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The compression of  f-iberg7a.s~ b a . t t ,  1oo t ;e - f i I  1 fiberglass, Isose-fill 

r o c k  wool, and loose-fill cellulosic.: .ilasiildt-ions due  tn the installation o f  

one i n su la t ion  on t o p  o f  another  hi2S been s.inw1ated by s u b j e c t i n g  specimens 

t o  ltnown s t a t F c  loads. DEtCV’(=\rlSe i n  thic?trsess !$Vas mes;lsured as ra f U ~ I C t ~ ~ ~ 7  o f  

loading for. freshly blown loose-Pill insulations as:d fibergli33S k,(3-i,t:> shaken 

t o  full  th ickness .  The low density materials were a f f e c t e d  the riicjst s h i . ~ .  

i n g  conipressioris as  h igh  iis 40% f o r  laads 0-5 1% ky/m2 (2.5 I b / f t ’ ) .  

r i iagnitude o f  the compression clue t n  l oa .d ing  decreases a.s the d e n s i t y  o f  the 

loaded insulat ion increases Correlations f o r  conipression as a f u n c t i o n  o f  

l o a d i n g  were obtained and used t o  calculate R-values Fo?r s tacked i i 3su la t i nns . .  

 he 

The decrease in R-value due t o  compressSor~ can be o f f s e t  Lay ir~rmsSnng 

the anrnunt. of  insulation added t o  reach a desired tatril R-value. Tables 

have been prepared f o r  the e s t i i i w t i n n  o f  the aimtint o f  loose-fill i n s u l a -  

t iori  required t o  upgrade  exa’sting R-1  I o r  R-19 thei-iilal barr-iers t o  h i g h e r  

R-values. I n  niost cases an increase i n  t h e  t h i c k n e s s  o f  the added insula- 

t ion o f  25 inm (1.0 inch) or  less  w i l l  conipcnsate f o r  t.he compression e f f e c t ,  

v 
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Reduction in the Tliernial Resistance (R-Value) o f  L.oose-Fill 

Insulation dnd F i b e r g l a s s  Batts due t~ Compression 

In troduct-i on ___-_ __ - 
- 
Ihe recommended amount o f  resident ia l  thermal insulation has increased 

as a resu i  t u f  r is ing energy costs. 

nomically desirable t o  install additional insulation in a t t i c s  on t o p  o f  i n -  

S U I  ation dlready in pl dce. 

(thickness) of  insulation t o  be added assumes t h a t  the  total  R-value achieved 

i s  t he  sum of the R-values o f  the o r i g i r i a l  insulation and  the newly instal led 

insulat ion.  

space, however, resul ts  in a compressive force and resul tant  reduction in the 

thickness o f  t h e  f i r s t  layer  o f  compression. Additional insulat ion,  there- 

f o r e ,  must be added t o  b r i n g  the t o t a l  R-value to the desired level .  

d a t a  reported in th i s  report can be used t o  determine the thickness reduction 

of  loosc-fill insulations a n d  f iberglass  ba t t s  t h a t  r e su l t  f rom conipressive 

forces exerted by additianal insulat ion,  The thickness reduction i s  accom- 

panied by an increase i n  density a n d  a reduction in the R-value o f  the com- 

pressed 1 ayer. 

In rimy cases Innmeuwners f i n d  i t  eco- 

Ibe currerat practice f o r  detcrmi n i  ng the amount 

The installation of  a second layer 0-f insulation in an  a t t i c  

The 

The R - v d l u e ,  R ,  o f  thermal insulation i s  defined in terms o f  thickness, 

T, and thermal conductivity, k .  The therrnal conductivity o f  a specimen o f  

R = T/k (1) 

insulation i s  related t o  the density, p ,  o f  the insulation by Equation ( 2 )  

whl”le the density varies inversely with thickness. 

men w i t h  an i n i t i a l  density,  po, and i n i t i a l  thickness, To, will have density p 

T h u s ,  an i n s u l a t i o n  speci- 

1 



2 

P = ToPo / '  

a f t e r  compression to  ttlicknrss 1 .  tquat;ons (I), (2)- arid (3) can be COP- 

bined t o  give I? as a function o f  P f o r  a n  i n s i i l a t i o I 1  specjrr irn. We thick-  

ness o f  a specimen of insulation can Sc ileLtlriiiii1pd as a fkjriction o f  coriipres 

sive force  loading, and the r-esultznt R v a l w  can  ther: bo calculatpd froti1 

relationships between k and p .  

Measurement o f  T h i  ckness .-.... and -..... Density 

I n i t i a l  specimen thicknesses an:! thicknesses uncir.r loadi nq w ' c e  ne?'- 

sured w i t h  a Gaertner Model M-911 cathetometer. Specimens o f  - f i b e r g 1  d s s  b a t t s  

1.219 m (48 inches) in lenlgth were shakefi Lo o b t a i n  recovery beyond frill t h i ck -  

ness. 

than the specimen by stapling the paper facing t u  the plywood. The insula- .  

tion specinxns were marked at f ive  equally spaced points r : l o n y  the top  edge 

u s i n g  a syringe f i l l e d  with black ink. I n i t i a l  thickness was de te rm ined  by 

measuring the elevation r e l a t ive  t o  the cathetometer zerc point o f  t h e  t o p  

of the mounting board and the average o f  the - f i v e  inked points along t h e  t o p  

edge of the ba t t .  F l a t  loads approximately the s a w  s i z e  as  .the b a t t  s p e c i -  

mens were fabricated fimon cardboard and styrofoam. 

2 2 
t o  provide increments o f  about 2.44 k g / m  

placed on top of the h a t t  specimens a n d  t h e  r e s u l t a n t  thicknesses were n.ieasured. 

The f i r s t  series of measurements were allowed t o  s t a n d  for  several hours De- 

tween load increments t o  make certain t h a t  an equilibrium thickness had heen 

reached. In every  case i t  was observed t h a t  equilibrium was attained in lcsr, 

than ten minutes. A period of t h i r t y  minutes, therefore,  was t d k o n  as s u f f i -  

c ient  f a r  equilibrium. 

b a t t  insulation w i t h  two increments o f  compressive load. Densities o f  the 

b a t t  specimens were determi neci from the class and  dimetnsi ons o f  the specimen 

The specimens were then arfixed t u  plywood sectioris s l i g h t l y  larger 

rhe l o a d s  were constructed 

(0 .5  1 b / f t  ) . Load increments were 

Figure (1) i s  a photograph o f  a specimen o f  fiberglass 
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I 

Figure  1. Photograph o f  F iberg lass  B a t t  w i t h  Two Load Increments 
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a t  l a b e l  th ickness.  

Tes t i ng  o f  l o o s e - f i l l  i n s u l a t i o n s  was accomplished us ing  a 305 x 305 x 

305 mm (12 x 12 x 12 i n )  plywood box i n t o  which the  i n s u l a t i o n  was blown. A 

s l o t  was c u t  i n  each o f  t h e  v e r t i c a l  s ides of  t h e  box t o  pe rm i t  s i q h t i n q  o f  

the top  o f  t he  i n s u l a t i o n  i n  t h e  box. The box con ta in inq  l o o s e - f i l l  i n s u l a -  

t i o n  was placed on a r e v o l v i n q  p l a t f o r m  so t h a t  f o u r  th ickness measurements 

could be made. A photoqraph o f  t he  apparatus i s  shown i n  F igu re  2. The 

l o o s e - f i l l  i n s u l a t i o n s  were a l s o  loaded w i t h  increments o f  approximately 

2.44 kg/m (0.5 l b / f t  ) and t h e  thicknesses measured w i t h  a s p o t l i g h t  and the  

Gaertner cathetometer. Specimen d e n s i t y  was determined from a measurement 

o f  the mass o f  t he  i n s u l a t i o n  i n  the  box. 

2 2 

t + Thicknesses were measured i n  t h i s  work t o  b e t t e r  than -0.1 cm (-.04 
+ inches) .  

kq/m (- .01 l b / f t  ) .  

(+.0004 l b ) .  

The values f o r  t he  l oad  increments were known t o  b e t t e r  than -.05 
2 +  2 + Specimen masses were known t o  b e t t e r  than -0.2 arams 

ness 

12.2 

mens 

Resul t s  f o r  Thickness under Loading 

Resul ts f o r  th ickness under l oad ing  were obta ined f o r  1 oose - f i  11 c e l l  u- 

l o s e  i n s u l a t i o n  ( L F C ) ,  l o o s e - f i l l  r ock  wool i n s u l a t i o n  (LFRW), l o o s e - f i l l  

f i b e r g l a s s  i n s u l a t i o n  (LFFG) and f i b e r g l a s s  b a t t s  produced by the  t h r e e  major 

producers. Appendix A i d e n t i f i e s  the  p a r t i c u l a r  products t h a t  were tested.  

I n  most cases t h i c k -  

( 0  l b / f t  ) t o  

Appendix B conta ins the  data t h a t  were obtained. 

measurements were made a t  loads ranging from 0 kg/m 2 2 

Specimen d i -  2 2 kg/m (2.5 l b / f t  ) i n  steps o f  2.44 kg/rn2 (0.5 l b / f t 2 ) .  

ons and d e n s i t y  data a re  i nc luded  i n  Appendix B. 

The exper imental  th ickness data were analyzed us ing Equat 

2 -AT/T = a + bw + cw ( 4 )  
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I PHOTO Y170428 

Figure 2. Photograph o f  Slot ted Box Mounted on Revolving Pedestal 
t h a t  was used f o r  Loose-Fill Insulations 
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2 where AT i s  the change i n  thickness resul t ing from a loading of w l b / f t  . 

Values for the parameters a ,  b ,  and c in Equation (4 )  were determined for 

each of the products tested us ing  the Method of  Least Squares. 

the insulations tested are  given i n  Table 1. 

curves of -AT/T versus loading. The curves were drawn from the resu l t s  t a -  

bulated i n  Table l. 

Results fo r  

Figures 3 ,  4 ,  and 5 show 

Figure 6 shows the s c a t t e r  about  Equation (4 )  of the 

experimental compress 

resu l t s  fo r  the other 

ure 6.  Figure 7 i s  a 

as a function of i n i t  

ted i n  Figure 7. 

on data 

i nsul a t  

p lot  of 

a1 dens 

for  R - l l ( A )  f iberglass  bat ts .  Experimental 

ons tes ted are  similar t o  those shown in F i g -  

compression a t  4.88 kg/m 

ty .  All of the products tes ted are  represen- 

2 2 (1.0 l b / f t  ) loading 

The numerical resu l t s  i n  Table 1 can be used to  obtain the thickness t o  

which an insulation will be reduced due t o  a compressive load. Thickness 

under compression i s  obtained by subtracting the thickness decrease, (AT/T)To,  

fron the i n i t i a l  thickness, To. The value for  the thickness under compres- 

sion can then be used t o  calculate  the density,  using Equat ion ( 3 ) ,  and the 

thermal conductivity. Values fo r  thickness and density can then be used to 

calculate R-value u s i n g  Equations (1) and ( 2 ) .  

R-Val ue Calculation fo r  a Compressed Insul ation 

Thermal resistances were calculated by s u b s t i t u t i n g  the thicknesses and 

thermal conductivities of the compressed specimens into Equation (1) .  Values 

for  thickness under compression were determined from the information summar- 

ized  in Table 1. Label thicknesses were assumed as the s ta r t ing  point fo r  

unloaded f iberglass  b a t t s .  

ba t t s  from p o  to p f  was obtained u s i n g  Equation ( 5 )  w i t h  b '  and  c '  values 

The change i n  k result ing from compression of the 

P r  
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obta ined  fr*oiil a published report dealing w i t h  i n s u l a t i n g  bat t s .  (') 

changes i n  k w7: tk i  p for .  leose-fill mineral f i be r  insulations were taken t o  

The 

be tire same as  the cor responding  h a t t  i n s u l a t i o n s .  Correlations f o r  loose- 

f.i 11 ce? 7 u lose pub1 i shed by S h i  rtl f Sfe  and B o n ~ b e r g ( ~ )  were used 

awrical d d t a  used are 1 i j t e d  i n  Appendix. C. 

The n u -  

Figures 8 ,  9, arid 10 show resul ts  obtained for  the percent decrease i n  

f&-vaiue reser! t i n 9  from compression, 

less t h a n  the percentdge decrease i n  thickness since k f o r  the products 

Tile p~rcen tage  decrease in R-value i s  

tested decreases w i t h  dens i ty i n  the density interval tes ted,  

sho~m in Figures 8 ,  7 ,  a n d  40 are siveri i n  Tables 2, 3, and 4, The comput- 

The resu l t s  

t e v  cndes used t o  o b t a i n  these results are  repl-otiL;ced i n  Appendix C .  

The f~uriiericnl c1at.a i ia the precediricl sec t ion  can De used t o  determine 

the t o t a l  tiierrrial rcsistdnce o f  t w o  layers o f  i n s u l d l i a n .  The effect ive 

therim1 resistance of  the bot tom l aye r  i s  reducm-1 due t o  compression. 

t i o n  (6) g i v e s  the  t o t a l  R-value i n  terms o f  t h e  R-value per inch o f  added 

Equa- 

1 he reduction tern, 

o f  the load.s 'ng,  w .  

AR/R,  i s  repr-esented i n  the alsove equation as a function 

The coeff ic ients  C1, C 2 %  and C 3  were o b t a i n e d  by the Me- 

tkiod o f  1.mst Squares and a r e  l is ted i n  Appendix C. 

T h c  amount, P2, of  added  i nsu la - t i o r ;  required t o  upgrade a given ins ta l led  

i n s u l a t i o n  t o  a specified !?-TOTAL. can be determined f rom E q u a t i o n  ( 6 ) .  A 
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ORNL-DWG 7305 
I b/f t2 

1.0 2 .Q 
I 1 

[A) R-l l  / //’ po-9.60 
/ 

/- 

(A) R-13 A’ p,=s3.7 

! I 

5.0 r4.0 
kg/m2 

F i g u r e  3. Compression of I< - l l  and R-13 F i b e r g l a s s  Batts for Loads 
up to 13.4  kg/m2 (2.75 L b / f t  2 ). 
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I 

IO* 0 
k@-i2 

Figur i .  4 .  Conprcssioo o f  R-19 F i b e r g l a s s  Batts f o r  Toads up to 
2 

1 2 . 2  kg/rn2 (2 .5  l b / f L  ). 
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1.0 2.0 
I 1 

F i g u r e  I,. Compression of Loose-Fill Insu la t ions  for Loads i i p  to 
2 2 12.2 kg/m (2.5 I b / f t  ). 
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13 

0 

Q 

1 1 

B 5.0 38. 

Figure 7. Compression at 4,88 kg/lr? (1.0 l b / f t  2 >. 
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Fortran prograrr; and numerical  ou tpu t  f o r  R-IL7TAL Sot' s e v e r a l  combinations o f  

i n s u l a t i o n  a r e  g iven  i n  Appendix D. 

Table 5 c o n t a i n s  computed T results f o r  nine combinations o f  s tdc keA 2 

l o o s e - f i l l  i n s u l a t i o n s .  The t a b l e  givrs t h e  t h i c k r w s s  o f  i r r su la t ion  rnq'!irc:! 

t o  upgrade an R - 1 1  i n s u l a t i o n  t o  R-30. Comprwsion i s  inc luded  i n  ;hi: c a i c u -  

l a t i o n  o f  tiurnbers l a b e l e d  T2(corr) while no compression i s  inc luded  i n  t k ~  

c a l c u l a t i o n  o f  numbers l abe led  T ( u n c o r r ) .  

t a ined  from t h e  t a b l e s  inc luded  i n  Appendix D. 

T h e  results i n  Table  5 were 05- 2 
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F i g u r e  9. P e r c e n t a g e  Decrease i n  R-value of R-19 F i -herg lass  

Batts due to Compression. 
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18 

E X  
s - r n  

c-3 0 

OJ 
.n 
rg 



- 4 



20 

Cable  4 

Load 

2 
._ k~ 

0.000 

0.977 

1 .953  

2.929 

3.906 

4.882 

5.859 

6.835 

7.812 

8.788 

9.765 

Pe rcen tage  Decrease i n  Thermal R e s i s t a n c e  
o f  L o o s e - F i l l  I n s u l a t i o n s  

~ .. ___ -~-. ~ ___.____ 

Percen tage  Decrease i n  R (1) 

F i  berg1 a s s  - ---I Cel l  u1 O S ?  Rock Wool - 1 b / f t 2  -I 

0.200 4.49 -0.20 ( 2 )  5.38 

0.000 0.00 0.00 0.00 

0.400 6 .48  1.80 8 . 6 5  

0.600 8 . 3 8  3.74 21.67 

0.800 10.19 5.59 14 .43  

1.000 11.90 7 .38  16 .94  

1. zoo 

1.400 

13 .53  9.10 19.19 

15.06 10.74 21.20 

1.600 16.51 12.31 22.96 

1.800 17-86  13.81 24.48 

2.000 19.12 15.24 25.77 

(1 )  ( - A R / R )  x 100: Average p v a l u e s :  2 . 2  l b / f t 3  f o r  c e l l u l o s e ,  

1.8 l b / f t  f o r  rock r.roo1,0.6 l b / f t  f o r  f i b e r g l a s s .  Corres-  

ponding nominal R-values per i n c h :  3 .55 f o r  c e l l u l o s e ,  2.9 

f o r  rock wool,  2 .2  f o r  f i b e r g l a s s .  

3 0 3 

( 2 )  Apparent anomaly caused by sca t te r  i n  compression da t a  at l o w  de r i s i t y .  
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Discussion o f  - Rcsul Ls 
- 
I I I P  \r'xteiit. o f  compression \ v h l ' d i  resill ts  from the in s t a l l a t ion  of in 

sulatiori 013 t o p  o f  existing i n s u l a t i o n  i s  shoeill? in Figures 3 ,  4 ,  a n d  5 .  The 

d a b  show colnpressiorih well above 40% f o r  the f iberglass  bat- ts  t es ted .  I i  wac, 

a l s o  obsrrved i h2t. t h e  thicknpss o f  f jberglass  b a i t s  continued ti) decrease for- 

cnrnpress ive loads as  high as 1 7 . 2  kq/m I 1  i s  uil l ikely a t  !)re- 

sent t h a t  loads d~ t o  a d d d  insulat iuti will exceed Lhat val lze. 

2 ( 2 . 5  l b / f t 2 ) .  

- 
Ihe  expcrimentdl cornprcssion d a t a  t e n d  t o  hp scattered for. the First 

i r icremerrt of loadiflg. ihis i s  dire a t  l e a s t  in p a r t  from differeait s t a r t i n g  

densities f o r  the specimens t e s t ed .  8s-blown l o o s c - f i l l  spec irnefis or as ce- 

covcrccl b a t i  s p e i i ~ n c n s  exhibited variation in dpilsity t h a t  has no1 been taken 

i r i t o  a r c o w t  in the numrrical calculai-ions. 

compression Nith a givcii load i s  showtc in t-igiir" 7 .  

I t i  Figure 7 show quite cltlariy tha t  s t a r t i n g  dens i t y  i s  an importai?t f a c t o r  

fo r  ihc f iherglass  products. 

- 

Ar7 example o f  tile variation o f  

Ihe civeragc cOmpreSSiofiS 

Calculated values f o r  t h e  decrease in thermal resistance clue t o  compres- 

sion a re  substant ia l ly  less  t h a n  the corresponding compression f ac to r s .  

incir,asr i n  valuc per  inch y v i  i h  density partly cmipm;saLe~ f o r  the  derreas? 

The 

irr insiilatirjrl thicknes5. Figures 8 ,  9 ,  and 10 show R-valuc decreases ahovp 

25% for i h r  l o w s  I d e ~ s - i t y  materials tested 

decreases a s  [ he  dprisity o f  Lhe loadzd matprial increases. i h u s ,  rock wool 

a n d  cellulose a r c  7esz a f f e c t &  by stackiuy iha l i  f iberglass .  

- 
1 he e f f e c t  of  loading nn K -  value 

- 

l h e  cvcrall e f f e c t  o f  stacking o f  insulations i s  t ha t  material must. 

be addrd  irr Liie srr,ond layet- La compensate fo r  the  compression o f  the bot tom 

laycc. lahlr 5 contains exa~nplcs o f  til? ,mount of addrd {fishlation nrcded to  

upcjrirde an R - 1 1  insulation i o  R 30 4s expected, thc  most s iqn i f icanl  re5irlts 

occur wheal a high density insulation iz  i n s t a l l ed  on t o p  o f  a low dens i ty  ma- 

t c r i a ? .  ThP conipiession caused by t i l e  i n s t a l l a t ion  o f  rock wool above f iber-  

__ 



23 



24 

Conclusions . and Reeomn-endations - _ _ _ _ _  

Experimental d a t a  have been obtained which show t h a t  loose-Fa’] 1 insula- 

t ions and Tiberglass bal ts  wi l l  br! comprpssed by the addition of  a second 

layer o-f insu 

1 a t i  ons where 

Cal C U I  a t  

torn layer o f  

ation. 

thickriess dpcreases as much as 40% were measured. 

ons have been completed which show t h a t  the R-value of the b o t -  

nsulatjon in a stacked configuration will be reduced. The re- 

Compr-sssions were greatest  from t h e  low density insu- 

duction i s  greatest  for the f iberglass  insulations.  

of insulation added must he made -if the desired R--TOTAL i s  t o  be obtained. 

Tables which can be used t o  estimate the amount o f  insulation needed t o  reach 

a specified R-value have been prepared using the compression d a t a  obtained 

in t h i s  study. 

s t a l l i ng  additional material in the t o p  layer.  As much as 13% additional in- 

sulation i s  needed to compensate for compression when h igh  density material 

i s  instal led on t o p  o f  low density insulation. 

Adjustment in the amount 

The loss of R-value due t o  compression can be o f f se t  by in- 

The compression factors should be included in the calculation o f  the 

amoun t  o f  insulation required t o  tipgrade existing insulations.  The resu l t  

o f  including 

i n s II 1 a t  i on . 

Res u l  t s  

The rock woo 

t h a t  present 

be tes ted.  

All o f  

the compression factor  will be t he  ins ta l la t ion  of additional 

have not been obtained f o r  currently produced rock wool ba t t s .  

products 5hou d be tes ted.  There are also a number of products 

y have a sinal1 percentdye o f  ihc insulation market t h a t  should 

he insulation material tested i n  t h i s  project was fresh.  I n  

p r a c t i c e ,  howeve?-, the loaded insulation will have been in place f o r  some 

time. I h e  e f fec t  of a g i n g  on the  compression of insulation under s t a t i c  

loads should  he investigated. 

- 
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I d e n t i f i c d i i o n  of I n s u l a i i n t i  Products. Tes ted  

I d e n  t i: T i  c a t  i on 

E i  hcrc l  ass Gatts 

_ _  __ 

_ .  --L.. - . 

A 

B 

c 

D 

Owns-Corning F i  berg1  as 

J o h i ~ s - M a n ~ i  11 E 

Certai  rrteed 

Tennessee Cellulose Insulation 

Delta Maid Rock %loo1 

Owns-  Corni ng F i  k r y l  as 
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SPECIMEN NUMBER : 4 
BATT : LOOSE-FILL : - 
LABEL 1hFORENT:Oh : THICKNESS ( i n c h e s  ) 378 

R - V A L E  ( f i 2 h r e f / B t u  ) i 3  

iMUJFACTJRE R A 
SPECiMEN OIME?ISIONS : 

LEIiGTH ( i n c h e s  ) 97.350 WIDTH ( i n c h e s  ) 15.5 

TOTAL NASS ( grams 1 '018 PAPER ( grams ) 811 

I kSULATION MASS ( g rams  ) 596.3 

DENSITY AT KOMIf iAL THICKNESS ( l o / f t 3 )  0.SSq 

( ks/m3 ) 13.b8 

THICKNESS AS A FUNCTION OF L O A D I N G :  

TOTAL LOAD ( l b / F t 2  ) TOTAL THICKSESS ( cm ) 

0.0 - / 0. 15' 

___-.-___ 9.50 9 47 

1.00 __ - 8.9, 

I. 50 A07 ~ _ _  ___-. 

La, - 7.61 

z50_.- 705' 

(0. a-- _ _  5w -_ ______- 

_ _  

5 SPECIMEN iiUMaER : 

BATT : 1 LOOSE-F ILL  : __ 

LABE; IhFO;Lt4TIOG : THICKNESS ( incnes ) -35'8 

R-VALLE ( f t 2 h r D F / 6 t k  ) 13 

MAWFACTURE9 A ____ 
SPECIMEN 3IMEIISiONS : 

LE l iG iH  ( inches ) q1.56 KIDTH ( i n c h e s  ) 15.5 

TOTAL MASS ( grams ) *6-- 

I?!SULATION !.v\SS ( g r a m s  ) 596.1 

PAPER ( grams j 81'3 

DENSiTY A: IiOI.;lhAL THICKNESS ( . i b / f t 3 )  J,-32/. _ 

( kg/ia3 ) 13 b 3  

THICKNESS AS A FUEICTI9I.I OF LOWINS: 

TOTAL LOAD ( l b / f i 2  ) T K A L  THICKNESS ( cm ) 

0.0 .~ ~ 10 ___ 7' 

8 84 1.00 -- 

1.50 795 

7Y9 2 0 0  -. 

300 - 

0. st-, 9.7': _ 

_ _ ~ _  

~~ ~- 

_______. b.7Y .~_ 2.50 ~~ 

w 
nJ 
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Appendix C 

Calculation o f  A R / R  from Compression Data 

This appendix contains Fortran progranis and output fo r  A R / R  as a func- 

t i o n  of loading f o r  the products tes ted .  

parameters a ,  b, and c l i s t e d  i n  Table 1 arid values fo r  b '  and c '  i n  Equation 

( 5 )  published by Tye e t  a l . ' ' )  f o r  f iberglass and rock wool and S h i r t l i f f e  

and  Bornberg(2) fo r  cel lulose.  Table C - 1  i s  a l i s t i n g  of the numerical d a t a  

t ha t  were used. The variation of thermal conductivity, k, w i t h  density fo r  

the loose- f i l l  mineral f i be r  insulations were taken to  be the same as the 

The programs use t h e  compression 

composite values for  R - l l  b a t t  insulations (1) . 
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Figure C - 1  

Fortraii Program f o r  the Calculation o f  aR/R 
as a Function o f  Loading f o r  Mineral f i b e r  Insulations --_ -_ - 

-. Nomenclature . . . . . . . . 

ST 
SR 
SD 
A , B , C  
c2 ,  c3 

Stdrting thickncss, inc es 
S t d r t l ’ n y  R-value, f t 2h r ‘  k / B i U  
Stdrting d e n s j t y ,  l b / f t 3  
Compression constants f ro in i a b l ?  C - 1  
k var ia t ion constants f r om [ a b l e  C - 1  

t3- - 
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L U I D  I L 8 i ' F T T )  

0.2000 
0.4000 
0-6000 
0 .8000  
1.0000 
1.200LI 
1.4 003 
1.6000 
1.8000 
2.OOOO 
2,2000 
2 .4000  

Table C-7 

Decrease =in R-Value o f  R-19 ( B )  Fiberglass Batts Due t o  Loading 

I t i G /  M2 1 
I], 9765 
I. 95 36 
9 . 9 2  94  
3 - 9 0  59 
6 , 5 9 2 4  
5.6569 

7 . 8 1  1 0  
S .7883  
9- 7648 
10.7433 
t 1 s  91 7r! 

5 . 8 3 5 6  

THICKirfSS ( I N )  C C M )  R t t N G 1  (SI) 
5 e l 6 9 8  1 4 .  6553 1 7 . 6 8 2 8  I. 11 € 5  
5 - 3 9 3 3  
5 . u 3 7 f  
4 *lo31 
4.3395 
4 . u 9 6 8  
3 -0251 
3 . 3 7 4 4  
3.5447 
3.1359 
2 m y 4 6 1  
2 e f 9 1 3  

vl 
U 

R-value w i t h  u n i t s  f t  2 0  hr F/BTU 

R-Val ue w i t h  units m z 0 K / w a t t  
2 7 l b / f t  or kg/rn- 

O E C  I N  ti % 

6 e 9 3  26 
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-- Ap~endix ~ . .  D 

... CALCULATED R-VALIJES --. FOR STACKED INSULATION 

The Fortran program incli idcd in t h i s  appendix can be used t o  romout? 

Ihr \  program i s  dnsjgned t o  use 6 R-TOTAL f o r  two layers o f  i n s i r l a t i o n .  

quadratic expression f o r  the .fractional decrease in R-value due t o  carnprcr 

s. ion. 

Equation ( 6 )  obtained u s i n g  the  Method o f  L e a s t  Squares. 

U-1.3 are o u t p u t  from the computer program. 

each o f  the products t a s t ed .  

ing from the addition o f  TI? inches o f  loosc-Fill insulation. 

shown for  R-TOTAL uncorrected f o r  compression (I? UNCORR) and R-'POTA!.. w h i c h  

includes a correction f o r  compress ( R  CORR). 

f o r  each p r o d u c t  loaded w i  t i l  1 oose-fi 11 cell  u l  ose, 1 oosc- f i  11  rock wool , 

and 7 oose-f i 1 1 f i berg1 ass .  

Tab le  D-I conta ins  values for  t h e  coeff ic ients  CI, C2, a n d  C3 i n  

Tables D-2 t o  

Tables have heen generated foi- 

Values have been computed foi- R-lC) 'TAL resul t- 

Entries are  

A l i s t i n g  has been included 
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Tab le  0 - 1  

DR 

R 1 C  

R2 

RT 

RU 

D e f i n i t i o n  o f  Va r iab les  i n  Program For t h e  
Ca lcu la t , ion  o f  R-TOTAL f o r  Stacked I n s u l  a t i  ons 

T2 

xc1 

X C 2  

xc3  

X M 

X X ,  D2 

Y Y ,  R21 

A R / R  expressed as a f r a c t i o n  

R-value f o r  t h e  bo t tom l a y e r  under 
compression, f t2hroF/BTU 

2 0 -  R-value o f  added i n s u l a t i o n ,  ft h r  t-/BTII 

R-Tota l  , c o r r e c t e d  f o r  compression, 
f t  2 0  h r  F/BTU 

R-Tota l  , uncor rec ted  f o r  compression, 
f t  2 0  h r  F/BTU 

Thickness o f  added i n s u l a t i o n ,  inches  

C1 va lue  f o r  Equat ion  ( 6 )  

C 2  va lue  f o r  Equat ion  ( 6 )  

C3 va lue  for  Equa t ion  ( 6 )  

Loadirrg due t o  added l a y e r ,  l b / f t 2  

Dens i t y  o f  added i n s u l a t i o n ,  l b / f t  3 

R pe r  i n c h  o f  added i n s u l a t i o n ,  

f t  h r  F/BTU i n  2 0  



65 

'Table E-z  
R-'Total f o r  R - 1 1  ( A )  F i b e r g l a s s  3att.s 

w i t h  Added Loose-Fill I n s u l a t i o n  
_.-II .-.. ~ -l-_..__-l ~- 

Cellulose Added 

Rock Wool Added 

Fiberglass Added 

FI C O b R  
10.8 1 
IO- 74 
lfT.67 
18.59  
18.52 
10e.45 
18.38 
18.32 
10.25 
18.14 

E2 
6 .  BPI 
8 * 8 E  
11.89 
1 3 -  20 
15.463 
17-  60 
1 9 - 8 0  
22. E 0  
24.28 
26.40 

R TOTAL 
17.41 
19.54 
21.6'7 
23.  '79 
8 5 - 9 2  
28 - 85 
38- 18 
3 2 -  3 2  
3 4 * 4 5 
36 * 58 

R l!PJCORR 
17- 40  
1 8 - 8 0  
22.00 
24.20 
26.46 
28 663 
3ka.80 
33. erg 
35.243 
37*4@ 
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R-Totdi f o r  R-11 ( B )  F ibe. rg lass B a t t T  
w 5  ttr A d d x i  ILoose-Fi i 1 I n s u l  a t i  on 

Cellulose kdded 

Rock Wool Added 

F i  b e r g  1 ass Added 

I? TOTAL 
1 % .  03 
19.  I @  
2 1 . 1 7  
33.P5 
?5* 34 
2-7-43 
2 3 . 5 2  
3 1 - 6 7  
3 3 . 7 2  
3Se83 

R UNCOPP 
17.60 
19*bt?j 
22.0171 
24.20 
26-4Oi 
2s 50 
30-80 
33.1519 
35.2B 
3 7-  40 



Rock Moo1 Added 

F i b e r g l a s s  Added 



- lable D-5 

R-Total fo r  R-19 ( P l )  Fiberglass B a t t s  
w i t h  Added Loose-F i  11 Insulation 

Cell ulose Added 

Rock Wool Added 

A D D E I ) ( I ~ I )  i COFP 
3 . D C  I C .  2 2  
4.00 1 7 - 9 3  
5 .  0 0  1-7-64 
6 -  e 0  1'7.36 
7. FGI 17-  e3 
8 . 0 0  1 6 - 8 2  
9 . 0 0  16 .57  

10. e e  16 .32  
1 I .Bb  1 6 - 0 8  
12 .00  15.8.5 

F i  berg1 ass Added 

ADDEL)< 1 FJ) 
3.00 
4.00 
5 .  pl0 
6 - 0 0  
7.0e 
8.0B 
9 . 0 B  

1 e. cI0 
11.00 
12.8(21 

R1 CO'RF. 
13.85 
18 75  
13.64 
18 * 54 
1 8 - 4 3  
18 33 
18 2 3  
18.13 
18.03 
1 7 - 9 2  

F2 
m . 7 0 

11.50 
14.50 
17-  4@ 
2 @ -  311 
23.28 
26- 10 
2 9 .  o a  
3 1 - 9 0  
34.8L3 

H 2  
6.60 
8 . 8 0  

11.00 
13-2E  
15.40 
1 7 -  6 8  
19-8Cii 
2 8 .  0m 
24 2pI 
26- 40 

F T 0 T A L  
26 .93  
29 - 5 3  
3 2 -  14 
3 4 - 7 6  
37.39 
4 '0 e 63 2 
42.6'7 
45 .32  
47.93 
5L7.65 

P TOTAL 
25.45 
27 .55  
29 - 64 
3 1 - 7 4  
3 3 - 8 3  
35 .93  
38 03  
46 .13  
429 23 
44.33 

F lJNCOPF 
2 5 . 6 0  

313. ea 
32.20  
34.40 
36.60 
38.5D 
4 1 . B B  
43.20 
45.4Q 

2 7 . 8 ~  



R-Total for R-19 ED) Fiberglass Hat t s  
w i t h  Added l..oose-fi 1 1  I n s u l a t i o n  

Cell u l  ose Added 

Rock Wool Gdded 

F i  berg1 ass Added 

F T(9TAL 
2 7 . 2 3  
3pi. 18 
33.2B 
36.25 
39.43 

6 5  
115.94 
49 23 
5 % .  7c3 
5 6 -  19 

I? TOT,= 
2 5 . 4 3  
28.E1 
38.43 
3 2 - 8 9  
35*.4@ 
3 7 . 9 6  
40.56 
4 3 - 2 0  
45.89 
49 .62  

R UEJCOFR 
25.461 
2 7 - 3 0  
30.08 
3 2 . 2 Q  
34.40 
36.63 
38.90 
4b.0@ 
4 3 e 2 E  
45.. ac 
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R - T o m 1  for  R-19 ( C )  Fiberglass BatLts 
w i t h  Addmi 1 oose-fill Insulation 

- - _  

Cellulose Addcd 

Rock Wool Added 

F i  berg1 ass Added 

ADI?.k,B( PIJ) P1 COFF F2 
3. B B  1 8 - @ S  6 -  6 P  
/I. g g  17.84, 8.88 
5 .  em 1 I .  77 11.88 
6. fiP l ' i - 5 7  13.20 
7.  Q B  1 I.41 1 5 - 4 0  
8 . 0 6  1 i - 2 7  1-70  60 
9.M0 17-  1 2  19.8Er 

1 0 . 0 D  16*?3  22. OFj 
ll.r?ca 16 .45  24 20 
12. C3d 16- 73  24 * 4e  

F? T O T N "  F UliCfJFP 
24 .65  25 .60  
26.69  27.KC4 
PB. 72  3 0 .  !JP 
3 6 .  i f  32 .28  
32.8 1 34.4Ei 
3n.g I 35- 10 
36.92 38-8B 
38-99  4 1 - 0 0  
4 1 - 8 5  43.20 
43.13 45.48 



7 1  

Table D-8 

Cr7 1 ill nse Added 

Fiberglass Added 

RE? 
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T a b l e  D - 9  

R - ? o t a l  for R-19 LFC with Added Loose-FlIl 
Insu la t ion  

Cell ul ose Added 

Rock Wool Added 

F i  berg1 ass Added 

A D D E D (  I N >  
3 . 8 0  
4. r n @  
5. a43 
5.0@ 
7. B 0  
8.00  
9 . 0 8  
10.00 
11.00 
12.00 

R I  COEF 
1 8 - 4 h  
18.32 
18.20 
18 * 09 
17-98 
1 7 - 8 6  
17.76 
1 7 - 5 5  
17.55 
17.44 

R 2  
6.60 
8*8E 

1 1 - 0 0  
13- 20 
1 5 - 4 8  
14.60 
1 9 - 8 8  
22. BEi 
24 2B 
26 40 

f TOTAL 
26 2G 
31.38 
34.59 
37.83 
4 1 . l E  
4 4 * 11 B 
4 7 *  73 
5 1 * F 3  
54.46 
5 7 . 5 7  

F TOTAL 
2 6 = 4 h  
29 Q4 
31.65 
34.27 
36.92 
39 9 5 8  
42.26 
4 4 . 9 4  
4 7 - 0 3  
5 E * 4 l  

P TOTAL 
25 8d 
29.12 
29 2?L3 
31.29 
33.38 
3 5 - 4 6  
37.56 

41 75 
43.84 

39 65 

5 UP.1 C 0 F F 
39 65  
3 3 - 2 0  
3 5 . 7 5  
14B- 3 2  
43.85 
/! '7 . r4 0 
SI7.95 
54.5L: 
517 e5 
61.60 

I! W J C 3 E R  
2 7 -  7@ 
3rd- 60 
3 3 .  S P  
36.48 
39-38 
42.20 
45. I E  
48 @ 2  
5 0 . 9 0  
53 .80  

1; U t J C O P P  
25.60 
2 7 - 8 0  
3pJ. 00 
32.20 
34.40 
36- 60 
38.816 
41-EI0 
43-20 
45.48 
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Table E-10 

R-Total f o r  R-11 LFKld w i t h  Added Loose-Fill 
Irisul a t i  on 

Cell u l  ose Added 

Rock No01 Added 

P I  COPE R:! 
1G1.61 1 C - 6 5  
1B.45 1 4 .  2D 
1E1-28 17.75 
ILT- 1 2  2 1 - 3 0  
9 - 9 5  I 24 8 5  
0 . 7 8  2 8 . 4 E 
3 . 6 2  31.95 
9.45 35.5GI 
9.28 39.115 
9 . 1 1  4 2 . 6 C  

Fiberglass Added 

ADCEDC r PJ) 
3- 00 
4.08 
5.00 
6 * O 0  
7.00 
8.pr@ 
9-00 
10.00 
11.00 
12. urd 

F1 CORR 
1 an9  7 
L8.93 
10*88 
10.84 
18.79 
1i3.75 
10.70 
18.66 
18*61 
10.57 

R 2  
8.713 

11.611 
14.50 
171 40 
20.30 
2 3 * 2 @  
26.10 
29 80 
31-9IzI 
34-80 

R 2  
6.6B 
8.88 

1 IC00 
13.20 
1 5 = 4 @  
17-  6 0  
1 9 - 8 0  
22.0e 
24- 20 
2 6 -  4@ 

F? TOTAL 
170.57 
19.73 
21 -88 
24. e4  
26.19 
28 * 35 
30.50 
32.66 
34.8 1 
36.9 7 



Table 9-11 

R-Total  f o r  R-19 LFRW with Added Loose-Fill 
I n s u l a t i o n  

Cell u l  ose Added 

A L ) D E D ( I N )  T’l COPF 77 
3 - 8 2  18 33 10-65 
4.  ED 1% E 5  14 .20  
5 -  Zc7 17-7b 17.75 
5 -  oe 1 7 - 4 0  2 1 . 3 0  
? *  B E  1’. 13 s 4 - 3 5  
8. pp 16.90 2fS.aGi 
9. P P  16-61 31.95 

1 P. e0 1 6 - 3 2  35.5@ 
1 I - R I ?  15*P? 3 9  * 85 
12.  I l p  1 5 - 7 3  A 2 . 5 0  

Rock No01 Added 

Fiberg las?  Added 

@ 1  C O F “  
1 8 - 4 3  
13 26 

17.79 
17.56 
1 7 - 3 2  

16.85 
16.61  
16 .37  

18 - 9 2  

179 e8 

c o w  
18.95 
18 .s T 
18 - 8 8  
18.72 
18 6:h 
18-57 
18.40 
13.41 
18.33 
18.26 

I‘ TOTAL 
28 a 9 8  
3 2 . 2 5  
35.51 
38 73  
/r3. 84 
45.3G1 
48.56 
5 1 * d 2  
5 5 . 8 3  
58.33  

F :!N c9 PI? 
29.65 
33- 28 
36.75 
40. 3 @  
43.85 
4?.4R 
5E.95 
54.58 
58 05 
61-60 

I! TOTAL R UI”JCOI??P 
27 .  19 27. YO 
29.86 3 @ *  68 
32.5% 33-5@ 
35.19 36.48 
37.86  3 9 -  3@ 
40.52 42.26 
43-  18 4 5 . 1 B  
45.85 48 BE 
f18.51 58.90 
5 1 . 1 7  5 3 - 8 0  

2 TOTAL P UMCORF 
3 5 - 9 5  2 5 -  61ii 
2 7 . 6 7  27.88 
2 9 - 8 2  341. Q O  
31.92 O?. 20 
34.  04 34*&@ 
3 6 -  1 7  36- 60 
38 29 38.8U 
40.4  1 4 1 - 0 0  
42.53 43,e 20 
40 6 5  ,!is* & E  



Table  D-12 

Cell ul ose Added 

Rock Wool Added 

F i  berg1 ass Added 

E1 CORF F2 
18-59 6.68 
1@*-rr8 B e n @  
18.33 11.00 
10* 28 13-2i3 
1EI- 17 15*4E 
1~1.0~3 I7 .68 
9 - 9 8  19-80 
9.88 22. OQ 
9 79 2 4 *  28 
9.70 8 6 - 4 8  

R TOTAL 
17- 19 
190 28 
21 @ 38  
2 3  * 48 
25.57 
27.68 
29.78 
3 1 - 4 8  
3 3 - 9 9  
36.18 



T a b l e  D-13 

R-Total f o r  R-19 LFFG w i t h  Added Loose-Fill 
I n s u l a t i o n  

Cell u l  ose Added 

Rock No01 .4dded 

r 2 

16.55 
14.2E 
17.75 
21.313 
24-15 
28-40 
3 1 - 9 5  
35.511 
39 05 
4 2 - 6 0  

A D I ) L D ( I N )  !?I COFP F’2 
3 . 0 8  1 7 - 2 7  9. ?E? 
4. 00 16.8 I 11.65 
5 .  E8 16-38 lfie5E 
6 - 0 8  15.99 17.40 
7 -  0 0  15.63 2 0 -  3c 
8.QB 1 5 - 3 0  2 3 - 2 0  
9 .  @a 1 5 - 0 1  2 6 *  10 
1C1.8U 14- 75 29 QQ 
11.88 1 4 - 5 3  3 1 - 9 0  
12. BE 1 4 -  34 34.80 

F i  berg1  ass Added 

A D D E I ) < I N )  Rl CORK 
3 .  OB 18 29 
4.00 18.11 
5.00  17.93 
6 * @ 0  17.76 
7.06 17-  59 
8 - 0 0  1 7 * & 3  
9.00 17.27 

1 8 = @ 8  17-  11 
11.0a 16.96 
12.00 16.8 1 

F.2 
6.6B 
8 088 

11.00 
13- 20 
15.40 
17.60 
19.80 
229 08 
24-  20 
26.40 

F‘ I’OTr-;J, 
2 7 - 6 1  
36.63  
33.78 
36.82  
39.99 
43.21 
46 48 
f19-88 
5 3 . 1 7  
56.60 

1’ v:jc!Im 
29 - 65 
33.20 
3 5 - 7 5  
4D.3E 
4 3 - 3 5  
47.48 
50.95 
5LL. 5 8  
58. Tr5 
6 1 - 6 8  

F TOTAL t 
2 5 - 9  7 
28.41 
3c3.88 
33.33 
35 99 3 
3 5 . 5 0  
L k l .  11 
43.75 
46.43 
49.14 

i U N C O R F  
2 7 . 7 0  
3 8 -  6p1 
33-5D 
3 h -  40 
3 9 - 3 8  
4 2 -  20 
45.10 
45 * BB 
50 .98  
5 3 . 8 0  

R TOTPL I? IJNCOPP 
24.89 8.5- 60 
2’6.9 I 27.80 

30.96 32. 20 
32.99 34. LIB 
3 5  9 0 3  36.60 
37.0’7 38 .88  
39.11 4 l e 0 i 3  
41-16 143.21ir 
43.21 45-40 

2 8 - 9 3  38.. 00 
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Table D-14 

R-TOTAL f o r  R- l3(A)  F i b e r g l a s s  B a t t s  
w i t h  Added Loose-Fill I n s u l a t i o n  

Cellulose Added 

ADDEDCIPJ)  A1 CORR 
3.  Bi3 1 2 * 6 5  
4. 00 12- 55 
5.0# 1 2 * 4 5  
60 @O 12.37 
7. 80 l 2 * 3 e !  
8.. of?! 1 2 * 2 4  
9.011 12. 19 

1111.0n 12.15 
11.Elu 12.12 
1 2 - B f l  12.10 

Rock Wool Added 

ADDEDCIFJ)  R 1  CORR 
3. Bvr 12- 72 
4.0'3 12.63 
5. Bpf 12-54 
4* 08 12-46 
7, om 12-39 
8 . 0 @  12.33 
9.110 12. 27 

10*0G: 12.23 
II*ne I ? *  19 
12.P0 1 2 - 1 5  

F i  berg1 ass Added 

R2 
1 a. 65 
14-211 
17.75 
21.39 
24.85 
28 4B  
3 1-95  
35.50 
29- 85 
4 2 -  68 

p.2 
8-78 

11-60 
14.50 
17-40 
2 e .  363 
23 -  243 
26.121 
29e FB 
31 .9P  
34.9@ 

A D D E D C I t J )  R1 C O F F  F2 
3.618 1 2 - 9 3  6 * 6 @  
4. am 18-89 9 . 8 B  
5*%0 12.46 1 I.@O 
6.00 18.82 13.20 
7. BB 12.79 1 $ * 4 8  
8.00 12.75 1 7 - 6 6  
9*011! 12- 72 19.88 
I0.00 12.69 22-  QB 
1 I-00 12.66 24.25 
1 2 - o a  12-63 26 * 40 

F TOTAL 
23.31 
26 75 
301 20 
33.67 
37.15 
40.64 
44- 14 
47.65 
5 1 -  17 
5 4 -  70 

p. TOTAL 
21.42 
24.23 
27- 04 
29.86 
3 2 -  69 
35.53 
3 8 * 3 7  
4 1 - 2 3  
44 89 
46.95 

R TOTAL 
19-53 
2 1 - 6 9  
2 3 - 6 6  
26 9 E 2  
28- 19 
3 D -  35 
32.52 
34 * 69 
36.36 
39 a3 

R U N C O P R  
23.65 
27. 2D 
30.75 
34.30 
37.85 
4 1 * 4 @  
44.95 
48 .5F  
52.05 
55" 561 

R v r r c a m  
21-70 
24.60 
27. SO 
30. 48 
33.3@ 
36.28 
39 .  IC? 
42. 0B 
144.9B 
47.8B 
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