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Abstract: 
The relationship between gravity sag of a precision cathode strip chamber and its 
sandwich panel structural design is explored parametrically. An algorithm for estimating 
the dominant component of gravity sag is defined. Graphs of normalized gravity sag as a 
function of gap frame width and material, sandwich core edge filler width and material, 
panel skin thickness, gap height, and support location are calculated using the gravity sag 
algorithm. The structural importance of the sandwich-to-sandwich "gap frame" 
connection is explained. 
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When a bending load is applied, the stack will deform as 
indicated in Fig. I0.13(b). Since the slabs were free to slide on one another, 
the ends do not remain even but become staggered. Each of the slabs be
haves as an independent beam, and the total resistance to bending of n 

,...... __ ,_:_-s_;_~_<"-_., \ t l 

<:.L-AB~ F-1!?:£ To 

lo 

Sl-1 DE o/J eAC/1- onJ.£/C 

F1~. 10-13 

slabs is approximately n times the resistance of one slab alone. If the ex
periment is repealed after the slabs have been fastened together so as to 
prevent their sliding on one another. the entire assembly would behave as 
a single beam having a thickness equal to n times the thickness of one slab. 
In the case of elastic action, the bending resistance of the assembly would 
be approximately n 3 times the bending resistance of one slab. From this 
simple experiment you can sec the importance of a beam being able to 
resist longitudinal shear forces so that this .. slipping·• \\!iii not occur. 
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The facings of a sandwich panel used as a 
beam act similarly to the ftanges of an I-beam 
by taking the bending loads - one facing in 
compression and the other in tension. 
Expanding this comparison further, the 
honeycomb core corresponds to the web of 
the I-beam. This core resists the shear loads, 

Figure 1 

increases the stiffness of the structure by 
spreading the facings apart, but unlike the 
I-beam's web, gives continuous support to the 
ftanges or facings. The core-to-skin adhesive 
rigidly joins the sandwich components and 
allows them to act as one unit with a high 
torsional and bending rigidity. 
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Normalized Moment of Inertia 
Vs- Skin Thickness, Gap Thickness, & Gap "Slip" 

Seven 20.0mm-thick Sandwich Panels 

("ideal" zero-shear glue assumed) 
"n-squared" Rule-of-Thumb 

1 llrT-1--1-1:=I~~~~i~~~=¥=~ is exact for a "solid slab" --, --- __ . , v (skin=10mm, sandwich=20mm. gap=Omm) 

• 

0.1..j I WJ./-47= ....... ~ I I I I I 
Ill 
'2 

CJ) 
c: factor of 39 INCREASE IN MOMENT OF 

~ j INERTIA going from slip-allowed to no-slip 

~ stack of seven 20mm-thick sandwiches 

§ 0.01 wijh 0.5mm skins and 10mm gaps 
E 
'C 

.~ 
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E 
~ 

0 

c: 0.001 J liV'l I I I I I I I I I 

skin thickness= 0.5mm (baseline) 

0.0001 I I .1 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
0 1 2 3 4 5 6 

skin thickness (mm) 
7 8 9 10 

solid 

slab 

--+- gap= 20.0mm ("IDEAL" glue) 

-a- gap= 15.0mm ("IDEAL" glue) 

-+· gap= 10.0mm ("IDEAL" glue) 

-e- gap= 5.0mm ("IDEAL" glue) 

--&.:- gap= O.Omm ("IDEAL" glue) 

--...- "n-squared" Rule-of-Thumb 

-e- ANY gap size (SLIP ALLOWED) 

file: skinvgap.moi 
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Normalized Gravity Sag 
Vs. Skin Thickness, Gap Thickness, & Gap "Slip" 

Seven 20.0mm-thick Sandwich Panels 

("IDEAL" massless zero-shear gap frame and glue assumed) 

1 

0.1 

0.01 

0.001 

~ 

a 

I~~ I 
I~ Factor of 39 increase in gravtty sag for a 

; stack of 7 sandwich panels with O.Smm 
·+-+---+--+-/-+- skins and 10mm gaps (with "IDEAL" glue) -

. --~I 
! ....., 

i:.-:r.. .. '·~~ .. .. '-P. ~ 

' . : ~ / ... . ) 

i:'·l;o--->ji---.. . -~·""i,,..-. ... -.; ; ·' 

. l'f..~ 

!'---. skin thickness ~ O.Smm (baseline) 

I I I I I I 
I'' I' •• I I ' I I I • 

0 1 2 3 4 5 6 
skin thickness (mm) 

7 8 9 10 
solid 

slab 

Factor of 49 increase in gravity sag 

(n-squared Rule-of-Thumb is exact) for 

stack of 7 solid slabs with gap ~ O.Omm 

-+- ANY gap size (SLIP ALLOWED) 

-fr- gap= O.Omm ("IDEAL" glue) 

-tr- gap= 5.0mm ("IDEAL" glue) 

-&- gap= 10.0mm ("IDEAL" glue) 

0\o-·.. gap= 15.0mm ("IDEAL" glue) 

-a- gap= 20.0mm ("IDEAL" glue) 
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Normalized Gravity Sag 
Vs. Gap Frame Width & Gap Frame Material ,. 

Seven 20.0mm-thick Sandwich Panels, No Core Edge Filler, 
Skin Thickness= 0.5mm, Gap Height= 10mm, NO SLIP ALLOWED 

1 ~ I I I I I I I I £?i 
panels are partially "carried" by the panels. L~ l 

0.9-J--+--+--f---t--:7'!1''----t---+--+--+---1 

Materials "less stiff" than the sandwich 

0.95-

~ 0.851--=~1::!;f:~~:±:±:E=!~j 
.~ 0.8 

!o.75~ 
I]) 

.~ 
ca 0.7 E 
~ 

0 
c: 0.65. 

Materials "stiffer" than the sandwich ,,... 
~anels "carry" part of the panel weight. -

~ 
0.6 

~ 
--.... ..,.. 

0.55 ;--f---t--t--f-----+--+-+-l----+--1 

0.5,. I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
50 0 5 10 15 20 25 30 35 

gap frame width (mm) 
40 45 

The "IDEAL" gap frame material 

adds no weight to the assembly and 

ALLOWS NO SLIP (no shear deflection) 

between panels. 

-E-- epoxy gap frame 

--v- "Vinny's" gap frame 

-6- G10 gap frame 

-t- "IDEAL" glue gap frame 

-f'r aluminum gap frame 

file: gtvmat.base 

jah 7/12193 

~ 
~ 



-"' 

1 

0.95 

0.9 

O> 

m 0.05 
>. 

·""' ~ 
O> 0.8 

"O 
Q) 

-~ 
as 
§ o.75 
0 
c: 

0.7 

0.65 

0.6 

Normalized Gravity Sag 
Vs. Skin Thickness & Gap Frame Material 

Seven 20mm Sandwich Panels, 1 Omm Gaps, 25mm Gap Frame, No HC Core Edge Filler, 
("IDEAL" zero-shear glue assumed) 

-l' 
-

' 

\ 
. 

. 

I 

I . 

~ 

' . ' 

0 

~ 
~ Although Its modulus of elasticity is 

" 25 times that of epoxy, aluminum 

I 
gap frame reduces gravity sag by 

only 30%. 

t'i 
~ ' ~ 
~ :---.. ' .. 

skin thickness = 0.5mm (baseline) 

I I 
. . ' I ' ' I , 

1 2 3 

I I 
I . I . 

4 5 6 
skin thickness (mm) 

-E- 25mm-wide epoxy -

-¥- 25mm wide "Vinny's" 

-6- 25mm wide G10 -

-fJir- 25mm-wide aluminum 

. ' ' ' 

7 8 
' ' ' 

9 10 
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Normalized Gravity Sag 
Vs. Sandwich Core Edge Filler Width & Core Edge Filler Material 

Seven 20.0mm-thick Sandwich Panels, 25mm-wide Epoxy Gap Frame, 

Skin Thickness= 0.5mm, Gap Height= 10mm, NO SLIP ALLOWED 

1-.--~~~.,.-~~---..~~~-,-~~~-.-~~~ 

Materials "less stiff" than the 

sandwich panels "load" the panels. 

··L=rf t ! 2 
ffi0.8 I\ ~ 
>- -= I 

·""' I I ~ I 

~ 0.7-l--_.:i1-:--~r~-+--=~==~ ~ 

Cl 

(I) 

E 
~ go.6~---t-~~::;t-==--==~~::~~~~· 

Materials "stiffer" than the sandwich 

panels "carry" part of the panel weight. 

·~. 

0.5 ~ 

~--.............,.,_.......____. 

0 .4 --t-i-r-..-r-t-........-....--.+.,..-,.-.-r+....--.--.--.,....l.-.-~--.-1 
0 5 10 15 20 25 

core edge filler width (mm) 

The "IDEAL" core edge filler material 

adds no weight to the assembly but 

removes core mass (replaces it with 

massless zero-shear glue). 

-f- epoxy core frame 

-¥-- "Vinny's" core frame 

-t- "IDEAL" glue core frame 

-&- G10 core frame 

-A- aluminum core frame 
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Assumed Material properties 

The following material properties were used in the normalized gravity sag calculations: 

material elastic modulus mass density elastic modulus mass density 
(psi) (lb secA2fin"4) (MPa) (g/cmA3) 

G 10 laminate 3,300,000 0.000180 22,759 1.926 
epoxy 400,000 0.000111 2,759 1.190 

"Vinny's" 98,395 0.000039 679 0.420 
aluminum 10,000,000 0.000254 68,966 2.718 

Nomexcore - - - 0.000003 - - - 0.029 

Effect of Support locations 

The normalized gravity sag graphs assume some constant support point locations. The 
chamber mass is assumed to be uniformly distributed along its length. The chart of beam 
deflection expressions shows that the maximum gravity sag is reduced by a factor of 
48.6, i.e. (5/384)/0.000268, by going from support at the extreme ends to support at 
points 0.223L from the ends. Actual chamber sag will fall between these limits to the 
extent that weight is evenly distributed along the chamber length and shear deflection is 
prevented by proper panel-to-panel connection. 

Conclusions 

The magnitude of chamber sag is highly dependent on chamber support location and 
design of the gap frame. The gap between sandwich panels must be able to resist shear 
deformation. The major component of gravity sag is due to beam bending if shear 
deflection can be avoided. Gravity sag increases by a factor of 39 going from an "ideal" 
shear connection to slip-allowed between sandwich panels. 

The mechanical connection between panels (gap frame and posts) will determine the 
magnitude of additional gravity sag introduced due to shear deflection. The design 
parameters that influence this value are the geometry of the gap frames around the 
perimeter of the panel, its mechanical properties, and the reliability of the panel-to-panel 
attachment technique (preloaded bolts, adhesives, pins, etc.) 
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