endanger laboratory personnel in the vicinity and 
result in the loss of costly equipment, and so cannot be tolerated any more 
than the collapse of a building. To this extent, the factors of safety 
offered by the AISC Specifications would appear to be appropriate. 

... 


... 

... 
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... 


... 
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TABLE 2. STRENGTH PROPERTIES OF AISC-APPROVED STRUCTURAL STEELS 


Minimum Minimum 
ASTM Yield Strength. Tensile Strength. 

Steel Type Designation Grade Fy. ksi Fu. ksi Fy/Fu 

Carbon A36 36 58 - 80 .45 - .62 

A529 42 60 - 85 .49 - .70 


HSLA A441 	 40 60 .67 

42 63 .67 

46 67 .69 

50 70 .71 


A-572 	 42 42 60 .70 

50 50 65 .77 

60 60 75 .80 


w65 65 	 80 .81 


Corrosion-Resistant HSLA A242 and A588 	 42 63 .67 

46 67 .69 

50 70 .71 


Quenched and Tempered Alloy A514 90 100 - 130 .69 - .90 

100 110 - 130 .77 - .91 


ERW and Seamless Pipe A53 B 	 35 60 .58 


Structural Tubing Cold A500 A 33 45 .73 

Formed. Round B 42 58 .72 


C 46 62 .74 

Rectangular A 39 45 .87 


B 	 46 58 .79 

C . 50 	 62 .81 


Hot Formed. Round A501 	 36 58 .62 


HSLA. Round A618 I. II. III 	 50 65 - 70 .71 - .77 




TABLE 3. STRENGTH PROPERTIES OF AISC TYPE 304 STAINLESS STEEL AND INCONEL 71S 


Minimum Minimum 
ASTM Yield Strength, Tensile Strength, 

Type Designation Grade Fy, ksi Fu, ksi Fy/Fu 

lSCr-SNi Plate. Bar A-240. A-479. 302 30 	 75 .40 

and A-666 	 304L 25 70 .36 


304 30 75 .40 

304H 30 75 .40 

304N 35 SO .44 
 .,.,. 


lSCr-SNi Casting A-351 CF3, CFS 30 70 .43 


19Cr-9Ni Casting A-743 CF3, CFS 30 	 70 .43 


Precipitation Hardening B-637 150 ISO - 190 .79 - .S3 

Nickel Alloy Plate, 

Sheet and Strip 


t I, I I I I I 	 I t
• 	 ( I t I I I, I I 
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3.4 Main Support Beams 

The two main support beams are oriented parallel to the ring axes, 
located on the outside circumference of the CH ring at ±56.25 degrees from 
bottom dead center of the rings. The beam transfers load from the tension 
strap, and some portion of the module assembly weight directly, to the pedes
tals external to the vessels. 

The beams are cast Type 304 stainless steel, A-743, Grade CF8. The 
beams are approximately 93* inches long, 30 inches deep by 5t inches thick, 
tapering to 20 inches deep by 2 inches thick at its ends. The depth of the 
beam is curved to fit the outside radius of the CH ring, 88.199 inches. It 
therefore subtends an arc of 19.5 degrees. Bosses are located approximately 
19 inches from each end, on which the beam mounts to the external supports. 
The strap tension and direct module loads are applied at the beam ends. The 
beams thus act as double overhung cantilevers, loaded in both principal axes. 

A free-body analysis was performed to determine the strap tension 
and direct bearing loads. The analysis assumed a zero coefficient of fric
tion between the contacting surfaces of the beam tip and endp1ate edges. This 
analysis determined that the beam ;s subject to a strap tension (circumferen
tial) load of 123,312 lbs, and a bearing (radial) load of 104,270 lbs at each 
end. This results in a maximum bending stress of 16,040 psi at the uppermost 
edge of the beam, or a stress of 20,050 psi with the arbitrary load factor of 
1.25. This is less than the allowable bending stress of 0.75 Fy = 22,500 psi 
per 1.5.1.4.3* for solid beam sections. The loads also produce a torsional 
moment and transverse shears. The resultant gross shear was 4,037 psi which 
was less than the allowable shear stress of 0.40 Fy = 12,000 psi per 
1.5.1.2.1. The maximum local shear due to torsion was 12,657 psi which 
marginally exceeded 0.40 Fy. This is considered acceptable because the actual 
shear resistance is much greater inboard from the beam tips. Refer to 
calculations CC-MOO-02 of the Appendix. 

* This refers to Article 1.5.1.4.3 of the AISC Specifications. All such 
~ references are cited by the article number only. 
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3.5 Support Straps .. 

The two main support straps are slung between the ends of the main 
support beams~ below the module assembly. The endplates of the CH modules in ... 
the lower 112 degrees of arc of the CH ring are seated on the straps. The 
straps thus transfer the weight of the modules to the beam ends in tension. 

...
The straps also serve to prevent lateral (horizontal) displacement of the main 
beams. 

The straps are 2 inches thick (radial dimension) and 5 inches wide. ... 
They are cast Type 304 stainless steel. The straps are milled to the outside 
radius of the CH ring, 88.199 inches. They are butt welded to tabs extending ... 
circumferentially downward from the main beam castings. 

The tension load in each strap was determined to be 123,312 lbs~ ... 
producing a tensile stress over the gross section area of 12,331 psi, or 
15,414 psi with the 1.25 load factor. This is less than the allowable tensile 
stress of 0.60 Fy = 18,000 psi, per 1.5.1.1. Some bending may occur in the 
strap as it deforms to fit the contour of the CH ring. However, these bending 
stresses are secondary and self-limiting in nature, and cannot be accurately 
estimated. 

The tensile stress of 12,331 psi poses no problem for the butt weld, ... 
assuming full penetration, good weld quality, selection of a weld metal of 
strength equal to or greater than the base material and full radiographic ... 
inspection. Post-weld heat treatment mayor may not be necessary for this 
weld, depending on the specific grades of base and weld material. ... 

3.6 Endplate Connection Pins ... 
The modules are assembled into rings by means Of lap or splice 

plates referred to as endplate brackets. The module endplates and brackets ... 
are fastened by means of shear pins which comprise bearing connections. The 
pins are held in place by pin retainers. ... 

The pins used in the CH and FH rings are nominally 2 inches in 
diameter. The pins used in the EM ring are nominally 3/4 inch in diameter. ... 
The pin clearances are 3.5 to 6.3 mils. The original material specification 
was Type 304 stainless steel. This was later revised by Fermilab to ...Inconel 718. 

... 
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Table 1.5.2.1 of Reference 1 specifies allowable shear stresses for 
various fasteners. These are reproduced in Table 4 for fasteners in bearing 
connections, with threaded portions excluded from the shear planes. On the 
basis of this table, an allowable shear stress of .20 Fu would be appropriate. 
For annealed Type 304 stainless steel, .20 Fu = 15 kSi, which is below the 
working stress of the most highly loaded pin in each ring. For solution
treated and strain-hardened Type 304 (A-193 or A-320, Grade 8, Class 2) suit 
able for bolts 3/4-inch in diameter or less, .20 Fu = 25 ksi. In sizes 
greater than It inches in diameter, .20 Fu = 18 ksi. For Inconel 718, 
.20Fu =36 ksi. Reference 2 cites the ultimate shear strength of Inconel 718 
as 50 ksi. 

The pin forces were calculated using the distribution of radial, 
circumferential, and bending loads calculated in Fermilab's finite element 

TABLE 4. 	 AISC ALLOWABLE SHEAR STRESS FOR RIVETS, 
PINS, AND BOLTS IN BEARING CONNECTIONS 

Minimum Minimum Allowable 
ASTM Yield Strength, Tensile Strength, Shear Stress 

Designation Fy , ksi Fu, ks 1 Fy , ksi Fy/Fy Fy/Fu 

A-S02, 
Grade 1 

A-S02, 
Grades 2 and 3 

A-307, 
Grade A 

A-325(a) 

A-490(a) 

40 60 17.5 .44 .29 

50 70 22.0 .44 .31 

36 60 10.0 .27 .17 

81 105 30.0 .37 .29 

130 150 40.0 .31 .27 

A-449(b) 58 - 92 90 - 120 20 - 26 .28 - .34 .22 

(a) For threaded portion of fastener exc1uded from shear planes. 
(b) Material strength varies with fastener size. 
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TABLE 5. SHEARING STRESSES IN CONNECTION PINS 

L
Pin Annea1ed Hardened 304 1nconeRing Diameter, Estimated Stresses, ksi 
304 Grade 8, Class 2 718Type inches No Friction Friction 

CH 2.0 23.4 39.3 15.0 18.0 36.0 

FH 2.0 22.0 18.2 15.0 18.0 36.0 

EM .75 22.9 30.0 15.0 25.0 36.0 

may be entirely supported by them. The plates are milled such that when 
•assembled, they form a ring. The general dimensions are as indicated in 


Table l. 


The pin loads as calculated in Section 3.5 are applied to the plates • 
in-plane, at the pin holes in the corners of the plates. Three modes of fail 
ure of the endplates may be identified as a result of these loads. These are 
bearing (crushing), shear tear-out, and net tensile failure. The AISC Speci
fications provide allowable stresses and minimum hole-to-hole and hole-to-edge 

•spacings to prevent such failures. Careful review and interpretation of the 
various Specifications and Commentary{l) was conducted in calculation 
CC-MOD-04. It was determined that the following allowables are applicable. 
Bearing load, 

Pb ~ .90dtFy, per 1.5.1.5.1 
(3)

Tearout load, 

Pt ~ .50etFu, per 1.16.5.2 
(4) 

or minimum edge distance 
2P 

e .!. Fu t 

Pt ~ (.30Av + .50At}Fu, per 1.5.1.2.2 Commentary (5) 



, 
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Table 1.5.2.1 of Reference 1 specifies allowable shear stresses for 

various fasteners. These are reproduced in Table 4 for fasteners in bearing 

connections, with threaded portions excluded from the shear planes. On the 

basis of this table, an allowable shear stress of .20 Fu would be appropriate. 

For annealed Type 304 stainless steel, .20 Fu = 15 ksi, which is below the 

working stress of the most highly loaded pin in each ring. For solution

treated and strain-hardened Type 304 (A-193 or A-320, Grade 8, Class 2) suit 

able for bolts 3/4-inch in diameter or less, .20 Fu = 25 ksi. In sizes 

greater than 1t inches in diameter, .20 Fu = 18 ksi. For Inconel 718, 

.20Fu =36 ksi. Reference 2 cites the ultimate shear strength of Inconel 718 

as 50 ksi. 


The pin forces were calculated using the distribution of radial, 
circumferential, and bending loads calculated in Fermilab's finite element 

TABLE 4. 	 AISC ALLOWABLE SHEAR STRESS FOR RIVETS, 
PINS, AND BOLTS IN BEARING CONNECTIONS 

Minimum Minimum A llowab le 
ASTM Yield Strength, Tensile Strength, Shear Stress 

Designation Fy' ksi Fu, ksi Fv, ksi Fv/Fy Fv/Fu 

A-S02, 40 	 60 17.5 .44 .29 

Grade 1 


A-S02, 50 70 22.0 .44 .31 

Grades 2 and 3 


A-307, 36 60 10.0 .27 .17 

Grade A 


A-32s{a) 81 105 30.0 .37 .29 


A-490(a) 130 150 40.0 .31 .27 


A-449(b) 58 - 92 90 - 120 20 - 26 .28 - .34 .22 


(a) For threaded portion of fastener excluded from shear planes. 
(b) Material strength varies with fastener size. 
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... 

analyses. The finite element analyses incorporated both assumptions of zero 
friction and finite friction between bearing surfaces. The ring loads were ! 
resolved onto the endplate brackets to obtain the pin forces, as shown in 
Figure 3. The resultant pin force is then 

(1) ... 
The magnitude of this force varies with the circumferential position around 
each ring. The pin shear stresses calculated by Equation 1 are summarized in 
Table 5. 

It is imaginable that, as a result of the pin "floating" in its ... 
clearances and relative rotations of connected members, load components 
normally distributed to two pins as shown in Figure 3 may be carried by a ... 
single pin. The maximum such load would be equal to 

...
(2) 

Resultant loads calculated as above would be approximately 50 percent greater 
than as calculated by Equation 1. However, this condition may be discounted 
as highly unlikely because (a) any pin hole thus loaded would yield locally 
(if the pin does not fail in shear) resulting in redistribution of the loads, 
and (b) the pin clearances, 3.5 to 6.3 mils are very tight, thus requiring ... 
very small deflections of the structure to take up slack and generate bearing 
loads. Refer to calculation CC-MOO-03 of the Appendix for analysis details. 

Review of Table 5 indicates that Inconel 718 should be used for the 
connection pins in all three ring assemblies, and also suggests that means of 
reducing the high coefficients of friction be considered. 

3.7 Module Endplates 

The module endplates are the main structural elements of the ring 
assembly. They comprise the front and back faces of the modules. The width 
and depth of the endplates exceed those of the modules, so that the modules 

... 


... 
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TABLE 5. SHEARING STRESSES IN CONNECTION PINS 


-

-

-


Pin Allowable Stresses L ksi 
Ring Diameter, Estimated Stresses, ksi Annealed Hardened 304 Inconel 
Type inches No Friction Friction 304 Grade 8, Class 2 718 

CH 2.0 23.4 39.3 15.0 18.0 36.0 
FH 2.0 22.0 18.2 15.0 18.0 36.0 

-EM .75 22.9 30.0 15.0 25.0 36.0 

-
may be entirely supported by them. The plates are milled such that when 
assembled, they form a ring. The general dimensions are as indicated in 
Tab le 1. 

The pin loads as calculated in Section 3.5 are applied to the plates 
in-plane, at the pin holes in the corners of the plates. Three modes of fail 
ure of the endplates may be identified as a result of these loads. These are 
bearing (crushing), shear tear-out, and net tensile failure. The AISC Speci
fications provide allowable stresses and minimum hole-to-hole and hole-to-edge 
spacings to prevent such failures. Careful review and interpretation of the 
various Specifications and Commentary(l) was conducted in calculation 
CC-MOD-04. It was determined that the following allowables are applicable. 
Bearing load, -

Pb ~ .90dtFy' per 1.5.1.5.1 ( 3) 

Tearout load, -
Pt ~ .50etFu, per 1.16.5.2 (4) 

or minimum edge distance 
2P 

e !. Fut 
and, -

Pt ~ (.30Av + .50At)Fu, per 1.5.1.2.2 Commentary ( 5) 
-

-
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where 
d= (ev - Z)t =effective shear area 
dAt = (et - Z)t = effective tensile area 

ev = distance from the hole center to the plate edge in the 
direction of the shear force component 

et = distance from the hole center to the plate edge in the 
direction of the tensile force component 

d = pin or bolt and hole diameters 

t = plate thickness 

P = applied load. 

The commentary on the Specifications indicate that these criteria provide a 
safety factor of 2.0 or more. For additional conservatism, and to account for 
uncertainties in the differential thermal expansion loading, a factor of 1.25 
was applied on loads. The designs of the CH, FH, and EM endplates were found 
not to comply with the minimum edge distance requirements for pin holes 
specified by 1.16.5.1. This deviation from specifications may be accepted 
because the above criteria are consistent with the intent and philosophy of 
the Specifications. 

- The load capacities of the joints as estimated by Equation 3, 4, 
and 5 are summarized in Table 6. Refer to calculation CC-MOO-06 for analysis 
details. 

3.8 Module Endplate Brackets 

The module endplate brackets are splice plates which connect the 
module and plates together to form the rings. The connection fasteners are 
the previously discussed shear pins. 

The endplate brackets experience the same pin hole bearing and tear
out loads as the end plates. The stresses were thus evaluated by the same 
criteria as the end plates, Equations 3, 4, and 5. The internal loads in the 
rings also result in bending loads in the brackets about their major axis. 

- These were evaluated in accordance with the Specifications for bending. 



-
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-
TABLE 6. MODULE ENDPLATE CONNECTION LOAD CAPACITIES 

-
Ring Estimated Estimated Load a(l) kiES 

Type Loadi ng Capacity, kips No Friction Friction 


CH 	 Equation 3 94.0 73.4 123.5 
Equation 4 137.2 38.4 90.3 
Equation 5 143.3 38.4 90.3 

FH 	 Equation 3 67.0 69.0 57.1 
Equation 4 73.2(2) 69.0 57.1 
Equation 5 61.3(2) 69.0 57.1 

EM Equation 3 15.0( ) 10.1 13.3 
Equation 4 19.3(2) 10.1 13.3 
Equation 5 22.7 2 10.1 13.3 -

(1) 	 Estimated loads include a Load Factor LF = 1.25. -(2) 	 The design of these endplates incorporates cut-outs suffi 
ciently near the connection holes that the ligaments must 

resist the calculated compression forces. 


The pin hole loadings and capacities of the brackets are summarized 
in Table 7. It can be seen in this table that there is insufficient capacity 
in the CH bracket for the assumed friction loads, while still retaining an 
overall safety factor of 2.0. The FH bracket experiences a slight overload of 
2.2 percent in bearing with the zero-friction loads. This can be accepted by 
engineering judgment. 

Calculated bending stresses were compared to the specified allow
able bending stress in 1.5.1.4.5 of .60 Fy = 18.0 ksi. The brackets were 
checked for effectiveness of the unstiffened web in resisting lateral buckling 
per the requirements of 1.5.1.4.5 and 1.9.1.2. In all cases the bracket sec
tions were fully effective, and no reduction in allowable compression was 
required. Transverse shear stresses were compared to the allowable shear -
stress of 0.40 Fy = 12.0 ksi, per 1.5.1.2.1. The results are summarized in 
Table 8. The FH bracket exceeded the allowable bending stress for the fric -tion 	load case, with a 1.25 load factor, by 2.6 percent. This is acceptable 

-




23 

-
TABLE 7. ENDPLATE BRACKET CONNECTION LOAD CAPACITIES 

Ring Estimated Estimated Load!(l) kiQs
Type Loading Capacity, kips No Friction Friction 

CH Equation 3 
Equation 4 
Equation 5 

81.0 
109.0 
84.4 

73.3 
38.4 
38.4 

123.6 
90.2 
90.2 

FH Equation 3 
Equation 4 
Equation 5 

67.5 
93.8 
75.0 

69.0 
16.2 
16.2 

57.1 
17 .3 
17.3 

,.

EM Equation 3 
Equation 4 
Equation 5 

15.2 
21.1 
16.9 

10.1 
2.7 
2.7 

13.3 
2.5 
2.5 

(1 ) All loads estimated using Equation (1) with a Load Factor 
LF = 1.25. 

TABLE 8. ENDPLATE BRACKET BENDING AND DIRECT SHEAR STRESSES 

Ring Estimated Bending, ksi Allowable Estimated Shear, ksi Allowable 

Type No Friction Friction Bending, ksi No Friction Friction Shear, ksi 


CH 11.38 16.08 18.0 3.66 4.47 12.0 

FH 13.71 18.46 18.0 2.40 3.23 12.0 

EM 6.72 5.40 18.0 1.64 1.32 12.0 

-
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by engineering judgment. All other stresses were acceptable. Refer to cal

culations CC-MOO-04 and CC-MOO-05 of the Appendix for the analysis details. ... 


3.9 Module Sheathing ... 
The modules are long trapezoidal-section boxes. The end plates are 

relatively thick, while the sides are thin plate or heavy gage sheet. All 
materials are AISI Type 304 stainless steel. The sheet or thin plate elements ...of the FH and EM modules are tack welded to the endplates and along their 
lengths. The sheet elements of the CH modules are welded to their endplates 
all-around, and tack welded along their lengths. The sides typically are ... 
perforated. The modules contain numerous layers of uranium plate and other 
items. The modules are densely packed such that clearances between the ... 
sheathing and contents is on the order of the sheathing thickness. The con
tents weight is supported by the endplates and/or the skins, depending on 
module orientation. 

The modules resemble simply-supported beams in that they are sup
ported by their endplates. Bending or buckling strength of the modules due to 
self-weight was proven by the fabrication of the modules. 

The CH modules are shorter in length at their outside diameters than 
at their inside diameters. The weight of the FH and EM modules bear on the CH 
ring inside diameter, which is outboard of the outside diameter. The modules 
in the lower 180 degree arc of the ring are thus loaded in bending in a double 
overhung cantilever mode. ...

The above bending moment was estimated to be 400,000 inch-lbs. This 
bending moment results in membrane tension and compression stresses in the 
upper and lower skins of 4,325 psi and -3,385 pSi, respectively. These are 
well within the material strength of the plate or sheet elements, as well as 
properly executed end weldments. ... 

The buckling stress of the lower skin in membrane compression, 
treated as a plate with a simple edge support condition all around, was ... 
3,260 pSi. This was about the same as the calculated membrane compression 
stress. However, it was concluded that gross buckling was unlikely because 
(a) the actual load transfer to the lowermost module may be less due to fric
tion, (b) the selfweight of the module may reduce the applied bending moment, ... 
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(c) the welded joints provide some rotational restraint at the edges, and 
(d) the tight internal clearances will support or restrain any gross out-of
plane deflections. At worst, some local wrinkling may occur. This was judged 
not to result in a threat to the structural integrity of the overall assembly. 
Refer to calculation CC-MOD-07 of the Appendix for the analysis data. Subse
quent to the above analysis, Fermilab tested a sample CH module by applying a 
bending moment of 700,000 in-lb. No damage was observed as a result of this 
load. 

3.10 Transition Pieces 

The weight of the EM and FH rings are transferred in bearing by 
spacers inserted between the rings. The spaces are referred to as transition 
pieces. They are milled to the radii of the adjacent ring endplates. They 
also are flanged to correctly locate the rings axially. 

Bearing stresses on the transition pieces were well within the 
allowable bearing stress of .90Fy = 1B.0 ksi. Refer to calculation CC-MOD-OB 
of the Appendix for analysis details. 

The entire assembly weight bears on the strips of G-10 between the 
CH ring and the support members. Bearing stress in the G-10 was well within 
the compressive strength of the material. 

-


-
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

The assembly design was reviewed to verify structural integrity and 
adequacy for service. Components that were evaluated were the main support 
beams, main support straps, module endplate brackets, module endplates, end
plate connection pins, and transition pieces. Loading conditions considered 
were "deadweight and differential thermal expansion due to specified tempera
ture gradients. The American Institute of Steel Construction (AISC) Speci
fications for The Design Fabrication and Erection of Structural Steel for 
Buildings were the primary acceptance criteria, where applicable. Other 
guidelines and engineering judgment were applied as appropriate. 

The design review of the various components showed that they are 
adequate for the intended service, subject to the qualifications stated in 
this and the next paragraph. The stresses in the main support beams and 
straps were within the allowables of the AISC Specifications. The designs of 
the endplates and endplate brackets were found not to comply with certain 
Specifications addressing minimum edge distances for pin holes. However, they 
were analyzed in accordance with the bases for the specifications, and found 
to possess a degree of safety consistent with the intent and philosophy of the 
specifications. The connection pin stresses were acceptable with the use of 
Inconel 718 as the material of fabrication. This material ;s recommended over 
the originally specified Type 304 stainless steel in any form or grade. The 
CH module sheathing was determined to be theoretically susceptible to local 
buckling or wrinkling. However, due to details of construction, such damage 
is unlikely to occur. This was verified in tests performed by Fermilab which 
subjected a sample CH module to a 75% overload. Furthermore, if such damage 
were to occur, it would not threaten the integrity of the structure. 

The design of the assembly was based on the assumption that no 
friction is generated at bearing surfaces. Inter-ring assembly bearing sur
faces as-designed are bare stainless steel-on-stainless steel, with a probable 
unstable (stick-slip) coefficient of friction of 0.5 to 1.0. The assembly
support interface is metal-on-G-10, with a probable stable coefficient of 
friction of 0.3 to 0.5. Analysis showed that significantly different load 
distribution within the assembly could occur if certain assumed frictional 

... 


... 


... 


... 
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